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McGlinchey et al., 2006

MIDAS

somatic concomitants of anxiety (e.g., headaches, muscle ten-
sion), and with both features combined. Correlations between
subjective and overt anger (! ! .34; p " 0.001) as well as
somatic and psychic anxiety (! ! .39; p " 0.001) were
significant.

RESULTS
Table 1 presents the psychometric performance of each of

the alternative symptoms. As evidenced from the ORs repre-
senting the overall ability of symptoms to differentiate MDD
from non-MDD, diminished drive was the strongest of the
alternative symptoms examined, outperforming all of the current
diagnostic criteria in the DSM-IV excepting depressed mood,

diminished interest or pleasure, and diminished concentration or
indecisiveness. When combined into one compound criterion,
diminished drive or loss of energy was endorsed by nearly all
MDD patients, and produced an OR differentiating MDD from
non-MDD that was higher than all other diagnostic criteria
except depressed mood.

Compared with the DSM-IV diagnostic criteria of
MDD, the compound criterion of helplessness and hopeless-
ness differentiated MDD from non-MDD more strongly over-
all than about half of the existing criteria. Likewise, when
taken as individual symptoms, helplessness and hopelessness
each performed more strongly than about half the DSM-IV
symptoms.

TABLE 1. Sensitivity, Specificity, OR, PPV and NPV of Alternative Symptom Criteria for Major
Depressive Disorder (N ! 1523)a

Symptom Sensitivity % Specificity % OR PPV % NPV %

Depressed mood 92.9 82.4 61.2 86.3 90.6
Loss of energy or diminished drive 97.6 55.3 50.1 72.3 95.0

Loss of energy 87.2 68.4 14.8 76.8 81.8
Diminished drive 88.2 69.9 17.3 77.8 83.2

Diminished interest/pleasure or diminished
drive

94.2 66.4 32.2 77.0 90.6

Diminished interest/pleasure 80.6 87.8 29.7 88.7 79.1
Diminished drive 88.2 69.9 17.3 77.8 83.2

Concentration/indecision 87.2 73.5 18.9 79.7 82.8
Diminished concentration 81.8 75.6 13.9 80.0 77.7
Indecisiveness 51.1 91.9 11.9 88.3 61.2

Worthlessness/excessive guilt 75.9 80.8 13.2 82.5 73.7
Worthlessness 61.3 88.3 12.0 86.2 65.6
Excessive guilt 54.0 87.0 7.9 83.3 61.3

Sleep disturbance 83.1 68.3 10.6 75.8 77.2
Insomnia 70.2 72.9 6.3 75.6 67.2
Hypersomnia 19.3 93.9 3.7 79.2 49.4

Hopelessness or helplessness 76.2 75.2 9.7 78.6 72.6
Hopelessness 55.5 84.9 7.0 81.4 61.5
Helplessness 59.7 84.6 8.1 82.2 63.7

Psychomotor change 54.6 87.8 8.6 84.2 61.8
Psychomotor agitation 34.5 90.9 5.3 81.9 53.7
Psychomotor retardation 28.0 96.3 10.0 89.9 52.8

Death/suicidal 56.7 86.3 8.2 83.2 62.5
Thoughts of death 55.9 87.6 8.9 84.3 62.4
Suicidal ideas, plan, or attempt 29.7 93.4 5.9 84.2 52.6

Appetite/weight disturbance 69.0 78.1 7.9 79.0 67.8
Decreased appetite 44.6 89.3 6.8 83.3 57.5
Increased appetite 18.9 92.5 2.9 75.1 48.9
Decreased weight 22.8 93.7 4.4 81.1 50.4
Increased weight 15.8 93.7 2.8 74.9 48.2

Lack of reactive mood 21.6 93.7 4.1 80.3 50.0
Anxiety 69.0 57.8 3.0 66.1 60.9

Psychic anxiety 58.7 67.4 2.9 68.3 57.8
Somatic anxiety 45.8 74.9 2.5 68.6 53.7

Anger 43.5 73.9 2.2 66.6 52.3
Subjective anger or annoyance 32.2 86.5 3.0 74.0 51.6
Overtly expressed anger or annoyance 27.3 80.8 1.6 63.0 48.2

aPrimary (SCID) and secondary (SADS) symptoms in bold.

McGlinchey et al. The Journal of Nervous and Mental Disease • Volume 194, Number 10, October 2006
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Kessler et al., 1997
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24 R.C. Kessler et al. / Journal of Affective Disorders 45 (1997) 19 –30

Table 4
30-Day prevalence of depressive symptom cluster among respondents with a lifetime history of minor depression or major depression as a
function of recency of last episode

a30-Day prevalence of a depressive symptom cluster among
b b12-month cases Other cases

% (S.E.) (n) % (S.E.) (n)

Minor depression 27.1 (2.2) (432) 15.8 (1.7) (378)
Major depression

cMD 5–6 40.8 (2.5) (378) 15.7 (1.8) (286)
c cMD 7–9 57.4 (2.9) (371) 20.1 (2.2) (235)
c cTotal MD 49.2 (1.9) (749) 17.6 (0.7) (521)

aThe depressive symptom cluster was defined as reporting in a 30-day symptom screening scale (i) either feeling sad, blue, or depressed or
being interested in things that usually interest you ‘‘most of the time’’ or ‘‘some of the time’’ and (ii) experiencing at least two other
depressive symptoms at least ‘‘some of the time.’’
b12-month case5 recency of mD or MD was in the past 12 months; other cases5 recency of mD or MD was more than 12 months ago.
cSignificantly different from mD at the .05 level, two-tailed test.

Table 5
Prevalences of lifetime interference, help seeking, and use of medication for minor depression and major depression

a a a aInterference Saw MD Saw other Took medication Any of the four

% (S.E.) % (S.E.) % (S.E.) % (S.E.) % (S.E.) (n)

Minor depression 18.1 (1.1) 24.5 (1.3) 12.1 (1.0) 10.0 (0.9) 42.0 (1.5) (810)
b b b bMajor depression 5–6 29.7 (1.4) 27.8 (1.4) 18.0 (1.2) 15.8 (1.1) 49.7 (1.5) (664)
b b b b bMajor depression 7–9 52.3 (1.7) 35.3 (1.6) 21.5 (1.4) 20.3 (1.4) 68.2 (1.6) (606)

aInterference5 the percent of respondents who reported that their depression ever interfered a lot with their life and activities; Saw
MD5 the percent of respondents who reported that they ever saw a medical doctor about their depression; Saw other5 the percent of
respondents who reported that they ever saw some other type of professional (e.g. psychologist, clergy, human services professional) about
their depression; Took medication5 the percent of respondents who reported that they ever took medications more than once for their
depression.
bSignificantly different from mD at the .05 level, two-tailed test.

depression ever interfered a lot with their life and work cutback days during the past 30 days reported
activities, the percent who saw a doctor or some by respondents as due to problems with their emo-
other professional about their depression, and the tions, nervous, mental health, or their use of alcohol
percent who took medication for their depression. or drugs—in the subsample of respondents with
There is a clear gradient of increasing impairment recent (past year) depression. In the subsample of
from mD to MD 7–9 for each of these indicators. A employed respondents, the average number of mental
substantial minority of those with mD (42.0%) and health work loss days in the past 30 days is identical
larger proportions of those with MD 5–6 (49.7%) for those with recent mD (0.17) and MD 5–6 (0.17),
and MD 7–9 (68.2%) reported at least one of these but much larger for those with recent MD 7–9
indicators of impairment. The differences in impair- (0.48). Average mental health work cutback days are
ment between mD and MD 5–6 are consistently as much larger in number than work loss days, but still
small as or smaller than those between MD 5–6 and more similar for respondents with recent mD (0.79)
MD 7–9, implying that there is not a sharp divide and MD 5–6 (0.99) than those with MD 7–9 (2.75).
between the lifetime impairments associated with The results in the subsample of homemakers show
mD and MD. larger numbers of both work loss and cutback days

Table 6 shows data on more recent impair- than for employed people, but the same general
ments—the average number of work loss days and pattern of smaller differences between recent mD

R.C. Kessler et al. / Journal of Affective Disorders 45 (1997) 19 –30 25

Table 6
Average (mean) number of 30-day work loss and work cutback days associated with 12-month minor depression and major depression

Employed Homemakers

Work loss Work cutback Work loss Work cutback
days days days days

¯ ¯ ¯ ¯x (S.E.) x (S.E.) (n) x (S.E.) x (S.E.) (n)

Minor depression 0.17 (0.11) 0.79 (0.23) (242) 0.10 (0.10) 1.15 (0.78) (40)
Major depression 5–6 0.17 (0.04) 0.99 (0.20) (227) 0.36 (0.35) 1.20 (0.46) (30)

a a a aMajor depression 7–9 0.48 (0.13) 2.75 (0.34) (222) 1.70 (0.59) 4.27 (1.08) (49)
aSignificant difference with mD at the .05 level, two-tailed test.

and MD 5–6 than between recent MD 5–6 and MD secondary’’ in the same sense that they had at least
7–9. one of these other disorders prior to their first onset

of depression.
2.6. Comorbidities of mD and MD with other The effects of these earlier disorders in predicting
NCS /DSM-III-R disorders the subsequent onset of mD and MD were estimated

from a series of discrete-time survival models based
The results in the first column of Table 7 show on retrospective age of onset reports that treated the

that a much larger proportion of minor depressives earlier disorders one at a time (i.e. a single disorder
(45.5%) than major depressives (27.0%) have in each prediction equation) as time-varying predic-
‘‘pure’’ lifetime depressive disorders, defined as tors and assumed proportionality of hazards across
depression in the absence of any other NCS/DSM- time. The survival coefficients were exponentiated to
III-R anxiety disorders (panic disorder, generalized yield odds-ratios (ORs). These ORs are reported in
anxiety disorder, agoraphobia with or without panic, Table 8.
simple phobia, social phobia, post-traumatic stress Focusing first on the effects of prior anxiety
disorder) or addictive disorders (alcohol abuse and disorders: All but one of these ORs are greater than
dependence, drug abuse and dependence). As shown 1.0 and the vast majority are statistically significant,
in the last column of Table 7, a comparison of meaning that prior anxiety disorders are associated
retrospective age of onset reports suggest that the with increased risk of both subsequent mD and
vast majority of respondents with lifetime cormorbid subsequent MD. The ORs associated with mD are
mD (75.8%) and MD (70.4%) were ‘‘temporally smaller than those associated with MD for all anxiety

Table 7
aTemporal priority and lifetime comorbidity of minor depression and major depression with other NCS/DSM-III-R disorders

b b b bPure Temporally primary Same year Temporally secondary (n)
% % % %

Minor depression 45.5 7.2 5.9 41.3 (810)
Major depression
MD 5–6 33.6 12.4 8.3 45.7 (664)
MD 7–9 19.7 10.9 11.9 57.6 (606)
Total MD 27.0 11.6 10.0 51.4 (1270)
aOther NCS/DSM-III-R disorders include anxiety disorders (Panic disorder, generalized anxiety disorder, agoraphobia with or without
panic, simple phobia, social phobia, post-traumatic stress disorders and addictive disorders [alcohol abuse and dependence, drug abuse and
dependence].
bA ‘‘pure’’ depression was defined as one in which the respondent had no lifetime history of any of the other disorders considered here. A
‘‘temporally primaary’’ depression was defined as one in which the respondent had a lifetime history of at least one other disorder but the
retrospectively reported age of onset of depression and at least one other disorder were both reported to have had the same age of onset that
was earlier than the age of onset of any other disorder. A ‘‘temporally secondary’’ depression was defined as one in which depression had a
later age of onset than at least one other disorder.
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The course of depression 

Comparison Unadjusted Adjusted
Group Group Odds Ratio Odds Ratio

Age, y
18-24
25-34
35-44
45-64

Socioeconomic
status,
quartile

1
2
3

Race
 
Hispanic
Other

Marital status
Divorced/

separated
Widowed
Single

Sex

Site
St Louis,

Mo
Durham,

NC
Los Angeles,

Calif
Psychiatric

disorder
Dysthymia

65-

Quartile 4

W

Married

M

Baltimore,
Md

Absence of
disorder
at wave I

Panic
disorder

Somatization
Alcohol

abuse
Other drug

abuse
Obsessive-

compulsive
disorder

Schizophrenia
Depressive

symptoms

1.9(1.0-3.6)+ 1.8(0.8-2.3)
2.1 (1.2-3.6)+ 1.8(0.9-3.6)
1.4(0.7-2.7) 1.2(0.6-2.5)
1.8(1.0-3.1)+ 1.6(0.9-3.0)

1.2(0.7-2.0) 1.0(0.5-1.9)
1.1 (0.6-1.8) 1.0(0.6-1.7)
1.0(0.6-1.7) 0.9(0.5-1.5)

0.9(0.6-1.4) 0.8(0.2-2.9)
2.2(1.4-3.5)+ 2.7(1.3-5.3)+
0.9(0.3-2.9) 1.0(0.3-3.6)

1.6(1.0-2.5)+ 1.3(0.8-2.1)

1.1 (0.7-1.9)
1.2(0.8-1.9)

1.3(0.7-2.4)
1.0(0.6-1.7)

1.7(1.2-2.4)+ 1.5(1.0-2.3)+

2.4(1.4-4.1)+ 2.5(1.4-4.3)+

1.5(0.9-2.7) 1.8(1.0-3.1)+

2.3(1.3-3.9)+ 1.4(0.7-2.9)

3.8(1.9-7.6)+ 5.5(2.6-11.6)+

6.4(2.7-15.0)+ 1.9(0.7-5.0)

11.0(2.5-49.3)+ 3.9(0.8-18.8)
1.5(0.9-2.3) 1.2(0.7-2.0)

1.8(0.9-3.4) 1.0(0.5-2.0)

3.5(1.7-6.9)+ 1.6(0.8-3.3)

6.5(2.8-15.2)+ 2.9(1.1-7.6)+
4.5 (3.2-6.3)+ 4.4 (3.0-6.4)+

"Values in parentheses are 95% confidence intervals for the odds ra¬
tio.

+P-C.05.

Psychiatrie
Disorder

Unadjusted
Attributable

Risk
Adjusted

Attributable
Risk

Dysthymia 0.050 0.077
Panic disorder 0.039 0.007
Somatization 0.017 0.006
Alcohol abuse 0.057 0.020
Other drug abuse 0.030 0.000

Obsessive-compulsive disorder 0.049 0.011

Schizophrenia 0.040 0.013

Depressive symptoms 0.581 0.553

lems and problems associated with alcohol or other drugs (by
self-report).

Incidence
In these analyses, incidence is defined as a first-onset major de¬

pression during a period of 1 year. All subjects who met criteria
for DIS /DSM-I1I major depression at any time before the wave I
interview were excluded from these analyses. Subjects who had
an episode of major depression between the wave I and wave II
interviews, conducted 1 year apart, represented incident cases of
first-onset major depression. Some respondents did not meet cri-

feria for major depression at the wave I interview, yet at wave II
reported an onset of major depression that began before the time
of the wave I interview (Tl). All of these cases met our criteria for
depressive symptoms, ie, two symptoms for 2 weeks before Tl.
These are cases in which some symptoms of depression began
before Tl but for whom the full syndrome did not emerge until
after the wave I interview.

Because of the limitations of human memory, some "incident"
cases at the time of the wave II (T2) were probably in partial re¬
mission at Tl. This would result in a slight overestimation of in¬
cidence rates. We did not, however, count as incident cases those
first reported at wave II that did not also meet major depression
criteria during the preceding year.

Statistical Methods
Results are reported with adjustment for the complex sampling

used in the ECA Study.15  2 Statistics were used to establish any
overall evidence of statistical significance (Tables 1 and 2) and to
compute  values for the stratified analysis (Table 3).

In Table 4, relative risk was estimated and specific hypotheses
regarding relative risk were tested by the use of logistic regres¬
sion to estimate odds ratios, with lower and upper confidence in¬
tervals. The adjusted estimates in Table 4 indicate the results of
a single multiple logistic regression model with all factors simul¬
taneously controlled.13 Table 5 uses the following formula as a
conservative estimate of adjusted population attributable risk:
pRFX(RRa-l)/[pRFX(RRa-l) + l], where pRF is the prevalence
of the risk factor and RRa is the adjusted relative risk derived from
the logistic regression coefficient for that risk factor. This formula
expresses mathematically the concept that population attribut¬
able risk is a function of both relative risk and the prevalence of
the risk factor in the population. Results in Table 5 were
confirmed with an alternate method of calculation suggested by
Greenland19 and were found to be consistent. We note that this
definition of attributable risk differs from the more commonly
used definition, ie, the difference between incidence in the
exposed and the unexposed populations. The latter definition
does not account for rates of exposure in the population and, thus,
is not a "population attributable risk."

RESULTS
Incidence

The weighted 1-year incidence rate per 100 of first-onset major
depression at four ECA Study sites was 1.4 (Table 1). Rates at
Baltimore, Durham, Los Angeles, and St Louis varied from 0.8/
100 to 1.9/100 per year.

Sociodemographic Characteristics
Using  2 statistics to test for differences, we found that persons

with first-onset major depression were significantly more likely
to be female than male (Table 2) or to be Hispanic than white,
black, or other race.

Downloaded From: http://archpsyc.jamanetwork.com/ by a Johns Hopkins University User  on 05/15/2014

Horwath et al., 1992 - ECA
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feria for major depression at the wave I interview, yet at wave II
reported an onset of major depression that began before the time
of the wave I interview (Tl). All of these cases met our criteria for
depressive symptoms, ie, two symptoms for 2 weeks before Tl.
These are cases in which some symptoms of depression began
before Tl but for whom the full syndrome did not emerge until
after the wave I interview.

Because of the limitations of human memory, some "incident"
cases at the time of the wave II (T2) were probably in partial re¬
mission at Tl. This would result in a slight overestimation of in¬
cidence rates. We did not, however, count as incident cases those
first reported at wave II that did not also meet major depression
criteria during the preceding year.

Statistical Methods
Results are reported with adjustment for the complex sampling

used in the ECA Study.15  2 Statistics were used to establish any
overall evidence of statistical significance (Tables 1 and 2) and to
compute  values for the stratified analysis (Table 3).

In Table 4, relative risk was estimated and specific hypotheses
regarding relative risk were tested by the use of logistic regres¬
sion to estimate odds ratios, with lower and upper confidence in¬
tervals. The adjusted estimates in Table 4 indicate the results of
a single multiple logistic regression model with all factors simul¬
taneously controlled.13 Table 5 uses the following formula as a
conservative estimate of adjusted population attributable risk:
pRFX(RRa-l)/[pRFX(RRa-l) + l], where pRF is the prevalence
of the risk factor and RRa is the adjusted relative risk derived from
the logistic regression coefficient for that risk factor. This formula
expresses mathematically the concept that population attribut¬
able risk is a function of both relative risk and the prevalence of
the risk factor in the population. Results in Table 5 were
confirmed with an alternate method of calculation suggested by
Greenland19 and were found to be consistent. We note that this
definition of attributable risk differs from the more commonly
used definition, ie, the difference between incidence in the
exposed and the unexposed populations. The latter definition
does not account for rates of exposure in the population and, thus,
is not a "population attributable risk."

RESULTS
Incidence

The weighted 1-year incidence rate per 100 of first-onset major
depression at four ECA Study sites was 1.4 (Table 1). Rates at
Baltimore, Durham, Los Angeles, and St Louis varied from 0.8/
100 to 1.9/100 per year.

Sociodemographic Characteristics
Using  2 statistics to test for differences, we found that persons

with first-onset major depression were significantly more likely
to be female than male (Table 2) or to be Hispanic than white,
black, or other race.
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were conducted in person, when possible; otherwise, interviews
were conducted via telephone. Interviews were tape-recorded,
providing an opportunity for independent tape reviews by other in-
terviewers. This allowed for the assessment of interrater reliability.

Operational definition of prodromal, acute, and residual
phases and symptoms. In this study, the acute phase was
marked by meeting diagnostic criteria for a DSM–IV major de-
pressive episode or RDC criteria for a major or minor episode of
depression, and ended when these diagnostic criteria were no
longer met. Consistent with prior investigations, a symptom was
identified as prodromal if it appeared at any time before the acute
phase and remained consistently present into the acute phase.
Accordingly, the prodromal phase was operationally defined as the
period of time before the acute phase during which at least one
symptom was continuously present. A symptom that was present
at any time during the acute phase and continued beyond the
acute phase was identified as a residual symptom. The residual
phase was operationally defined as the period of time after the
acute phase during which at least one symptom from the acute
phase remained.

For 14 episodes of depression analyzed in this study, residual
symptoms remained consistently into the next episode. In such
cases, the residual symptom(s) that consistently remained into the
subsequent episode were considered to also represent prodromal
symptoms of the next episode, and the halfway point between
episodes was designated as the end of the residual phase for
Episode 1 and the beginning of the prodromal phase for Episode 2.
This was admittedly an imprecise method for distinguishing resid-
ual versus prodromal symptoms and phases in these cases. How-
ever, it is noteworthy that this happened in only a small subsample
of participants (14 episodes out of the larger sample of 331
episodes), so we do not believe that these symptoms significantly
alter any of our analyses given the much larger overall sample size.

Results

Table 3 provided the frequency of appearance of each SADS
symptom in the prodromal and residual phases across the sample
of 331 episodes of depression.

Initial Analyses

To support the existence and relevance of the prodromal phase
of a depressive episode, the number of SADS-C symptoms present
immediately before and leading into the acute phase of a depres-
sive episode for 60 CVD participants who experienced a depres-
sive episode was compared, using a t test, with the number of
slight or clinically significant SADS-C symptoms present during
the corresponding period of time for the 60 matched participants
without a depressive episode. Table 2 provides the demographic
and cognitive risk characteristics of the 60 depressed CVD partic-
ipants and the 60 matched, nondepressed participants.

Congruent with the hypothesis, depressed participants had a
significantly greater number of symptoms during the prodromal
period than nondepressed, matched participants (M ! 3.46 vs. 1.40
symptoms), t(118) ! "2.043, p # .043. Furthermore, we con-
ducted chi-square analyses to identify symptoms significantly
more likely to be present during the prodromal period among the
depressed participants than among the nondepressed participants.

To adjust for multiple testing, only results with p # .01 were
regarded as significant. These analyses identified seven symptoms:
depressed mood, $2(1, N ! 120) ! 6.992, p # .008; decreased
interest in or pleasure from activities, $2(1, N ! 120) ! 6.602, p #
.01; decreased concentration, $2(1, N ! 120) ! 6.755, p # .009;
hopelessness, $2(1, N ! 120) ! 8.818, p # .003; worrying/
brooding, $2(1, N ! 120) ! 7.500, p # .006; decreased self-
esteem, $2(1, N ! 120) ! 8.100, p # .004; and irritability, $2(1,
N ! 120) ! 6.600, p # .01.

Hypothesis 1

To test the hypothesis that individuals would display similar
prodromal and residual symptom profiles for a given episode of
depression, the prodromal and residual symptom profiles for each
individual in the study, for each of 331 episodes of depression
experienced, were compared by calculating Cohen’s kappa (%;
Cohen, 1960). Cohen’s kappa, a measure of homogeneity or agree-
ment across rating periods that adjusts for the magnitude of agree-
ment expected by chance, was calculated on the basis of the
presence or absence of the 29 SADS-C depression symptoms in
each episode’s prodromal and residual phases. Such an analytic
strategy has been used previously in studies of the concordance of
symptoms present during episodes of depression (e.g., Young et
al., 1990). Specifically, to assess the concordance of prodromal
and residual symptom occurrence for a given episode, the presence

Table 3
Frequency of Symptom Presentation in the Prodromal and
Residual Phases (N ! 331 Episodes)

Symptom
Prodromal
frequency

Residual
frequency

Depressed mood 95 79
Decreased appetite 42 40
Weight loss 13 12
Increased appetite 10 12
Weight gain 20 17
Initial insomnia 29 30
Middle insomnia 13 10
Early waking 11 14
Hypersomnia 23 22
Decreased energy 38 35
Decreased interest or pleasure 82 75
Self-blame 51 55
Decreased concentration 78 75
Indecision 6 8
Suicidality 6 5
Psychomotor agitation 6 5
Psychomotor retardation 10 7
Crying more frequently 34 31
Inability to cry 4 2
Hopelessness 195 201
Worrying/Brooding 104 118
Decreased self-esteem 195 199
Irritability 85 72
Dependency 45 46
Self-pity 24 28
Somatic complaints 5 4
Decreased effectiveness 38 37
Helplessness 35 28
Decreased initiation of voluntary

responses 19 23
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The course of depression 

Comparison Unadjusted Adjusted
Group Group Odds Ratio Odds Ratio

Age, y
18-24
25-34
35-44
45-64

Socioeconomic
status,
quartile

1
2
3

Race
 
Hispanic
Other

Marital status
Divorced/

separated
Widowed
Single

Sex

Site
St Louis,

Mo
Durham,

NC
Los Angeles,

Calif
Psychiatric

disorder
Dysthymia

65-

Quartile 4

W

Married

M

Baltimore,
Md

Absence of
disorder
at wave I

Panic
disorder

Somatization
Alcohol

abuse
Other drug

abuse
Obsessive-

compulsive
disorder

Schizophrenia
Depressive

symptoms

1.9(1.0-3.6)+ 1.8(0.8-2.3)
2.1 (1.2-3.6)+ 1.8(0.9-3.6)
1.4(0.7-2.7) 1.2(0.6-2.5)
1.8(1.0-3.1)+ 1.6(0.9-3.0)

1.2(0.7-2.0) 1.0(0.5-1.9)
1.1 (0.6-1.8) 1.0(0.6-1.7)
1.0(0.6-1.7) 0.9(0.5-1.5)

0.9(0.6-1.4) 0.8(0.2-2.9)
2.2(1.4-3.5)+ 2.7(1.3-5.3)+
0.9(0.3-2.9) 1.0(0.3-3.6)

1.6(1.0-2.5)+ 1.3(0.8-2.1)

1.1 (0.7-1.9)
1.2(0.8-1.9)

1.3(0.7-2.4)
1.0(0.6-1.7)

1.7(1.2-2.4)+ 1.5(1.0-2.3)+

2.4(1.4-4.1)+ 2.5(1.4-4.3)+

1.5(0.9-2.7) 1.8(1.0-3.1)+

2.3(1.3-3.9)+ 1.4(0.7-2.9)

3.8(1.9-7.6)+ 5.5(2.6-11.6)+

6.4(2.7-15.0)+ 1.9(0.7-5.0)

11.0(2.5-49.3)+ 3.9(0.8-18.8)
1.5(0.9-2.3) 1.2(0.7-2.0)

1.8(0.9-3.4) 1.0(0.5-2.0)

3.5(1.7-6.9)+ 1.6(0.8-3.3)

6.5(2.8-15.2)+ 2.9(1.1-7.6)+
4.5 (3.2-6.3)+ 4.4 (3.0-6.4)+

"Values in parentheses are 95% confidence intervals for the odds ra¬
tio.

+P-C.05.

Psychiatrie
Disorder

Unadjusted
Attributable

Risk
Adjusted

Attributable
Risk

Dysthymia 0.050 0.077
Panic disorder 0.039 0.007
Somatization 0.017 0.006
Alcohol abuse 0.057 0.020
Other drug abuse 0.030 0.000

Obsessive-compulsive disorder 0.049 0.011

Schizophrenia 0.040 0.013

Depressive symptoms 0.581 0.553

lems and problems associated with alcohol or other drugs (by
self-report).

Incidence
In these analyses, incidence is defined as a first-onset major de¬

pression during a period of 1 year. All subjects who met criteria
for DIS /DSM-I1I major depression at any time before the wave I
interview were excluded from these analyses. Subjects who had
an episode of major depression between the wave I and wave II
interviews, conducted 1 year apart, represented incident cases of
first-onset major depression. Some respondents did not meet cri-

feria for major depression at the wave I interview, yet at wave II
reported an onset of major depression that began before the time
of the wave I interview (Tl). All of these cases met our criteria for
depressive symptoms, ie, two symptoms for 2 weeks before Tl.
These are cases in which some symptoms of depression began
before Tl but for whom the full syndrome did not emerge until
after the wave I interview.

Because of the limitations of human memory, some "incident"
cases at the time of the wave II (T2) were probably in partial re¬
mission at Tl. This would result in a slight overestimation of in¬
cidence rates. We did not, however, count as incident cases those
first reported at wave II that did not also meet major depression
criteria during the preceding year.

Statistical Methods
Results are reported with adjustment for the complex sampling

used in the ECA Study.15  2 Statistics were used to establish any
overall evidence of statistical significance (Tables 1 and 2) and to
compute  values for the stratified analysis (Table 3).

In Table 4, relative risk was estimated and specific hypotheses
regarding relative risk were tested by the use of logistic regres¬
sion to estimate odds ratios, with lower and upper confidence in¬
tervals. The adjusted estimates in Table 4 indicate the results of
a single multiple logistic regression model with all factors simul¬
taneously controlled.13 Table 5 uses the following formula as a
conservative estimate of adjusted population attributable risk:
pRFX(RRa-l)/[pRFX(RRa-l) + l], where pRF is the prevalence
of the risk factor and RRa is the adjusted relative risk derived from
the logistic regression coefficient for that risk factor. This formula
expresses mathematically the concept that population attribut¬
able risk is a function of both relative risk and the prevalence of
the risk factor in the population. Results in Table 5 were
confirmed with an alternate method of calculation suggested by
Greenland19 and were found to be consistent. We note that this
definition of attributable risk differs from the more commonly
used definition, ie, the difference between incidence in the
exposed and the unexposed populations. The latter definition
does not account for rates of exposure in the population and, thus,
is not a "population attributable risk."

RESULTS
Incidence

The weighted 1-year incidence rate per 100 of first-onset major
depression at four ECA Study sites was 1.4 (Table 1). Rates at
Baltimore, Durham, Los Angeles, and St Louis varied from 0.8/
100 to 1.9/100 per year.

Sociodemographic Characteristics
Using  2 statistics to test for differences, we found that persons

with first-onset major depression were significantly more likely
to be female than male (Table 2) or to be Hispanic than white,
black, or other race.
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are contributing to the onset and maintenance of depression epi-
sodes. Indeed, consistency of symptoms experienced within indi-
viduals across episodes of depression has been suggested (e.g.,
Paykel, Prusoff, & Tanner, 1976), but these findings are mixed as
other studies have not found a significant consistency of symptoms
between episodes (e.g., Young et al., 1987) or only demonstrated
consistency when the severity of the episodes were taken into
account (e.g., Young, Fogg, Scheftner, & Fawcett, 1990). In terms
of the prodromal phase of depression episodes, consistency within
individuals across prodromes has been suggested in several pre-
liminary studies of unipolar and bipolar depression (e.g., Fava et
al., 1990; Keitner et al., 1996; Molnar, Feeney, & Fava, 1988;
Smith & Tarrier, 1992). Consistency in the early symptom pre-
sentation across individuals with the same subtype of depression
has also been demonstrated for depressive episodes in seasonal
affective disorder (SAD), where the core symptoms of SAD (hy-
persomnia, appetite increase, and fatigue) were observed to typi-
cally be the earliest symptoms to appear (e.g., Young, Watel,
Lahmeyer, & Eastman, 1991). Taken together, these studies could
offer preliminary evidence that for a given individual or subtype of
depression, depressive episodes might tend to begin according to
consistent symptom sequences. However, longitudinal studies in
which assessments sensitive to prodromal symptom presentation
are used have not been conducted to adequately address this
question.

There is also preliminary evidence that the prodromal and
residual symptoms of an episode of depression can be quite sim-
ilar. Fava, Grandi, Zilezny, Canestrari, and Morphy (1994) found
that the majority of residual symptoms present after treatment were
also present in the prodromal phase of the disorder. Similarly,
Mahnert, Reicher, Zalaudek, and Zapotoczky (1997) reported that
in a sample of 15 individuals, prodromal and residual symptoms
were similar within individuals based on retrospective recall. The
applicability of these findings to our understanding of the relation
between prodromal and residual symptoms in depression is tem-
pered by the treatment received in these samples and the retro-
spective reporting. Still, they highlight the possibility that prodro-
mal and residual symptoms are related.

Relations between early symptoms to appear and the latest to
remit have been hypothesized in several theories of depression.
Hopelessness theory of depression (Abramson, Metalsky, & Alloy,
1989) and the dual vulnerability theory of seasonal affective dis-
order (see Young, Reardon, & Azam, 2008; Young et al., 1991)
both posit that the core symptoms of hopelessness depression (HD)
and SAD would be the earliest symptoms to present in episodes of
HD and SAD, respectively, and secondary symptoms would ap-
pear as a response to the core symptoms. Indeed, evidence has
been presented to support the notion that the core symptoms of
SAD (hypersomnia, appetite increase, and fatigue) tend to appear
before secondary symptoms (Young et al., 2008, 1991). Moreover,
these theories both posit that the core symptoms would be the first
to remit, then triggering the remission of the secondary symptoms.
To our knowledge, no studies of the order of symptom remission
in HD or SAD have been conducted to validate these hypotheses.

These theories are in contrast to the process proposed in “the
rollback phenomenon” (Detre & Jarecki, 1971). According to the
rollback phenomenon, as depression remits, it will repeat, in re-
verse order, many of the stages and symptoms experienced as the
episode developed. Accordingly, the prodromal symptoms of the

disorder, representing the early stage, would be the last symptoms
to remit, potentially explaining the relation between prodromal and
residual symptomatology. Fava and colleagues (1994) argued that
their findings, and those of Manhert and colleagues (1997), pro-
vide support for the rollback phenomenon. The rollback phenom-
enon hypothesis further presupposes a temporal relation between
the period of development of the disorder and the duration of the
recovery phase, suggesting that the duration of prodromal and
residual phases would be similar. The rationale being that a long
run-up to the acute phase would be indicative of a more chronic
course of depression, including a longer residual phase. Studies of
this relation have not been conducted to date.

Piecing together the preliminary evidence for the occurrence of
prodromal symptoms in depression episodes with the preliminary
evidence for the rollback phenomenon reviewed above, a model
for the relation between prodromal and residual symptoms and
phases of depressive episodes can be generated (see Figure 1). In
this model, the prodromal symptoms form the core syndrome of
the disorder, remain through the depressive episode, and are likely
to remain as the last, potentially residual, symptoms. Episodes
represent the more pronounced peaks of symptomatology.

Taken together, the literature involving patterns of symptom
presentation and remission in depression indicates that studying
the early course of depression holds the potential to inform re-
searchers’ understanding of the pathological processes underlying
depression. However, empirically based, theoretical conceptualiza-
tions of the depressive prodrome have not been generated or tested
as yet, and are sorely needed. In addition, previous studies of the
depressive prodrome used retrospective designs. The present study
had two goals: (a) to enhance understanding of the early course of
depression by identifying prodromal symptoms present in a lon-
gitudinal study of the course of depression and (b) to test hypoth-
eses regarding the relation between prodromal and residual symp-
toms and phases of depressive episodes.

We hypothesized that individuals who developed an acute epi-
sode of depression would exhibit significantly more depressive
symptoms in the run-up to the acute phase (prodromal symptoms)
compared with a similar period of time for individuals who do not
go on to develop an acute episode. Analyses were conducted to test
this hypothesis and to identify specific depressive symptoms that
were particularly likely to appear before the acute phase of an
episode of depression.

                 Time
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Figure 1. Model for the development of prodromal symptoms and their
relation to the symptomatic course of depressive episodes.
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were conducted in person, when possible; otherwise, interviews
were conducted via telephone. Interviews were tape-recorded,
providing an opportunity for independent tape reviews by other in-
terviewers. This allowed for the assessment of interrater reliability.

Operational definition of prodromal, acute, and residual
phases and symptoms. In this study, the acute phase was
marked by meeting diagnostic criteria for a DSM–IV major de-
pressive episode or RDC criteria for a major or minor episode of
depression, and ended when these diagnostic criteria were no
longer met. Consistent with prior investigations, a symptom was
identified as prodromal if it appeared at any time before the acute
phase and remained consistently present into the acute phase.
Accordingly, the prodromal phase was operationally defined as the
period of time before the acute phase during which at least one
symptom was continuously present. A symptom that was present
at any time during the acute phase and continued beyond the
acute phase was identified as a residual symptom. The residual
phase was operationally defined as the period of time after the
acute phase during which at least one symptom from the acute
phase remained.

For 14 episodes of depression analyzed in this study, residual
symptoms remained consistently into the next episode. In such
cases, the residual symptom(s) that consistently remained into the
subsequent episode were considered to also represent prodromal
symptoms of the next episode, and the halfway point between
episodes was designated as the end of the residual phase for
Episode 1 and the beginning of the prodromal phase for Episode 2.
This was admittedly an imprecise method for distinguishing resid-
ual versus prodromal symptoms and phases in these cases. How-
ever, it is noteworthy that this happened in only a small subsample
of participants (14 episodes out of the larger sample of 331
episodes), so we do not believe that these symptoms significantly
alter any of our analyses given the much larger overall sample size.

Results

Table 3 provided the frequency of appearance of each SADS
symptom in the prodromal and residual phases across the sample
of 331 episodes of depression.

Initial Analyses

To support the existence and relevance of the prodromal phase
of a depressive episode, the number of SADS-C symptoms present
immediately before and leading into the acute phase of a depres-
sive episode for 60 CVD participants who experienced a depres-
sive episode was compared, using a t test, with the number of
slight or clinically significant SADS-C symptoms present during
the corresponding period of time for the 60 matched participants
without a depressive episode. Table 2 provides the demographic
and cognitive risk characteristics of the 60 depressed CVD partic-
ipants and the 60 matched, nondepressed participants.

Congruent with the hypothesis, depressed participants had a
significantly greater number of symptoms during the prodromal
period than nondepressed, matched participants (M ! 3.46 vs. 1.40
symptoms), t(118) ! "2.043, p # .043. Furthermore, we con-
ducted chi-square analyses to identify symptoms significantly
more likely to be present during the prodromal period among the
depressed participants than among the nondepressed participants.

To adjust for multiple testing, only results with p # .01 were
regarded as significant. These analyses identified seven symptoms:
depressed mood, $2(1, N ! 120) ! 6.992, p # .008; decreased
interest in or pleasure from activities, $2(1, N ! 120) ! 6.602, p #
.01; decreased concentration, $2(1, N ! 120) ! 6.755, p # .009;
hopelessness, $2(1, N ! 120) ! 8.818, p # .003; worrying/
brooding, $2(1, N ! 120) ! 7.500, p # .006; decreased self-
esteem, $2(1, N ! 120) ! 8.100, p # .004; and irritability, $2(1,
N ! 120) ! 6.600, p # .01.

Hypothesis 1

To test the hypothesis that individuals would display similar
prodromal and residual symptom profiles for a given episode of
depression, the prodromal and residual symptom profiles for each
individual in the study, for each of 331 episodes of depression
experienced, were compared by calculating Cohen’s kappa (%;
Cohen, 1960). Cohen’s kappa, a measure of homogeneity or agree-
ment across rating periods that adjusts for the magnitude of agree-
ment expected by chance, was calculated on the basis of the
presence or absence of the 29 SADS-C depression symptoms in
each episode’s prodromal and residual phases. Such an analytic
strategy has been used previously in studies of the concordance of
symptoms present during episodes of depression (e.g., Young et
al., 1990). Specifically, to assess the concordance of prodromal
and residual symptom occurrence for a given episode, the presence

Table 3
Frequency of Symptom Presentation in the Prodromal and
Residual Phases (N ! 331 Episodes)

Symptom
Prodromal
frequency

Residual
frequency

Depressed mood 95 79
Decreased appetite 42 40
Weight loss 13 12
Increased appetite 10 12
Weight gain 20 17
Initial insomnia 29 30
Middle insomnia 13 10
Early waking 11 14
Hypersomnia 23 22
Decreased energy 38 35
Decreased interest or pleasure 82 75
Self-blame 51 55
Decreased concentration 78 75
Indecision 6 8
Suicidality 6 5
Psychomotor agitation 6 5
Psychomotor retardation 10 7
Crying more frequently 34 31
Inability to cry 4 2
Hopelessness 195 201
Worrying/Brooding 104 118
Decreased self-esteem 195 199
Irritability 85 72
Dependency 45 46
Self-pity 24 28
Somatic complaints 5 4
Decreased effectiveness 38 37
Helplessness 35 28
Decreased initiation of voluntary

responses 19 23
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Text

Types

‣ Carney et al. 1965	


• endogenous vs neurotic	


• ECT response	



‣ Kendler et al., 1992	


• atypical	


• mild typical	


• severe typical	


• in terms of vegetative symptoms	



‣ Parker et al., 1994	


• Melancholia	



‣ Lamers et al., 2010	


• Severe melancholic	


• Severe atypical	


• Moderate severity

FeatureDiagnosis
WeightsE.C.T.

(@months)
WeightsE.C.T.

(6 months)
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i810i810i8Features
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TABLE VII

Weights and Multiple Correlations

TABLE VIII
Distribution of Diagnosis Scores
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FIG. I.

was constructed from the i 8 appropriate
weights (6 months) in the same fashion as the
diagnosis index, and used to calculate the E.C.T.
predictionsscore for each patient.The dis

tribution of prediction scores at 6 months is
shown in Figure 2. If a dividing line is taken.
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Text

What is depression? 

‣ Low expected reward 	


• depressed mood	


• anhedonia	


• guilt / worthlessness / helplessness	


• suicidality	



‣ Low energy 	


• fatigue	


• psychomotor retardataion	


• oversleeping / *undersleeping	


• weight gain / weight loss	



‣ Cognition	


• indecisiveness, concentration difficulties	



‣ Duration & Impairment
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Kendler et al., 1999,2000

External causes

‣ Loss events	


‣ Severe stress	


‣ Chronic stress	


‣ Social defeat	



!

‣ But: 30% acausal
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Huys et al., subm.

Decision-making in psychiatry

‣ Gaining prominence	


‣ Applied broadly	



!

‣ Central concepts: valuation	


!

‣ What explanations do these models afford?	


• Wrong problem	


• Wrong inference	


• Wrong data
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Decision-making in depression

‣ Emotional components	


‣ Cognitive components	


‣ Neuromodulatory components
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No primary impairment

‣ diminished interest or pleasure in response to 
stimuli that were previously perceived as rewarding	



‣ What is “stimuli”?	


• sucrose preference test	



• standard animal assessment of anhedonia, Willner 1997	


• Dichter et al., 2010	



• no difference between MDD & HC	


• no effect of psychotherapy (BA)	



• Olfaction (Klepce et al., 2010)	


• Pain (e.g. Baer et al., 2005)

M. Clepce et al. / Neuroscience Letters 471 (2010) 139–143 141

Fig. 1. Means and SEMs for patients’ BDI and SHAPS scores. Testing session one
(black column): depressive episode, testing session two (white column): remission;
asterisks indicate a statistically significant difference.

hedonic estimates between the testing sessions (intensity esti-
mates: p = 0.293, hedonic estimates: p = 0.153) (for means and SEMs
see Fig. 3).

Healthy controls versus depressed and remitted patients: in
order to exclude deficits in olfactory hedonics and intensity percep-
tion as trait markers of depression, we compared patients’ hedonic
estimates and intensity ratings to those of a matched control
group. Our ANOVAs revealed no significant differences in hedonic
and intensity ratings between patients and controls (means and
SEMs [VARUs]: hedonics: depressed patients: 1.89 ± 0.37, remit-
ted patients: 2.31 ± 0.48, controls: 1.98 ± 0.36; intensity: depressed
patients: 11.99 ± 0.6, remitted patients: 12.47 ± 0.93, controls:
12.43 ± 0.48), either during the depressed episode (hedonic rat-

Fig. 2. Means and SEMs of patients’ identification scores. Testing session one (black
column): depressive episode, testing session two (white column): remission; aster-
isks indicate a statistically significant difference.

Fig. 3. Means and SEMs of patients’ summed intensity ratings and summed relative
hedonic estimates over all odours. Testing session one (black column): depressive
episode, testing session two (white column): remission. VARU = visual analogue
rating unit.

ings: F = 0.567, p = 0.454; intensity ratings: F = 0.846, p = 0.361) or at
remission (hedonic ratings: F = 0.327, p = 0.571; intensity ratings:
F = 0.533, p = 0.471).

Relation of SHAPS scores, BDI scores and hedonic ratings: In the
acutely depressed group, we employed stepwise multiple linear
regression analyses investigating the relation (1) between SHAPS
scores and hedonic ratings and (2) between BDI scores and hedo-
nic ratings while controlling for possible influences of gender and
age. In the first regression model only the variable SHAPS score was
included in the regression equation (F = 7.246, p = 0.011, ˇ = −0.414,
R2 = 0.148). Accordingly, severity of reported anhedonia was able to
account for 14.8% of the variance of hedonic ratings in the depressed
group (for scatterplot see Fig. 4). In the second regression model
including BDI scores, gender and age as possible independent vari-
ables, no variable showed a significant predictive value for hedonic
ratings. In the depressive sample, gender and age did not influence
hedonic ratings.

Our pilot study in patients suffering from major depression
revealed no significant differences concerning odour intensity
and odour hedonics between subjects’ scores during an acute
episode and in a remitted state. However, a significant interrela-
tion between anhedonia and hedonic estimates during the acute
episode of depression could be demonstrated via regression anal-
ysis.

Recovery of the depressive status including anhedonia was char-
acterized precisely by significant improvements of BDI and SHAPS
scores. During the depressive episode, patients achieved a mean
BDI score of 24.73 and a mean SHAPS score of 4.68, signifying a
moderate state of clinically-significant depression.
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ings: F = 0.567, p = 0.454; intensity ratings: F = 0.846, p = 0.361) or at
remission (hedonic ratings: F = 0.327, p = 0.571; intensity ratings:
F = 0.533, p = 0.471).

Relation of SHAPS scores, BDI scores and hedonic ratings: In the
acutely depressed group, we employed stepwise multiple linear
regression analyses investigating the relation (1) between SHAPS
scores and hedonic ratings and (2) between BDI scores and hedo-
nic ratings while controlling for possible influences of gender and
age. In the first regression model only the variable SHAPS score was
included in the regression equation (F = 7.246, p = 0.011, ˇ = −0.414,
R2 = 0.148). Accordingly, severity of reported anhedonia was able to
account for 14.8% of the variance of hedonic ratings in the depressed
group (for scatterplot see Fig. 4). In the second regression model
including BDI scores, gender and age as possible independent vari-
ables, no variable showed a significant predictive value for hedonic
ratings. In the depressive sample, gender and age did not influence
hedonic ratings.

Our pilot study in patients suffering from major depression
revealed no significant differences concerning odour intensity
and odour hedonics between subjects’ scores during an acute
episode and in a remitted state. However, a significant interrela-
tion between anhedonia and hedonic estimates during the acute
episode of depression could be demonstrated via regression anal-
ysis.

Recovery of the depressive status including anhedonia was char-
acterized precisely by significant improvements of BDI and SHAPS
scores. During the depressive episode, patients achieved a mean
BDI score of 24.73 and a mean SHAPS score of 4.68, signifying a
moderate state of clinically-significant depression.

interaction [F(2,57)Z11.1; P!0.001], a significant
GROUP by SIDE interaction [F(2,58)Z4.7; PZ0.034]
and a significant GROUP by STIMULATION TYPE by
SIDE interaction [F(2,57)Z7.2; P!0.001].

3.2.1. Thermal pain tolerance
We observed a significant main effect of GROUP

[F(1,58)Z26.1; P!0.001] and a significant GROUP by
SIDE interaction [F(1,58)Z9.3; PZ0.004]. Patients
showed increased pain parameters in comparison to
controls. Additionally we observed in patients, a significant
increase in thermal pain tolerance on the right side of the
body (Fig. 1(B)).

3.2.2. Electrical pain tolerance
In this test, we observed a significant main effect of

GROUP [F(1,58)Z8.1; PZ0.006] and a significant
GROUP by SIDE interaction [F(1,58)Z6.7; PZ0.012].
Patients showed an increased pain tolerance in comparison
to controls. Additionally we found in patients, a significant
increase in thermal pain tolerance on the right side of the
body (Fig. 1(D)).

3.2.3. Ischemic pain tolerance
Two-way ANOVA showed a significant main effect of

GROUP [F(1,58)Z7.7; P!0.001]. A decreased pain

Fig. 1. Results of pain testing for patients suffering frommajor depressive disorder compared to matched controls: thermal pain thresholds (A) and thermal pain

tolerances (B) are significantly increased on both arms, with the latter showing strong effects of lateralization (B). Electrical pain thresholds (C) and electrical

pain tolerances (D) also show a significant increase compared to controls. In contrast, ischemic pain thresholds (E) and tolerances (F) are significantly
decreased in depressed patients. Results of post hoc t-tests are indicated (*P!0.05; **P!0.01; ***P!0.001, data are presented as meanGSD).
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Fig. 1. Means and SEMs for patients’ BDI and SHAPS scores. Testing session one
(black column): depressive episode, testing session two (white column): remission;
asterisks indicate a statistically significant difference.
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order to exclude deficits in olfactory hedonics and intensity percep-
tion as trait markers of depression, we compared patients’ hedonic
estimates and intensity ratings to those of a matched control
group. Our ANOVAs revealed no significant differences in hedonic
and intensity ratings between patients and controls (means and
SEMs [VARUs]: hedonics: depressed patients: 1.89 ± 0.37, remit-
ted patients: 2.31 ± 0.48, controls: 1.98 ± 0.36; intensity: depressed
patients: 11.99 ± 0.6, remitted patients: 12.47 ± 0.93, controls:
12.43 ± 0.48), either during the depressed episode (hedonic rat-

Fig. 2. Means and SEMs of patients’ identification scores. Testing session one (black
column): depressive episode, testing session two (white column): remission; aster-
isks indicate a statistically significant difference.
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ings: F = 0.567, p = 0.454; intensity ratings: F = 0.846, p = 0.361) or at
remission (hedonic ratings: F = 0.327, p = 0.571; intensity ratings:
F = 0.533, p = 0.471).

Relation of SHAPS scores, BDI scores and hedonic ratings: In the
acutely depressed group, we employed stepwise multiple linear
regression analyses investigating the relation (1) between SHAPS
scores and hedonic ratings and (2) between BDI scores and hedo-
nic ratings while controlling for possible influences of gender and
age. In the first regression model only the variable SHAPS score was
included in the regression equation (F = 7.246, p = 0.011, ˇ = −0.414,
R2 = 0.148). Accordingly, severity of reported anhedonia was able to
account for 14.8% of the variance of hedonic ratings in the depressed
group (for scatterplot see Fig. 4). In the second regression model
including BDI scores, gender and age as possible independent vari-
ables, no variable showed a significant predictive value for hedonic
ratings. In the depressive sample, gender and age did not influence
hedonic ratings.

Our pilot study in patients suffering from major depression
revealed no significant differences concerning odour intensity
and odour hedonics between subjects’ scores during an acute
episode and in a remitted state. However, a significant interrela-
tion between anhedonia and hedonic estimates during the acute
episode of depression could be demonstrated via regression anal-
ysis.

Recovery of the depressive status including anhedonia was char-
acterized precisely by significant improvements of BDI and SHAPS
scores. During the depressive episode, patients achieved a mean
BDI score of 24.73 and a mean SHAPS score of 4.68, signifying a
moderate state of clinically-significant depression.
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Or is there? 

‣ Reduced “emotional” responses to more complex 
“affective” stimuli

Bylsma et al., 2008
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Or is there? 

‣ Reduced “emotional” responses to more complex 
“affective” stimuli

3. Results

3.1. Omnibus analyses

We first conducted omnibus analyses of positive and negative emotional reactivity using the fixed effects model.
The analysis of positive emotional reactivity (PER) was significant (pb .0001) and revealed that PER was reduced in
MDD compared to normal controls (see Fig. 1). The effect size for PER was d=− .53, a medium-sized effect by
Cohen's (1988) conventions. Similarly, the omnibus analysis of negative emotional reactivity (NER) was also
significant, (pb .0001) and revealed that NER was reduced in MDD compared to normal controls (see Fig. 1). The
effect size for NER was d=− .25, corresponding to a small effect size. When PER and NER effect sizes were compared
in a moderator analysis (with effect type PER versus NER coded as a moderator variable), a significant effect was
obtained (Q=7.21, pb .01), reflecting that the PER effect was significantly larger than the NER effect, indicating that
MDD individuals exhibited a more pronounced blunting of PER than of NER.

Fig. 1. PER and NER across all domains. The MDD group exhibits reduced PER and NER compared to controls (pb .0001). Error bars represent 95%
confidence intervals.

684 L.M. Bylsma et al. / Clinical Psychology Review 28 (2008) 676–691

Bylsma et al., 2008

Bylsma et al., 2008
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Bylsma et al., 2008

How about negative stimuli?

3. Results

3.1. Omnibus analyses

We first conducted omnibus analyses of positive and negative emotional reactivity using the fixed effects model.
The analysis of positive emotional reactivity (PER) was significant (pb .0001) and revealed that PER was reduced in
MDD compared to normal controls (see Fig. 1). The effect size for PER was d=− .53, a medium-sized effect by
Cohen's (1988) conventions. Similarly, the omnibus analysis of negative emotional reactivity (NER) was also
significant, (pb .0001) and revealed that NER was reduced in MDD compared to normal controls (see Fig. 1). The
effect size for NER was d=− .25, corresponding to a small effect size. When PER and NER effect sizes were compared
in a moderator analysis (with effect type PER versus NER coded as a moderator variable), a significant effect was
obtained (Q=7.21, pb .01), reflecting that the PER effect was significantly larger than the NER effect, indicating that
MDD individuals exhibited a more pronounced blunting of PER than of NER.

Fig. 1. PER and NER across all domains. The MDD group exhibits reduced PER and NER compared to controls (pb .0001). Error bars represent 95%
confidence intervals.

684 L.M. Bylsma et al. / Clinical Psychology Review 28 (2008) 676–691
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Face processing
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Face processing

affiliative behaviour, the present results suggest that
enhanced perception of affiliative signals also occurs with
SSRI administration. Indeed, an enhanced perception of
happiness would be predicted to facilitate approach
behaviour and social interaction. These changes may also
be relevant to aspects of the action of SSRIs in patients
with depression, who have been reported to show negative
biases in the perception of social stimuli (eg Bouhuys et al,
1999).
Citalopram administration also facilitated the recognition

of fear from facial expression, which was contrary to our
hypothesis of reduced identification of negative emotions
following SSRI administration. This result may be related to
the fact that citalopram was given acutely in the present
study. Indeed, we have recently found decreased recogni-
tion of fearful, disgusted and surprised facial expressions
following a 7-day oral treatment with this SSRI (Harmer et
al, 2002). Opposite effects of acute and repeated adminis-
tration of antidepressants have also been reported in
preclinical models of anxiety (Griebel et al, 1994) and,
clinically, symptoms of agitation or panic can be exacer-
bated initially with SSRI treatment (Kent et al, 1998). Hence,
the present facilitation of fear recognition may reflect
enhanced processing of threatening cues in the environ-
ment following SSRI challenge.
A role for serotonin in the processing of fear-related

signals has been identified both in animal and human
models. In rats, serotonin levels in the amygdala increased
during inescapable stress and conditioned fear (Amat et al,
1998; Kawahara et al, 1993; Inoue et al, 1993). In humans,
acute administration of serotonin-receptor blockers has
been reported to decrease the development of conditioned

responses to an aversive loud noise as measured by
subjective report and skin conductance responses (Hens-
man et al, 1991; Silva et al, 2001). The role of the amygdala
in conditioned fear is well established (Maren, 2001); and
has also been implicated in the processing of fearful facial
expressions (Adolphs et al, 1994, 1999; Morris et al, 1996). It
is therefore possible that serotonergic input to the amygdala
may modulate the detection of fearful expressions in
addition to its role in conditioned anxiety in human and
animal models (see Graeff et al, 1996). It is tempting to
speculate that the increased and decreased fear perception
found after acute compared to repeated administration of
SSRIs relates to opposing effects on neural substrates
involved in fear processing such as the amygdala, and that
these changes may be relevant to the therapeutic actions of
SSRI in depression and anxiety, both of which have been
associated with amygdala hyperarousal (Drevets et al, 1992;
Sheline et al, 2001; Rauch et al, 2000).
In summary, acute administration of the SSRI citalopram

facilitated the recognition of fear and happiness from facial
expressions. These effects may relate to effects of serotonin
on affiliative behaviour and the processing of fear-related
cues. Further research is needed to assess whether these
effects interact with changes in the processing of facial

Figure 1 Performance in the facial expression recognition task following
citalopram (dark bars) or placebo (light bars). Top graph: Percentage of
correct responses for each emotion. Asterisks illustrate the statistical
significance of simple main effect analyses: *po0.05. Lower graph: Reaction
time of correct responses for each emotion. Simple main effect analyses
revealed a significant facilitation in the speed with which fear (po0.05) and
happiness (po0.02) were detected in the absence of changes in speed to
recognise other basic emotions.

Figure 2 Recognition of fear and happiness over the different intensity
levels of facial expression used in this task. -K-, following citalopram; -*-,
following placebo. Top graph: fear recognition. Lower graph: happiness
recognition. Asterisks illustrate the statistical significance of simple main
effect analyses: *po0.05, ***po0.001.

Acute SSRI administration in healthy volunteers
C J Harmer et al

151

Neuropsychopharmacology

Citalopram, acute
Harmer et al., 2003

black = Citalopram
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The subjects also performed the Rapid Visual Information Pro-
cessing Task (from CANTAB, CeNeS Pharmaceuticals, Cambridge,
U.K.). Digits between 1 and 9 were presented in the center of the
screen at a rate of 200 per minute for 7 minutes. The subjects were
asked to detect any one of three specified digit sequences (3-5-7,
2-4-6, or 4-6-8). The speed and number of correct detections and
responses made in the absence of appropriate stimuli (false
alarms) were recorded.

Mood and subjective state were monitored at baseline, 2 hours,
and 4 hours by using visual analogue scales for happy, sad, fright-
ened, angry, disgusted, alert, and anxious.

Results

The facial expression task revealed greater recognition
of happy facial expressions after reboxetine than after pla-
cebo in the absence of differences in the recognition of
other basic emotions (Figure 1, left side). There was a sig-
nificant interaction of group and happiness intensity (F=
8.1, df=4, 88, p<0.001). As shown in Figure 1 (right side),
there was a difference in the accurate identification of low
levels of happiness. This was not a difference in response
bias (indiscriminate labeling of faces as “happy”) as the ef-
fect remained in a signal detection analysis (t=3.0, df=22,
p=0.007).

In the emotional categorization task, the volunteers re-
ceiving reboxetine had a greater difference between the
times for their responses to positive descriptors (mean=
421 msec, SD=56) and negative descriptors (mean=552,
SD=80) than did those receiving placebo (positive: mean=
499 msec, SD=51; negative: 514 msec, SD=44), and the in-
teraction of valence and group was significant (F=5.3, df=1,
22, p=0.03). In the surprise recall test, the placebo group re-
membered fewer positive descriptors (mean=3.5, SD=0.6)
than negative descriptors (mean=5.1, SD=0.8), whereas
this “negative” bias was not present in the volunteers re-

ceiving reboxetine (positive: mean=5.6, SD=0.8; negative:
mean=5.4, SD=0.7) (F=4.8, df=1, 22, p=0.04).

In contrast to the processing of emotional information,
the processing of nonemotional information was not af-
fected by reboxetine (p>0.4), suggesting that the better
performance found in the emotional tasks does not repre-
sent more global actions on speed, memory, or attention.
There was also no effect of reboxetine on ratings of subjec-
tive state (p>0.4), and inclusion of these mood ratings as
covariates did not abolish the effects on happiness recog-
nition (F=5.6, df=1, 15, p=0.03), emotional categorization
(F=5.3, df=1, 15, p=0.04), or emotional memory (F=5.3, df=
1, 15, p=0.04).

Discussion

Administration of a single clinical dose of the antide-
pressant reboxetine was found to facilitate the processing
of positively valenced emotional information in healthy
volunteers in the absence of improved cognitive perfor-
mance. This shift in information processing represents an
early effect of antidepressant medication that could act to
reverse the negative biases in perception seen in de-
pressed patients (2).

The therapeutic effects of antidepressant drugs are usu-
ally described as needing 2 or more weeks of treatment,
and the apparent delay in action has led to speculation
that slowly evolving molecular adaptive processes are re-
quired before effects on mood and anxiety are expressed
(7). Our findings suggest that changes in emotional pro-
cessing may be found after a single administration of an
antidepressant. This raises the interesting hypothesis that
differences in the processing of external cues (e.g., positive
social stimuli) and internal cues (e.g., positive memories)
may occur early in the course of antidepressant treatment,

FIGURE 1. Accuracy of Recognition of Six Facial Expressions and Recognition of Happy Expressions in Relation to Happi-
ness Intensity for 24 Healthy Volunteers Given a Single Dose of Reboxetine or Placebo

a Significant difference between groups (t=3.3, df=22, p=0.003).
b Significant difference between groups (t=3.7, df=22, p=0.001).
c Significant difference between groups (t=4.0, df=22, p=0.001).
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affiliative behaviour, the present results suggest that
enhanced perception of affiliative signals also occurs with
SSRI administration. Indeed, an enhanced perception of
happiness would be predicted to facilitate approach
behaviour and social interaction. These changes may also
be relevant to aspects of the action of SSRIs in patients
with depression, who have been reported to show negative
biases in the perception of social stimuli (eg Bouhuys et al,
1999).
Citalopram administration also facilitated the recognition

of fear from facial expression, which was contrary to our
hypothesis of reduced identification of negative emotions
following SSRI administration. This result may be related to
the fact that citalopram was given acutely in the present
study. Indeed, we have recently found decreased recogni-
tion of fearful, disgusted and surprised facial expressions
following a 7-day oral treatment with this SSRI (Harmer et
al, 2002). Opposite effects of acute and repeated adminis-
tration of antidepressants have also been reported in
preclinical models of anxiety (Griebel et al, 1994) and,
clinically, symptoms of agitation or panic can be exacer-
bated initially with SSRI treatment (Kent et al, 1998). Hence,
the present facilitation of fear recognition may reflect
enhanced processing of threatening cues in the environ-
ment following SSRI challenge.
A role for serotonin in the processing of fear-related

signals has been identified both in animal and human
models. In rats, serotonin levels in the amygdala increased
during inescapable stress and conditioned fear (Amat et al,
1998; Kawahara et al, 1993; Inoue et al, 1993). In humans,
acute administration of serotonin-receptor blockers has
been reported to decrease the development of conditioned

responses to an aversive loud noise as measured by
subjective report and skin conductance responses (Hens-
man et al, 1991; Silva et al, 2001). The role of the amygdala
in conditioned fear is well established (Maren, 2001); and
has also been implicated in the processing of fearful facial
expressions (Adolphs et al, 1994, 1999; Morris et al, 1996). It
is therefore possible that serotonergic input to the amygdala
may modulate the detection of fearful expressions in
addition to its role in conditioned anxiety in human and
animal models (see Graeff et al, 1996). It is tempting to
speculate that the increased and decreased fear perception
found after acute compared to repeated administration of
SSRIs relates to opposing effects on neural substrates
involved in fear processing such as the amygdala, and that
these changes may be relevant to the therapeutic actions of
SSRI in depression and anxiety, both of which have been
associated with amygdala hyperarousal (Drevets et al, 1992;
Sheline et al, 2001; Rauch et al, 2000).
In summary, acute administration of the SSRI citalopram

facilitated the recognition of fear and happiness from facial
expressions. These effects may relate to effects of serotonin
on affiliative behaviour and the processing of fear-related
cues. Further research is needed to assess whether these
effects interact with changes in the processing of facial

Figure 1 Performance in the facial expression recognition task following
citalopram (dark bars) or placebo (light bars). Top graph: Percentage of
correct responses for each emotion. Asterisks illustrate the statistical
significance of simple main effect analyses: *po0.05. Lower graph: Reaction
time of correct responses for each emotion. Simple main effect analyses
revealed a significant facilitation in the speed with which fear (po0.05) and
happiness (po0.02) were detected in the absence of changes in speed to
recognise other basic emotions.

Figure 2 Recognition of fear and happiness over the different intensity
levels of facial expression used in this task. -K-, following citalopram; -*-,
following placebo. Top graph: fear recognition. Lower graph: happiness
recognition. Asterisks illustrate the statistical significance of simple main
effect analyses: *po0.05, ***po0.001.

Acute SSRI administration in healthy volunteers
C J Harmer et al

151

Neuropsychopharmacology

Citalopram, acute
Harmer et al., 2003

black = Citalopram



Quentin Huys, TNU/PUKDecisions in Depression Computational Psychiatry Course, UCL, May 28th 2014

Face processing

Am J Psychiatry 160:5, May 2003 991

BRIEF REPORTS

http://ajp.psychiatryonline.org

The subjects also performed the Rapid Visual Information Pro-
cessing Task (from CANTAB, CeNeS Pharmaceuticals, Cambridge,
U.K.). Digits between 1 and 9 were presented in the center of the
screen at a rate of 200 per minute for 7 minutes. The subjects were
asked to detect any one of three specified digit sequences (3-5-7,
2-4-6, or 4-6-8). The speed and number of correct detections and
responses made in the absence of appropriate stimuli (false
alarms) were recorded.

Mood and subjective state were monitored at baseline, 2 hours,
and 4 hours by using visual analogue scales for happy, sad, fright-
ened, angry, disgusted, alert, and anxious.

Results

The facial expression task revealed greater recognition
of happy facial expressions after reboxetine than after pla-
cebo in the absence of differences in the recognition of
other basic emotions (Figure 1, left side). There was a sig-
nificant interaction of group and happiness intensity (F=
8.1, df=4, 88, p<0.001). As shown in Figure 1 (right side),
there was a difference in the accurate identification of low
levels of happiness. This was not a difference in response
bias (indiscriminate labeling of faces as “happy”) as the ef-
fect remained in a signal detection analysis (t=3.0, df=22,
p=0.007).

In the emotional categorization task, the volunteers re-
ceiving reboxetine had a greater difference between the
times for their responses to positive descriptors (mean=
421 msec, SD=56) and negative descriptors (mean=552,
SD=80) than did those receiving placebo (positive: mean=
499 msec, SD=51; negative: 514 msec, SD=44), and the in-
teraction of valence and group was significant (F=5.3, df=1,
22, p=0.03). In the surprise recall test, the placebo group re-
membered fewer positive descriptors (mean=3.5, SD=0.6)
than negative descriptors (mean=5.1, SD=0.8), whereas
this “negative” bias was not present in the volunteers re-

ceiving reboxetine (positive: mean=5.6, SD=0.8; negative:
mean=5.4, SD=0.7) (F=4.8, df=1, 22, p=0.04).

In contrast to the processing of emotional information,
the processing of nonemotional information was not af-
fected by reboxetine (p>0.4), suggesting that the better
performance found in the emotional tasks does not repre-
sent more global actions on speed, memory, or attention.
There was also no effect of reboxetine on ratings of subjec-
tive state (p>0.4), and inclusion of these mood ratings as
covariates did not abolish the effects on happiness recog-
nition (F=5.6, df=1, 15, p=0.03), emotional categorization
(F=5.3, df=1, 15, p=0.04), or emotional memory (F=5.3, df=
1, 15, p=0.04).

Discussion

Administration of a single clinical dose of the antide-
pressant reboxetine was found to facilitate the processing
of positively valenced emotional information in healthy
volunteers in the absence of improved cognitive perfor-
mance. This shift in information processing represents an
early effect of antidepressant medication that could act to
reverse the negative biases in perception seen in de-
pressed patients (2).

The therapeutic effects of antidepressant drugs are usu-
ally described as needing 2 or more weeks of treatment,
and the apparent delay in action has led to speculation
that slowly evolving molecular adaptive processes are re-
quired before effects on mood and anxiety are expressed
(7). Our findings suggest that changes in emotional pro-
cessing may be found after a single administration of an
antidepressant. This raises the interesting hypothesis that
differences in the processing of external cues (e.g., positive
social stimuli) and internal cues (e.g., positive memories)
may occur early in the course of antidepressant treatment,

FIGURE 1. Accuracy of Recognition of Six Facial Expressions and Recognition of Happy Expressions in Relation to Happi-
ness Intensity for 24 Healthy Volunteers Given a Single Dose of Reboxetine or Placebo

a Significant difference between groups (t=3.3, df=22, p=0.003).
b Significant difference between groups (t=3.7, df=22, p=0.001).
c Significant difference between groups (t=4.0, df=22, p=0.001).
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emotion recognition accuracy with citalopram compared
with reboxetine at 2 weeks. By6weeks, however, therewasno
difference. Although there was a large effect size for the
interaction between medication, emotion and time (eta
squared=0.3) it was not significant (F(10,37)=1.55, p= 0.16).

ANCOVA did not demonstrate any significant between-
subject effects (medication) at either 2 weeks of treatment
or 6 weeks of treatment for any of the emotions. Comparison
of total accurate recognition for all emotions between
drugs using ANCOVA at 2 (F(1,56)=2.22, p= 0.14) and
6 weeks (F(1,63)=0.65, p= 0.42) also confirmed there were
no significant differences between the two treatments. Post-
hoc paired t-tests examining changes in emotion recognition
for all subjects indicated that the most significant increases
were for sensitivity to disgust at 2 weeks (t=−5.36, df=56,
pb 0.001). There was no significant change between 2 and
6 weeks (t=0.15, df=49, p= 0.88). There were also
significant, but smaller, increases in recognition of happiness
at 2 weeks (t=−2.25, df=56, p= 0.028) but no change
between 2 and 6 weeks (t=−0.56, df=49, p= 0.58). There
was a significant increase in recognition of surprise at 2 weeks
(t=−3.11, df=56, p= 0.003) but again, no change between
2 and 6 weeks (t=0.76, df=49, p= 0.45). Fig. 1 shows the
changes from baseline to 2 and 6 weeks in accurate
recognition of the six emotions for all subjects.

3.3. Target sensitivity

Analysis of target sensitivity also showed significant main
effects for time (F(2,40)=4.46, p= 0.018) and emotion (F
(5,37)=49.34, pb 0.001) but not medication (F(1,41)=0.01,
p= 0.91). Again, there was a significant interaction between
time and medication (F(2,40)=4.25, p= 0.021) due to a
greater increase in overall emotion recognition accuracy with
citalopram compared with reboxetine at 2 weeks. The
interaction between medication, time and emotion had a
large effect size (eta squared=0.29), but was not significant
(F(10,32)=1.32, p= 0.26). ANCOVA did not demonstrate

any significant between-subject effects (medication) at either
2 weeks of treatment or 6 weeks of treatment for any of the
emotions.

3.4. Response bias

Analysis of response bias showed a significant main
effect for emotion (F(5,39)=6.82, pb 0.001), but not for
time (F(2,42)=1.49, p= 0.24) or medication (F(1,43)
=0.09, p= 0.77). The interaction between time and medica-
tion approached significance (F(2,42)=2.93, p= 0.06).
Again, the interaction between medication, time and emotion
had a large effect size (eta squared=0.3) but was not
significant (F(10,34)=1.42, p= 0.21). In contrast to the
target sensitivity results, ANCOVA did demonstrate significant
between-subject effects (medication) for response bias
towards anger at 2 weeks (F(1,54)=7.28, pb 0.01), and
towards happiness at 6 weeks (F(1,61)=6.05, p= 0.02).

3.5. Clinical outcomes in subjects tested for emotional processing

Clinical outcomes are reported for subjects who received
baseline testing of emotional processing (N= 108). Therewere
significant main effects for time (F(1,64)=132.3, pb 0.001)
and subscales of the CORE (F(4,61)=100, pb 0.001) with large
effect sizes (eta squared=0.67 and 0.87 respectively). There
was a significant interaction between time and CORE subscales
(F(4,61)=21.3, pb 0.001). There was also a significant interac-
tion between time, CORE subscales and medication (F(4,61)=
3.44, p= 0.013), however, the between-subjects effect was
not significant (F(1,64)=1.77, p= 0.19). ANCOVA did indi-
cate significant between-subject (medication) effect on the
problem (symptom) subscale of the CORE (F(1,65)=5.28,
p= 0.025). Of the four groups of symptoms (anxiety,
depression, physical and trauma) that make up the problem
sub-scale, it was the depression symptoms that showed the
greatest difference in outcome between the two drugs,
favouring citalopram (F(1,65)=6, p= 0.017). Fig. 2 shows
the changes in CORE subscale and total scores by drug from
baseline to 6 weeks.

Fig. 1. Recognition accuracy for the six facial expressions by time (baseline,
2 weeks and 6 weeks) for all subjects. The following changes from baseline
are significant: ⁎ pb 0.05, ⁎⁎ pb 0.01, ⁎⁎⁎ pb 0.001. All changes from 2 weeks
to 6 weeks are non-significant.

Fig. 2. CORE subscales and total scores by drug at baseline and 6 weeks. All
changes in CORE scores from baseline to 6 weeks are significant (pb 0.001).
Reduction in problems (symptom) subscale is significantly greater for
citalopram compared with reboxetine (pb 0.05).
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There was a significant correlation between increased
recognition of happy faces from baseline to 2 weeks of
treatment and the percentage improvement in total CORE
score from baseline to 6 weeks (Pearson correlation= 0.46,
N= 48, pb 0.001) (Table 2). Examining the sub-scales of the
CORE, the increased recognition of happiness over 2 weeks
was significantly correlated with the percentage improve-
ment in subjective wellbeing (Pearson correlation=0.45,
N= 48, p= 0.001), symptoms (Pearson correlation=0.35,
N= 48, p= 0.015) and social functioning (Pearson correla-
tion=0.47, N= 48, p= 0.001) over 6 weeks. No other
changes in face recognition over 2 weeks were significantly
correlated with any clinical outcomes at 6 weeks. No changes
in face recognition over 6 weeks were significantly correlated
with clinical outcomes at 6 weeks (Table 2). Fig. 3 shows the
scatter plot and regression line of the change in recognition of
happiness over 2 weeks of treatment against the percentage
improvement in total CORE score over 6 weeks of treatment.
The increased recognition of happy faces accounted for 20% of
the variance of the improvement in total CORE scores.

4. Discussion

To our knowledge this is the first study examining changes
in emotional processing, using the face emotion recognition
paradigm, in depressed patients being treated with SSRI and
NaRI antidepressants. Citalopram was more effective than
reboxetine on the overall CORE outcome particularly for
symptoms of anxiety and depression. Improvement in the
recognition of disgust, happiness and surprise was found at
2 weeks and persisted to 6 weeks independent of antide-
pressant used. Increased recognition of happy faces at
2 weeks predicted clinical improvement at 6 weeks.

Previous studies that have utilized acute, or single dose,
manipulations that potentiate serotonergic transmission in the
brain (such as SSRIs) have been found to increase fear and
happiness recognition (Attenburrow et al., 2003; Browning
et al., 2007; Harmer et al., 2003a). The effect on fear recognition
reversed with repeated treatment with decreased fear recogni-
tion found after a week (Harmer et al., 2004). Reduced fear
recognition has been demonstrated following acute SSRI
administration to euthymic patients with a past history of
depression (Bhagwagar et al 2004). Reboxetine has also been
shown to increase recognition of happiness with acute

exposure (Harmer et al., 2003b) and decrease recognition of
negative emotions (fear and anger) following one week's
exposure (Harmer et al., 2004).

The current study extends the normal volunteer findings
to patients being treated for depression in primary care.
Antidepressant effects on face emotion processing occurred
within the first 2 weeks of treatment with an increase in the
recognition of happy facial expressions, similar to previous
reports in healthy volunteers (Harmer et al., 2004). In
contrast to healthy volunteer studies there was no decreased
recognition of fear. There was also an increase in the
recognition of disgust and surprise. We did not find a
significant difference between the two antidepressants
suggesting that in this clinical population serotonergic and
noradrenergic antidepressants do not exert differential effects
on this element of emotional processing. This is consistent
with results in healthy volunteers exposed to one week's
treatment (Harmer et al., 2004).

The signal detection results suggest that citalopram and
reboxetine have similar effects on subjects' sensitivity to
discriminate between different emotions. These medications
may vary, however, in their effects on how conservative or
liberal subjects are in responding to emotional stimuli. Hence,
after 2 weeks of treatment subjects treated with citalopram
were more conservative in their response to angry faces
compared to those treated with reboxetine, although this
difference had disappeared by 6 weeks of treatment. Subjects
treated with reboxetine were more conservative in their
response to happy faces after 6 weeks of treatment compared
to those treated with citalopram. A similar finding has been
reported in healthy volunteers, with citalopram increasing
bias towards positive emotions compared to reboxetine
(Harmer et al., 2004). In healthy volunteers this effect was
detected after one week of treatment, whereas in this sample
at 2 weeks treatment no difference could yet be detected
between the treatment groups. The specific relevance of these
findings is currently unclear and they may be chance findings
but could point towards subtle variations in how different
antidepressants affect emotional processing.

The largest effect size in this study was an increase in
recognition of disgust, which, as a negative emotion, is
difficult to relate directly to antidepressant action. However
a recent imaging study found that acute citalopram pre-
treatment decreased left amygdala response to disgusted
faces (Anderson et al., 2007) suggesting that 5-HT might be

Table 2
Pearson correlation coefficients between the percentage improvement in
CORE total and sub-scores from baseline to 6 weeks and the increase in
accurate recognition of the six emotions from baseline to 2 (N= 48) and
6 weeks (N= 60).

CORE Weeks Anger Disgust Fear Happy Sad Surprise

Wellbeing 2 0.02 −0.02 0.01 0.45⁎⁎ −0.14 0.1
6 0.01 0.05 0.1 0.2 0 0.08

Problems 2 0.02 −0.04 0.15 0.35⁎ −0.07 0.1
6 −0.03 0.02 0.15 0.09 −0.06 0

Functioning 2 0.02 0.15 0.14 0.47⁎⁎ −0.04 0.22
6 −0.01 0.13 0.17 0.25 −0.08 0.06

Risk 2. −0.05 −0.12 −0.05 0.21 0.1 0
6 −0.1 −0.04 0.02 0.26 0.09 0.04

Total 2 0.02 0.02 0.1 0.46⁎⁎ −0.05 0.16
6 −0.02 0.08 0.14 0.2 −0.05 0.06

* pb 0.05, ** p= 0.001.

Fig. 3. Scatter plot: change in recognition of happy faces from baseline to
2 weeks against percentage improvement in total CORE score from baseline
to 6 weeks of treatment.
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affiliative behaviour, the present results suggest that
enhanced perception of affiliative signals also occurs with
SSRI administration. Indeed, an enhanced perception of
happiness would be predicted to facilitate approach
behaviour and social interaction. These changes may also
be relevant to aspects of the action of SSRIs in patients
with depression, who have been reported to show negative
biases in the perception of social stimuli (eg Bouhuys et al,
1999).
Citalopram administration also facilitated the recognition

of fear from facial expression, which was contrary to our
hypothesis of reduced identification of negative emotions
following SSRI administration. This result may be related to
the fact that citalopram was given acutely in the present
study. Indeed, we have recently found decreased recogni-
tion of fearful, disgusted and surprised facial expressions
following a 7-day oral treatment with this SSRI (Harmer et
al, 2002). Opposite effects of acute and repeated adminis-
tration of antidepressants have also been reported in
preclinical models of anxiety (Griebel et al, 1994) and,
clinically, symptoms of agitation or panic can be exacer-
bated initially with SSRI treatment (Kent et al, 1998). Hence,
the present facilitation of fear recognition may reflect
enhanced processing of threatening cues in the environ-
ment following SSRI challenge.
A role for serotonin in the processing of fear-related

signals has been identified both in animal and human
models. In rats, serotonin levels in the amygdala increased
during inescapable stress and conditioned fear (Amat et al,
1998; Kawahara et al, 1993; Inoue et al, 1993). In humans,
acute administration of serotonin-receptor blockers has
been reported to decrease the development of conditioned

responses to an aversive loud noise as measured by
subjective report and skin conductance responses (Hens-
man et al, 1991; Silva et al, 2001). The role of the amygdala
in conditioned fear is well established (Maren, 2001); and
has also been implicated in the processing of fearful facial
expressions (Adolphs et al, 1994, 1999; Morris et al, 1996). It
is therefore possible that serotonergic input to the amygdala
may modulate the detection of fearful expressions in
addition to its role in conditioned anxiety in human and
animal models (see Graeff et al, 1996). It is tempting to
speculate that the increased and decreased fear perception
found after acute compared to repeated administration of
SSRIs relates to opposing effects on neural substrates
involved in fear processing such as the amygdala, and that
these changes may be relevant to the therapeutic actions of
SSRI in depression and anxiety, both of which have been
associated with amygdala hyperarousal (Drevets et al, 1992;
Sheline et al, 2001; Rauch et al, 2000).
In summary, acute administration of the SSRI citalopram

facilitated the recognition of fear and happiness from facial
expressions. These effects may relate to effects of serotonin
on affiliative behaviour and the processing of fear-related
cues. Further research is needed to assess whether these
effects interact with changes in the processing of facial

Figure 1 Performance in the facial expression recognition task following
citalopram (dark bars) or placebo (light bars). Top graph: Percentage of
correct responses for each emotion. Asterisks illustrate the statistical
significance of simple main effect analyses: *po0.05. Lower graph: Reaction
time of correct responses for each emotion. Simple main effect analyses
revealed a significant facilitation in the speed with which fear (po0.05) and
happiness (po0.02) were detected in the absence of changes in speed to
recognise other basic emotions.

Figure 2 Recognition of fear and happiness over the different intensity
levels of facial expression used in this task. -K-, following citalopram; -*-,
following placebo. Top graph: fear recognition. Lower graph: happiness
recognition. Asterisks illustrate the statistical significance of simple main
effect analyses: *po0.05, ***po0.001.
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The subjects also performed the Rapid Visual Information Pro-
cessing Task (from CANTAB, CeNeS Pharmaceuticals, Cambridge,
U.K.). Digits between 1 and 9 were presented in the center of the
screen at a rate of 200 per minute for 7 minutes. The subjects were
asked to detect any one of three specified digit sequences (3-5-7,
2-4-6, or 4-6-8). The speed and number of correct detections and
responses made in the absence of appropriate stimuli (false
alarms) were recorded.

Mood and subjective state were monitored at baseline, 2 hours,
and 4 hours by using visual analogue scales for happy, sad, fright-
ened, angry, disgusted, alert, and anxious.

Results

The facial expression task revealed greater recognition
of happy facial expressions after reboxetine than after pla-
cebo in the absence of differences in the recognition of
other basic emotions (Figure 1, left side). There was a sig-
nificant interaction of group and happiness intensity (F=
8.1, df=4, 88, p<0.001). As shown in Figure 1 (right side),
there was a difference in the accurate identification of low
levels of happiness. This was not a difference in response
bias (indiscriminate labeling of faces as “happy”) as the ef-
fect remained in a signal detection analysis (t=3.0, df=22,
p=0.007).

In the emotional categorization task, the volunteers re-
ceiving reboxetine had a greater difference between the
times for their responses to positive descriptors (mean=
421 msec, SD=56) and negative descriptors (mean=552,
SD=80) than did those receiving placebo (positive: mean=
499 msec, SD=51; negative: 514 msec, SD=44), and the in-
teraction of valence and group was significant (F=5.3, df=1,
22, p=0.03). In the surprise recall test, the placebo group re-
membered fewer positive descriptors (mean=3.5, SD=0.6)
than negative descriptors (mean=5.1, SD=0.8), whereas
this “negative” bias was not present in the volunteers re-

ceiving reboxetine (positive: mean=5.6, SD=0.8; negative:
mean=5.4, SD=0.7) (F=4.8, df=1, 22, p=0.04).

In contrast to the processing of emotional information,
the processing of nonemotional information was not af-
fected by reboxetine (p>0.4), suggesting that the better
performance found in the emotional tasks does not repre-
sent more global actions on speed, memory, or attention.
There was also no effect of reboxetine on ratings of subjec-
tive state (p>0.4), and inclusion of these mood ratings as
covariates did not abolish the effects on happiness recog-
nition (F=5.6, df=1, 15, p=0.03), emotional categorization
(F=5.3, df=1, 15, p=0.04), or emotional memory (F=5.3, df=
1, 15, p=0.04).

Discussion

Administration of a single clinical dose of the antide-
pressant reboxetine was found to facilitate the processing
of positively valenced emotional information in healthy
volunteers in the absence of improved cognitive perfor-
mance. This shift in information processing represents an
early effect of antidepressant medication that could act to
reverse the negative biases in perception seen in de-
pressed patients (2).

The therapeutic effects of antidepressant drugs are usu-
ally described as needing 2 or more weeks of treatment,
and the apparent delay in action has led to speculation
that slowly evolving molecular adaptive processes are re-
quired before effects on mood and anxiety are expressed
(7). Our findings suggest that changes in emotional pro-
cessing may be found after a single administration of an
antidepressant. This raises the interesting hypothesis that
differences in the processing of external cues (e.g., positive
social stimuli) and internal cues (e.g., positive memories)
may occur early in the course of antidepressant treatment,

FIGURE 1. Accuracy of Recognition of Six Facial Expressions and Recognition of Happy Expressions in Relation to Happi-
ness Intensity for 24 Healthy Volunteers Given a Single Dose of Reboxetine or Placebo

a Significant difference between groups (t=3.3, df=22, p=0.003).
b Significant difference between groups (t=3.7, df=22, p=0.001).
c Significant difference between groups (t=4.0, df=22, p=0.001).
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emotion recognition accuracy with citalopram compared
with reboxetine at 2 weeks. By6weeks, however, therewasno
difference. Although there was a large effect size for the
interaction between medication, emotion and time (eta
squared=0.3) it was not significant (F(10,37)=1.55, p= 0.16).

ANCOVA did not demonstrate any significant between-
subject effects (medication) at either 2 weeks of treatment
or 6 weeks of treatment for any of the emotions. Comparison
of total accurate recognition for all emotions between
drugs using ANCOVA at 2 (F(1,56)=2.22, p= 0.14) and
6 weeks (F(1,63)=0.65, p= 0.42) also confirmed there were
no significant differences between the two treatments. Post-
hoc paired t-tests examining changes in emotion recognition
for all subjects indicated that the most significant increases
were for sensitivity to disgust at 2 weeks (t=−5.36, df=56,
pb 0.001). There was no significant change between 2 and
6 weeks (t=0.15, df=49, p= 0.88). There were also
significant, but smaller, increases in recognition of happiness
at 2 weeks (t=−2.25, df=56, p= 0.028) but no change
between 2 and 6 weeks (t=−0.56, df=49, p= 0.58). There
was a significant increase in recognition of surprise at 2 weeks
(t=−3.11, df=56, p= 0.003) but again, no change between
2 and 6 weeks (t=0.76, df=49, p= 0.45). Fig. 1 shows the
changes from baseline to 2 and 6 weeks in accurate
recognition of the six emotions for all subjects.

3.3. Target sensitivity

Analysis of target sensitivity also showed significant main
effects for time (F(2,40)=4.46, p= 0.018) and emotion (F
(5,37)=49.34, pb 0.001) but not medication (F(1,41)=0.01,
p= 0.91). Again, there was a significant interaction between
time and medication (F(2,40)=4.25, p= 0.021) due to a
greater increase in overall emotion recognition accuracy with
citalopram compared with reboxetine at 2 weeks. The
interaction between medication, time and emotion had a
large effect size (eta squared=0.29), but was not significant
(F(10,32)=1.32, p= 0.26). ANCOVA did not demonstrate

any significant between-subject effects (medication) at either
2 weeks of treatment or 6 weeks of treatment for any of the
emotions.

3.4. Response bias

Analysis of response bias showed a significant main
effect for emotion (F(5,39)=6.82, pb 0.001), but not for
time (F(2,42)=1.49, p= 0.24) or medication (F(1,43)
=0.09, p= 0.77). The interaction between time and medica-
tion approached significance (F(2,42)=2.93, p= 0.06).
Again, the interaction between medication, time and emotion
had a large effect size (eta squared=0.3) but was not
significant (F(10,34)=1.42, p= 0.21). In contrast to the
target sensitivity results, ANCOVA did demonstrate significant
between-subject effects (medication) for response bias
towards anger at 2 weeks (F(1,54)=7.28, pb 0.01), and
towards happiness at 6 weeks (F(1,61)=6.05, p= 0.02).

3.5. Clinical outcomes in subjects tested for emotional processing

Clinical outcomes are reported for subjects who received
baseline testing of emotional processing (N= 108). Therewere
significant main effects for time (F(1,64)=132.3, pb 0.001)
and subscales of the CORE (F(4,61)=100, pb 0.001) with large
effect sizes (eta squared=0.67 and 0.87 respectively). There
was a significant interaction between time and CORE subscales
(F(4,61)=21.3, pb 0.001). There was also a significant interac-
tion between time, CORE subscales and medication (F(4,61)=
3.44, p= 0.013), however, the between-subjects effect was
not significant (F(1,64)=1.77, p= 0.19). ANCOVA did indi-
cate significant between-subject (medication) effect on the
problem (symptom) subscale of the CORE (F(1,65)=5.28,
p= 0.025). Of the four groups of symptoms (anxiety,
depression, physical and trauma) that make up the problem
sub-scale, it was the depression symptoms that showed the
greatest difference in outcome between the two drugs,
favouring citalopram (F(1,65)=6, p= 0.017). Fig. 2 shows
the changes in CORE subscale and total scores by drug from
baseline to 6 weeks.

Fig. 1. Recognition accuracy for the six facial expressions by time (baseline,
2 weeks and 6 weeks) for all subjects. The following changes from baseline
are significant: ⁎ pb 0.05, ⁎⁎ pb 0.01, ⁎⁎⁎ pb 0.001. All changes from 2 weeks
to 6 weeks are non-significant.

Fig. 2. CORE subscales and total scores by drug at baseline and 6 weeks. All
changes in CORE scores from baseline to 6 weeks are significant (pb 0.001).
Reduction in problems (symptom) subscale is significantly greater for
citalopram compared with reboxetine (pb 0.05).
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There was a significant correlation between increased
recognition of happy faces from baseline to 2 weeks of
treatment and the percentage improvement in total CORE
score from baseline to 6 weeks (Pearson correlation= 0.46,
N= 48, pb 0.001) (Table 2). Examining the sub-scales of the
CORE, the increased recognition of happiness over 2 weeks
was significantly correlated with the percentage improve-
ment in subjective wellbeing (Pearson correlation=0.45,
N= 48, p= 0.001), symptoms (Pearson correlation=0.35,
N= 48, p= 0.015) and social functioning (Pearson correla-
tion=0.47, N= 48, p= 0.001) over 6 weeks. No other
changes in face recognition over 2 weeks were significantly
correlated with any clinical outcomes at 6 weeks. No changes
in face recognition over 6 weeks were significantly correlated
with clinical outcomes at 6 weeks (Table 2). Fig. 3 shows the
scatter plot and regression line of the change in recognition of
happiness over 2 weeks of treatment against the percentage
improvement in total CORE score over 6 weeks of treatment.
The increased recognition of happy faces accounted for 20% of
the variance of the improvement in total CORE scores.

4. Discussion

To our knowledge this is the first study examining changes
in emotional processing, using the face emotion recognition
paradigm, in depressed patients being treated with SSRI and
NaRI antidepressants. Citalopram was more effective than
reboxetine on the overall CORE outcome particularly for
symptoms of anxiety and depression. Improvement in the
recognition of disgust, happiness and surprise was found at
2 weeks and persisted to 6 weeks independent of antide-
pressant used. Increased recognition of happy faces at
2 weeks predicted clinical improvement at 6 weeks.

Previous studies that have utilized acute, or single dose,
manipulations that potentiate serotonergic transmission in the
brain (such as SSRIs) have been found to increase fear and
happiness recognition (Attenburrow et al., 2003; Browning
et al., 2007; Harmer et al., 2003a). The effect on fear recognition
reversed with repeated treatment with decreased fear recogni-
tion found after a week (Harmer et al., 2004). Reduced fear
recognition has been demonstrated following acute SSRI
administration to euthymic patients with a past history of
depression (Bhagwagar et al 2004). Reboxetine has also been
shown to increase recognition of happiness with acute

exposure (Harmer et al., 2003b) and decrease recognition of
negative emotions (fear and anger) following one week's
exposure (Harmer et al., 2004).

The current study extends the normal volunteer findings
to patients being treated for depression in primary care.
Antidepressant effects on face emotion processing occurred
within the first 2 weeks of treatment with an increase in the
recognition of happy facial expressions, similar to previous
reports in healthy volunteers (Harmer et al., 2004). In
contrast to healthy volunteer studies there was no decreased
recognition of fear. There was also an increase in the
recognition of disgust and surprise. We did not find a
significant difference between the two antidepressants
suggesting that in this clinical population serotonergic and
noradrenergic antidepressants do not exert differential effects
on this element of emotional processing. This is consistent
with results in healthy volunteers exposed to one week's
treatment (Harmer et al., 2004).

The signal detection results suggest that citalopram and
reboxetine have similar effects on subjects' sensitivity to
discriminate between different emotions. These medications
may vary, however, in their effects on how conservative or
liberal subjects are in responding to emotional stimuli. Hence,
after 2 weeks of treatment subjects treated with citalopram
were more conservative in their response to angry faces
compared to those treated with reboxetine, although this
difference had disappeared by 6 weeks of treatment. Subjects
treated with reboxetine were more conservative in their
response to happy faces after 6 weeks of treatment compared
to those treated with citalopram. A similar finding has been
reported in healthy volunteers, with citalopram increasing
bias towards positive emotions compared to reboxetine
(Harmer et al., 2004). In healthy volunteers this effect was
detected after one week of treatment, whereas in this sample
at 2 weeks treatment no difference could yet be detected
between the treatment groups. The specific relevance of these
findings is currently unclear and they may be chance findings
but could point towards subtle variations in how different
antidepressants affect emotional processing.

The largest effect size in this study was an increase in
recognition of disgust, which, as a negative emotion, is
difficult to relate directly to antidepressant action. However
a recent imaging study found that acute citalopram pre-
treatment decreased left amygdala response to disgusted
faces (Anderson et al., 2007) suggesting that 5-HT might be

Table 2
Pearson correlation coefficients between the percentage improvement in
CORE total and sub-scores from baseline to 6 weeks and the increase in
accurate recognition of the six emotions from baseline to 2 (N= 48) and
6 weeks (N= 60).

CORE Weeks Anger Disgust Fear Happy Sad Surprise

Wellbeing 2 0.02 −0.02 0.01 0.45⁎⁎ −0.14 0.1
6 0.01 0.05 0.1 0.2 0 0.08

Problems 2 0.02 −0.04 0.15 0.35⁎ −0.07 0.1
6 −0.03 0.02 0.15 0.09 −0.06 0

Functioning 2 0.02 0.15 0.14 0.47⁎⁎ −0.04 0.22
6 −0.01 0.13 0.17 0.25 −0.08 0.06

Risk 2. −0.05 −0.12 −0.05 0.21 0.1 0
6 −0.1 −0.04 0.02 0.26 0.09 0.04

Total 2 0.02 0.02 0.1 0.46⁎⁎ −0.05 0.16
6 −0.02 0.08 0.14 0.2 −0.05 0.06

* pb 0.05, ** p= 0.001.

Fig. 3. Scatter plot: change in recognition of happy faces from baseline to
2 weeks against percentage improvement in total CORE score from baseline
to 6 weeks of treatment.
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affiliative behaviour, the present results suggest that
enhanced perception of affiliative signals also occurs with
SSRI administration. Indeed, an enhanced perception of
happiness would be predicted to facilitate approach
behaviour and social interaction. These changes may also
be relevant to aspects of the action of SSRIs in patients
with depression, who have been reported to show negative
biases in the perception of social stimuli (eg Bouhuys et al,
1999).
Citalopram administration also facilitated the recognition

of fear from facial expression, which was contrary to our
hypothesis of reduced identification of negative emotions
following SSRI administration. This result may be related to
the fact that citalopram was given acutely in the present
study. Indeed, we have recently found decreased recogni-
tion of fearful, disgusted and surprised facial expressions
following a 7-day oral treatment with this SSRI (Harmer et
al, 2002). Opposite effects of acute and repeated adminis-
tration of antidepressants have also been reported in
preclinical models of anxiety (Griebel et al, 1994) and,
clinically, symptoms of agitation or panic can be exacer-
bated initially with SSRI treatment (Kent et al, 1998). Hence,
the present facilitation of fear recognition may reflect
enhanced processing of threatening cues in the environ-
ment following SSRI challenge.
A role for serotonin in the processing of fear-related

signals has been identified both in animal and human
models. In rats, serotonin levels in the amygdala increased
during inescapable stress and conditioned fear (Amat et al,
1998; Kawahara et al, 1993; Inoue et al, 1993). In humans,
acute administration of serotonin-receptor blockers has
been reported to decrease the development of conditioned

responses to an aversive loud noise as measured by
subjective report and skin conductance responses (Hens-
man et al, 1991; Silva et al, 2001). The role of the amygdala
in conditioned fear is well established (Maren, 2001); and
has also been implicated in the processing of fearful facial
expressions (Adolphs et al, 1994, 1999; Morris et al, 1996). It
is therefore possible that serotonergic input to the amygdala
may modulate the detection of fearful expressions in
addition to its role in conditioned anxiety in human and
animal models (see Graeff et al, 1996). It is tempting to
speculate that the increased and decreased fear perception
found after acute compared to repeated administration of
SSRIs relates to opposing effects on neural substrates
involved in fear processing such as the amygdala, and that
these changes may be relevant to the therapeutic actions of
SSRI in depression and anxiety, both of which have been
associated with amygdala hyperarousal (Drevets et al, 1992;
Sheline et al, 2001; Rauch et al, 2000).
In summary, acute administration of the SSRI citalopram

facilitated the recognition of fear and happiness from facial
expressions. These effects may relate to effects of serotonin
on affiliative behaviour and the processing of fear-related
cues. Further research is needed to assess whether these
effects interact with changes in the processing of facial

Figure 1 Performance in the facial expression recognition task following
citalopram (dark bars) or placebo (light bars). Top graph: Percentage of
correct responses for each emotion. Asterisks illustrate the statistical
significance of simple main effect analyses: *po0.05. Lower graph: Reaction
time of correct responses for each emotion. Simple main effect analyses
revealed a significant facilitation in the speed with which fear (po0.05) and
happiness (po0.02) were detected in the absence of changes in speed to
recognise other basic emotions.

Figure 2 Recognition of fear and happiness over the different intensity
levels of facial expression used in this task. -K-, following citalopram; -*-,
following placebo. Top graph: fear recognition. Lower graph: happiness
recognition. Asterisks illustrate the statistical significance of simple main
effect analyses: *po0.05, ***po0.001.
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minute rest period, subjects received 10 mg citalopram (in 5 ml
saline) or 5 ml saline, administered intravenously over 30 min-
utes. Subjects completed the facial recognition task 30 minutes
after the end of the infusion, in line with previous work suggesting
that plasma drug and prolactin levels are elevated from the end of
the citalopram infusion for at least 2 hours (5). Subjective state
was assessed at baseline and before the psychological testing.

Statistical Analysis
Accuracy in the facial expression recognition task was analyzed

by using three-way split-plot analyses of variance (ANOVAs), with
the between-group factors of drug and depression history and the
within-subjects factor of facial expression. Subjective state was
also analyzed with split-plot ANOVAs with drug, group, and time
of assessment as factors. Significant interactions were analyzed
further by using simple main effect analyses, and covariates were
included as appropriate.

Results

Subjective State
Subjects with a previous history of depression tended to

rate themselves as more anxious throughout the test (F=
6.1, df=1, 33, p=0.02). Anxiety ratings remained higher fol-
lowing citalopram infusion relative to placebo infusion
(drug-by-time interaction: F=4.6, df=1, 33, p=0.02); this ef-
fect tended to be more pronounced in the subjects with a
previous history of depression (group-by-drug-by-time of
test: F=3.7, df=1, 33, p=0.06). All other mood ratings were
not significantly affected by drug or by previous history of
depression (p>0.40).

Facial Expression Recognition Accuracy
The group-by-drug-by-emotional expression interac-

tion was significant in the three-way ANOVA (F=3.1, df=5,
180, p=0.01) performed on these data. The group-by-drug
interaction was significant in terms of fear (F=13.0, df=1,
36, p=0.001) but not for any of the other facial expressions
(all p≥0.20). The subjects with a previous history of de-

pression showed higher baseline levels of fear recognition
(under placebo) relative to the subjects with no depres-
sion history (Figure 1). Fear recognition in the subjects
with a previous history of depression did not correlate
with anxiety (r=–0.30, df=18, p=0.50) ratings, and the sig-
nificant difference between these two groups was not af-
fected by the inclusion of these scores as a covariate (F=
6.4, df=1, 17, p=0.02). The heightened recognition of fear
was reduced in the subjects with a previous history of de-
pression receiving citalopram (Figure 1) to the level of fear
processing seen in the subjects with no depression history
under baseline conditions. In subjects with no history of
deprssion, citalopram administration facilitated the rec-
ognition of fear relative to placebo (Figure 1). Hence, while
acute citalopram administration increased fear recogni-
tion in the subjects with no history of depression, it nor-
malized the higher levels of fear recognition seen in the
subjects with a previous history of major depression.

Discussion

Subjects whose depression was in remission showed an
increase in the perception of fearful facial expressions that
was normalized following a single dose of the SSRI citalo-
pram. These findings are in line with the idea that cognitive
vulnerabilities persist into periods of remission from mood
disorder (1) and that these kinds of cognitive changes are
sensitive to antidepressant administration (3). This re-
sponse was opposite to the facilitation of fear processing
seen after citalopram administration in the subjects with
no history of depression, suggesting that responses may be
dependent on baseline levels of performance.

Subjects with a previous history of depression showed
greater recognition of fearful faces relative to matched
subjects with no depression history under the placebo
condition. Enhanced processing of ambiguous negative

FIGURE 1. Accuracy of Facial Expression Recognition in Subjects With a Previous History of Depression and Subjects With
No History of Depression and Change in Fear Recognition Accuracy Following Citalopram Infusion

a Significant difference between groups (F=6.7, df=1, 18, p=0.02).
b Significant effect of citalopram in the recovered depressed patients (F=8.7, df=1, 18, p=0.009) and in the comparison group (F=5.5, df=1, 18,

p=0.03).
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The subjects also performed the Rapid Visual Information Pro-
cessing Task (from CANTAB, CeNeS Pharmaceuticals, Cambridge,
U.K.). Digits between 1 and 9 were presented in the center of the
screen at a rate of 200 per minute for 7 minutes. The subjects were
asked to detect any one of three specified digit sequences (3-5-7,
2-4-6, or 4-6-8). The speed and number of correct detections and
responses made in the absence of appropriate stimuli (false
alarms) were recorded.

Mood and subjective state were monitored at baseline, 2 hours,
and 4 hours by using visual analogue scales for happy, sad, fright-
ened, angry, disgusted, alert, and anxious.

Results

The facial expression task revealed greater recognition
of happy facial expressions after reboxetine than after pla-
cebo in the absence of differences in the recognition of
other basic emotions (Figure 1, left side). There was a sig-
nificant interaction of group and happiness intensity (F=
8.1, df=4, 88, p<0.001). As shown in Figure 1 (right side),
there was a difference in the accurate identification of low
levels of happiness. This was not a difference in response
bias (indiscriminate labeling of faces as “happy”) as the ef-
fect remained in a signal detection analysis (t=3.0, df=22,
p=0.007).

In the emotional categorization task, the volunteers re-
ceiving reboxetine had a greater difference between the
times for their responses to positive descriptors (mean=
421 msec, SD=56) and negative descriptors (mean=552,
SD=80) than did those receiving placebo (positive: mean=
499 msec, SD=51; negative: 514 msec, SD=44), and the in-
teraction of valence and group was significant (F=5.3, df=1,
22, p=0.03). In the surprise recall test, the placebo group re-
membered fewer positive descriptors (mean=3.5, SD=0.6)
than negative descriptors (mean=5.1, SD=0.8), whereas
this “negative” bias was not present in the volunteers re-

ceiving reboxetine (positive: mean=5.6, SD=0.8; negative:
mean=5.4, SD=0.7) (F=4.8, df=1, 22, p=0.04).

In contrast to the processing of emotional information,
the processing of nonemotional information was not af-
fected by reboxetine (p>0.4), suggesting that the better
performance found in the emotional tasks does not repre-
sent more global actions on speed, memory, or attention.
There was also no effect of reboxetine on ratings of subjec-
tive state (p>0.4), and inclusion of these mood ratings as
covariates did not abolish the effects on happiness recog-
nition (F=5.6, df=1, 15, p=0.03), emotional categorization
(F=5.3, df=1, 15, p=0.04), or emotional memory (F=5.3, df=
1, 15, p=0.04).

Discussion

Administration of a single clinical dose of the antide-
pressant reboxetine was found to facilitate the processing
of positively valenced emotional information in healthy
volunteers in the absence of improved cognitive perfor-
mance. This shift in information processing represents an
early effect of antidepressant medication that could act to
reverse the negative biases in perception seen in de-
pressed patients (2).

The therapeutic effects of antidepressant drugs are usu-
ally described as needing 2 or more weeks of treatment,
and the apparent delay in action has led to speculation
that slowly evolving molecular adaptive processes are re-
quired before effects on mood and anxiety are expressed
(7). Our findings suggest that changes in emotional pro-
cessing may be found after a single administration of an
antidepressant. This raises the interesting hypothesis that
differences in the processing of external cues (e.g., positive
social stimuli) and internal cues (e.g., positive memories)
may occur early in the course of antidepressant treatment,

FIGURE 1. Accuracy of Recognition of Six Facial Expressions and Recognition of Happy Expressions in Relation to Happi-
ness Intensity for 24 Healthy Volunteers Given a Single Dose of Reboxetine or Placebo

a Significant difference between groups (t=3.3, df=22, p=0.003).
b Significant difference between groups (t=3.7, df=22, p=0.001).
c Significant difference between groups (t=4.0, df=22, p=0.001).
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hostility ratings on the Buss-Durkee inventory (one way
analysis of variance F=3.0, df=2, 39, p=0.06). Significant
group-by-time interactions relative to placebo were seen
for reboxetine (F=4.9, df=1, 26, p=0.04) but not citalopram
(F=1.3, df=1, 26, p=0.30). Reboxetine also decreased scores
on the Befindlichkeits scale relative to the other two groups
(group-by-time interaction: F=4.5, df=2, 39, p=0.02), appar-
ently the result of endorsing fewer descriptions of low en-
ergy (group-by-time: F=3.4, df=2, 39, p=0.04) rather than of
low mood (group-by-time: F=1.9, df=2, 39, p=0.20).

Facial Expression Recognition

Accuracy. Performance in the facial expression recogni-
tion task was significantly affected by intervention group
(overall group-by-facial expression interaction: F=1.9, df=
6, 234, p=0.03) (Figure 1). The two-way analyses of vari-
ance comparing each antidepressant to the placebo group
revealed a significant group-by-emotion interaction for
both citalopram (F=3.0, df=6, 156, p=0.008) and reboxetine
(F=2.5, df=6, 156, p=0.03). In particular, both antidepres-
sants decreased the recognition of fearful (citalopram: t=
2.8, df=26, p=0.008; reboxetine: t=3.5, df=26, p=0.002) and
angry (citalopram: t=2.0, df=26, p=0.055; reboxetine: t=2.1,
df=26, p=0.04) facial expressions relative to placebo. Cit-
alopram additionally decreased the facial expression rec-
ognition of disgust (t=3.5, df=26, p=0.002) and surprise (t=
3.0, df=26, p=0.006). None of the other comparisons at-
tained statistical significance for either citalopram or re-
boxetine (all comparisons p>0.20).

When disgust or anger were misclassified, they tended
to be mistaken for each other, but this tendency was not
exaggerated in those receiving citalopram or reboxetine.
The mean percentages of responses to disgusted facial ex-
pressions labeled as anger were 12% (SD=3%), 10% (SD=
2%), and 10% (SD=3%) following citalopram, reboxetine,
and placebo, respectively (F=0.3, df=2, 39, p=0.80). The re-
spective mean percentages of responses to angry facial ex-
pressions labeled as disgust were 7% (SD=2%), 4% (SD=
1%), and 7% (SD=2%) (F=1.3, df=2, 39, p=0.30). However,

misclassifications of fear as surprise were more common
in groups receiving citalopram (mean=17%, SD=3%) or re-
boxetine (mean=17%, SD=2%) than placebo (mean=8%,
SD=1%) (citalopram versus placebo: t=2.7, df=26, p=0.01;
reboxetine versus placebo: t=3.3, df=26, p=0.003). The vol-
unteers who received citalopram were also more likely
than the placebo group to misclassify all three of these
negative emotions as happy, suggesting a positive bias in
facial expression recognition: the mean values of the cit-
alopram, reboxetine, and placebo groups were 8% (SD=
2%), 2% (SD=1%), and 3% (SD=1%) for disgust (t=2.2, df=
26, p=0.03); 5% (SD=1%), 3% (SD=1%), and 2% (SD=1%)
for fear (t=2.0, df=26, p=0.06); and 3% (SD=1%), 1% (SD=
1%), and 1% (SD=1%) for anger (t=2.0, df=26, p=0.06).

Reaction time. There were no differences between the
three groups in terms of speed of correct responses (group-
by-emotion: F=0.9, df=6, 234, p=0.40; main effect of group:
F=1.1, df=2, 39, p=0.40), which suggests the absence of se-
dation in the antidepressant groups.

Emotional Categorization

The difference in reaction time to classify positive and
negative personality characteristics was significantly af-
fected by group (F=3.2, df=2, 39, p=0.05) (Figure 2). In
particular, reboxetine-treated volunteers were relatively
quicker to classify positive versus negative personality char-
acteristics compared with the placebo-treated volunteers
(t=3.1, df=26, p=0.005). A similar, but nonsignificant, ten-
dency was seen in volunteers receiving citalopram com-
pared with those receiving placebo (t=1.5, df=26, p=0.10).

Emotional Memory

The total number of words recalled did not differ sig-
nificantly between the three groups (F=0.2, df=2, 39, p=
0.90). However, the percentage of these words that were
positive was higher in both the antidepressant groups
relative to placebo (one-way ANOVA F=3.5, df=2, 39, p=
0.04) (Figure 2).

FIGURE 1. Facial Expression Recognition Performance of 42 Healthy Volunteers After 1 Week of Randomly Assigned Dou-
ble-Blind Intervention With Citalopram, Reboxetine, or Placebo

a Out of 40 for each emotion, 10 for neutral. Asterisks depict significance level of difference from placebo.
*p<0.05. **p<0.01.
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emotion recognition accuracy with citalopram compared
with reboxetine at 2 weeks. By6weeks, however, therewasno
difference. Although there was a large effect size for the
interaction between medication, emotion and time (eta
squared=0.3) it was not significant (F(10,37)=1.55, p= 0.16).

ANCOVA did not demonstrate any significant between-
subject effects (medication) at either 2 weeks of treatment
or 6 weeks of treatment for any of the emotions. Comparison
of total accurate recognition for all emotions between
drugs using ANCOVA at 2 (F(1,56)=2.22, p= 0.14) and
6 weeks (F(1,63)=0.65, p= 0.42) also confirmed there were
no significant differences between the two treatments. Post-
hoc paired t-tests examining changes in emotion recognition
for all subjects indicated that the most significant increases
were for sensitivity to disgust at 2 weeks (t=−5.36, df=56,
pb 0.001). There was no significant change between 2 and
6 weeks (t=0.15, df=49, p= 0.88). There were also
significant, but smaller, increases in recognition of happiness
at 2 weeks (t=−2.25, df=56, p= 0.028) but no change
between 2 and 6 weeks (t=−0.56, df=49, p= 0.58). There
was a significant increase in recognition of surprise at 2 weeks
(t=−3.11, df=56, p= 0.003) but again, no change between
2 and 6 weeks (t=0.76, df=49, p= 0.45). Fig. 1 shows the
changes from baseline to 2 and 6 weeks in accurate
recognition of the six emotions for all subjects.

3.3. Target sensitivity

Analysis of target sensitivity also showed significant main
effects for time (F(2,40)=4.46, p= 0.018) and emotion (F
(5,37)=49.34, pb 0.001) but not medication (F(1,41)=0.01,
p= 0.91). Again, there was a significant interaction between
time and medication (F(2,40)=4.25, p= 0.021) due to a
greater increase in overall emotion recognition accuracy with
citalopram compared with reboxetine at 2 weeks. The
interaction between medication, time and emotion had a
large effect size (eta squared=0.29), but was not significant
(F(10,32)=1.32, p= 0.26). ANCOVA did not demonstrate

any significant between-subject effects (medication) at either
2 weeks of treatment or 6 weeks of treatment for any of the
emotions.

3.4. Response bias

Analysis of response bias showed a significant main
effect for emotion (F(5,39)=6.82, pb 0.001), but not for
time (F(2,42)=1.49, p= 0.24) or medication (F(1,43)
=0.09, p= 0.77). The interaction between time and medica-
tion approached significance (F(2,42)=2.93, p= 0.06).
Again, the interaction between medication, time and emotion
had a large effect size (eta squared=0.3) but was not
significant (F(10,34)=1.42, p= 0.21). In contrast to the
target sensitivity results, ANCOVA did demonstrate significant
between-subject effects (medication) for response bias
towards anger at 2 weeks (F(1,54)=7.28, pb 0.01), and
towards happiness at 6 weeks (F(1,61)=6.05, p= 0.02).

3.5. Clinical outcomes in subjects tested for emotional processing

Clinical outcomes are reported for subjects who received
baseline testing of emotional processing (N= 108). Therewere
significant main effects for time (F(1,64)=132.3, pb 0.001)
and subscales of the CORE (F(4,61)=100, pb 0.001) with large
effect sizes (eta squared=0.67 and 0.87 respectively). There
was a significant interaction between time and CORE subscales
(F(4,61)=21.3, pb 0.001). There was also a significant interac-
tion between time, CORE subscales and medication (F(4,61)=
3.44, p= 0.013), however, the between-subjects effect was
not significant (F(1,64)=1.77, p= 0.19). ANCOVA did indi-
cate significant between-subject (medication) effect on the
problem (symptom) subscale of the CORE (F(1,65)=5.28,
p= 0.025). Of the four groups of symptoms (anxiety,
depression, physical and trauma) that make up the problem
sub-scale, it was the depression symptoms that showed the
greatest difference in outcome between the two drugs,
favouring citalopram (F(1,65)=6, p= 0.017). Fig. 2 shows
the changes in CORE subscale and total scores by drug from
baseline to 6 weeks.

Fig. 1. Recognition accuracy for the six facial expressions by time (baseline,
2 weeks and 6 weeks) for all subjects. The following changes from baseline
are significant: ⁎ pb 0.05, ⁎⁎ pb 0.01, ⁎⁎⁎ pb 0.001. All changes from 2 weeks
to 6 weeks are non-significant.

Fig. 2. CORE subscales and total scores by drug at baseline and 6 weeks. All
changes in CORE scores from baseline to 6 weeks are significant (pb 0.001).
Reduction in problems (symptom) subscale is significantly greater for
citalopram compared with reboxetine (pb 0.05).
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There was a significant correlation between increased
recognition of happy faces from baseline to 2 weeks of
treatment and the percentage improvement in total CORE
score from baseline to 6 weeks (Pearson correlation= 0.46,
N= 48, pb 0.001) (Table 2). Examining the sub-scales of the
CORE, the increased recognition of happiness over 2 weeks
was significantly correlated with the percentage improve-
ment in subjective wellbeing (Pearson correlation=0.45,
N= 48, p= 0.001), symptoms (Pearson correlation=0.35,
N= 48, p= 0.015) and social functioning (Pearson correla-
tion=0.47, N= 48, p= 0.001) over 6 weeks. No other
changes in face recognition over 2 weeks were significantly
correlated with any clinical outcomes at 6 weeks. No changes
in face recognition over 6 weeks were significantly correlated
with clinical outcomes at 6 weeks (Table 2). Fig. 3 shows the
scatter plot and regression line of the change in recognition of
happiness over 2 weeks of treatment against the percentage
improvement in total CORE score over 6 weeks of treatment.
The increased recognition of happy faces accounted for 20% of
the variance of the improvement in total CORE scores.

4. Discussion

To our knowledge this is the first study examining changes
in emotional processing, using the face emotion recognition
paradigm, in depressed patients being treated with SSRI and
NaRI antidepressants. Citalopram was more effective than
reboxetine on the overall CORE outcome particularly for
symptoms of anxiety and depression. Improvement in the
recognition of disgust, happiness and surprise was found at
2 weeks and persisted to 6 weeks independent of antide-
pressant used. Increased recognition of happy faces at
2 weeks predicted clinical improvement at 6 weeks.

Previous studies that have utilized acute, or single dose,
manipulations that potentiate serotonergic transmission in the
brain (such as SSRIs) have been found to increase fear and
happiness recognition (Attenburrow et al., 2003; Browning
et al., 2007; Harmer et al., 2003a). The effect on fear recognition
reversed with repeated treatment with decreased fear recogni-
tion found after a week (Harmer et al., 2004). Reduced fear
recognition has been demonstrated following acute SSRI
administration to euthymic patients with a past history of
depression (Bhagwagar et al 2004). Reboxetine has also been
shown to increase recognition of happiness with acute

exposure (Harmer et al., 2003b) and decrease recognition of
negative emotions (fear and anger) following one week's
exposure (Harmer et al., 2004).

The current study extends the normal volunteer findings
to patients being treated for depression in primary care.
Antidepressant effects on face emotion processing occurred
within the first 2 weeks of treatment with an increase in the
recognition of happy facial expressions, similar to previous
reports in healthy volunteers (Harmer et al., 2004). In
contrast to healthy volunteer studies there was no decreased
recognition of fear. There was also an increase in the
recognition of disgust and surprise. We did not find a
significant difference between the two antidepressants
suggesting that in this clinical population serotonergic and
noradrenergic antidepressants do not exert differential effects
on this element of emotional processing. This is consistent
with results in healthy volunteers exposed to one week's
treatment (Harmer et al., 2004).

The signal detection results suggest that citalopram and
reboxetine have similar effects on subjects' sensitivity to
discriminate between different emotions. These medications
may vary, however, in their effects on how conservative or
liberal subjects are in responding to emotional stimuli. Hence,
after 2 weeks of treatment subjects treated with citalopram
were more conservative in their response to angry faces
compared to those treated with reboxetine, although this
difference had disappeared by 6 weeks of treatment. Subjects
treated with reboxetine were more conservative in their
response to happy faces after 6 weeks of treatment compared
to those treated with citalopram. A similar finding has been
reported in healthy volunteers, with citalopram increasing
bias towards positive emotions compared to reboxetine
(Harmer et al., 2004). In healthy volunteers this effect was
detected after one week of treatment, whereas in this sample
at 2 weeks treatment no difference could yet be detected
between the treatment groups. The specific relevance of these
findings is currently unclear and they may be chance findings
but could point towards subtle variations in how different
antidepressants affect emotional processing.

The largest effect size in this study was an increase in
recognition of disgust, which, as a negative emotion, is
difficult to relate directly to antidepressant action. However
a recent imaging study found that acute citalopram pre-
treatment decreased left amygdala response to disgusted
faces (Anderson et al., 2007) suggesting that 5-HT might be

Table 2
Pearson correlation coefficients between the percentage improvement in
CORE total and sub-scores from baseline to 6 weeks and the increase in
accurate recognition of the six emotions from baseline to 2 (N= 48) and
6 weeks (N= 60).

CORE Weeks Anger Disgust Fear Happy Sad Surprise

Wellbeing 2 0.02 −0.02 0.01 0.45⁎⁎ −0.14 0.1
6 0.01 0.05 0.1 0.2 0 0.08

Problems 2 0.02 −0.04 0.15 0.35⁎ −0.07 0.1
6 −0.03 0.02 0.15 0.09 −0.06 0

Functioning 2 0.02 0.15 0.14 0.47⁎⁎ −0.04 0.22
6 −0.01 0.13 0.17 0.25 −0.08 0.06

Risk 2. −0.05 −0.12 −0.05 0.21 0.1 0
6 −0.1 −0.04 0.02 0.26 0.09 0.04

Total 2 0.02 0.02 0.1 0.46⁎⁎ −0.05 0.16
6 −0.02 0.08 0.14 0.2 −0.05 0.06

* pb 0.05, ** p= 0.001.

Fig. 3. Scatter plot: change in recognition of happy faces from baseline to
2 weeks against percentage improvement in total CORE score from baseline
to 6 weeks of treatment.

91R. Tranter et al. / Journal of Affective Disorders 118 (2009) 87–93

affiliative behaviour, the present results suggest that
enhanced perception of affiliative signals also occurs with
SSRI administration. Indeed, an enhanced perception of
happiness would be predicted to facilitate approach
behaviour and social interaction. These changes may also
be relevant to aspects of the action of SSRIs in patients
with depression, who have been reported to show negative
biases in the perception of social stimuli (eg Bouhuys et al,
1999).
Citalopram administration also facilitated the recognition

of fear from facial expression, which was contrary to our
hypothesis of reduced identification of negative emotions
following SSRI administration. This result may be related to
the fact that citalopram was given acutely in the present
study. Indeed, we have recently found decreased recogni-
tion of fearful, disgusted and surprised facial expressions
following a 7-day oral treatment with this SSRI (Harmer et
al, 2002). Opposite effects of acute and repeated adminis-
tration of antidepressants have also been reported in
preclinical models of anxiety (Griebel et al, 1994) and,
clinically, symptoms of agitation or panic can be exacer-
bated initially with SSRI treatment (Kent et al, 1998). Hence,
the present facilitation of fear recognition may reflect
enhanced processing of threatening cues in the environ-
ment following SSRI challenge.
A role for serotonin in the processing of fear-related

signals has been identified both in animal and human
models. In rats, serotonin levels in the amygdala increased
during inescapable stress and conditioned fear (Amat et al,
1998; Kawahara et al, 1993; Inoue et al, 1993). In humans,
acute administration of serotonin-receptor blockers has
been reported to decrease the development of conditioned

responses to an aversive loud noise as measured by
subjective report and skin conductance responses (Hens-
man et al, 1991; Silva et al, 2001). The role of the amygdala
in conditioned fear is well established (Maren, 2001); and
has also been implicated in the processing of fearful facial
expressions (Adolphs et al, 1994, 1999; Morris et al, 1996). It
is therefore possible that serotonergic input to the amygdala
may modulate the detection of fearful expressions in
addition to its role in conditioned anxiety in human and
animal models (see Graeff et al, 1996). It is tempting to
speculate that the increased and decreased fear perception
found after acute compared to repeated administration of
SSRIs relates to opposing effects on neural substrates
involved in fear processing such as the amygdala, and that
these changes may be relevant to the therapeutic actions of
SSRI in depression and anxiety, both of which have been
associated with amygdala hyperarousal (Drevets et al, 1992;
Sheline et al, 2001; Rauch et al, 2000).
In summary, acute administration of the SSRI citalopram

facilitated the recognition of fear and happiness from facial
expressions. These effects may relate to effects of serotonin
on affiliative behaviour and the processing of fear-related
cues. Further research is needed to assess whether these
effects interact with changes in the processing of facial

Figure 1 Performance in the facial expression recognition task following
citalopram (dark bars) or placebo (light bars). Top graph: Percentage of
correct responses for each emotion. Asterisks illustrate the statistical
significance of simple main effect analyses: *po0.05. Lower graph: Reaction
time of correct responses for each emotion. Simple main effect analyses
revealed a significant facilitation in the speed with which fear (po0.05) and
happiness (po0.02) were detected in the absence of changes in speed to
recognise other basic emotions.

Figure 2 Recognition of fear and happiness over the different intensity
levels of facial expression used in this task. -K-, following citalopram; -*-,
following placebo. Top graph: fear recognition. Lower graph: happiness
recognition. Asterisks illustrate the statistical significance of simple main
effect analyses: *po0.05, ***po0.001.

Acute SSRI administration in healthy volunteers
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minute rest period, subjects received 10 mg citalopram (in 5 ml
saline) or 5 ml saline, administered intravenously over 30 min-
utes. Subjects completed the facial recognition task 30 minutes
after the end of the infusion, in line with previous work suggesting
that plasma drug and prolactin levels are elevated from the end of
the citalopram infusion for at least 2 hours (5). Subjective state
was assessed at baseline and before the psychological testing.

Statistical Analysis
Accuracy in the facial expression recognition task was analyzed

by using three-way split-plot analyses of variance (ANOVAs), with
the between-group factors of drug and depression history and the
within-subjects factor of facial expression. Subjective state was
also analyzed with split-plot ANOVAs with drug, group, and time
of assessment as factors. Significant interactions were analyzed
further by using simple main effect analyses, and covariates were
included as appropriate.

Results

Subjective State
Subjects with a previous history of depression tended to

rate themselves as more anxious throughout the test (F=
6.1, df=1, 33, p=0.02). Anxiety ratings remained higher fol-
lowing citalopram infusion relative to placebo infusion
(drug-by-time interaction: F=4.6, df=1, 33, p=0.02); this ef-
fect tended to be more pronounced in the subjects with a
previous history of depression (group-by-drug-by-time of
test: F=3.7, df=1, 33, p=0.06). All other mood ratings were
not significantly affected by drug or by previous history of
depression (p>0.40).

Facial Expression Recognition Accuracy
The group-by-drug-by-emotional expression interac-

tion was significant in the three-way ANOVA (F=3.1, df=5,
180, p=0.01) performed on these data. The group-by-drug
interaction was significant in terms of fear (F=13.0, df=1,
36, p=0.001) but not for any of the other facial expressions
(all p≥0.20). The subjects with a previous history of de-

pression showed higher baseline levels of fear recognition
(under placebo) relative to the subjects with no depres-
sion history (Figure 1). Fear recognition in the subjects
with a previous history of depression did not correlate
with anxiety (r=–0.30, df=18, p=0.50) ratings, and the sig-
nificant difference between these two groups was not af-
fected by the inclusion of these scores as a covariate (F=
6.4, df=1, 17, p=0.02). The heightened recognition of fear
was reduced in the subjects with a previous history of de-
pression receiving citalopram (Figure 1) to the level of fear
processing seen in the subjects with no depression history
under baseline conditions. In subjects with no history of
deprssion, citalopram administration facilitated the rec-
ognition of fear relative to placebo (Figure 1). Hence, while
acute citalopram administration increased fear recogni-
tion in the subjects with no history of depression, it nor-
malized the higher levels of fear recognition seen in the
subjects with a previous history of major depression.

Discussion

Subjects whose depression was in remission showed an
increase in the perception of fearful facial expressions that
was normalized following a single dose of the SSRI citalo-
pram. These findings are in line with the idea that cognitive
vulnerabilities persist into periods of remission from mood
disorder (1) and that these kinds of cognitive changes are
sensitive to antidepressant administration (3). This re-
sponse was opposite to the facilitation of fear processing
seen after citalopram administration in the subjects with
no history of depression, suggesting that responses may be
dependent on baseline levels of performance.

Subjects with a previous history of depression showed
greater recognition of fearful faces relative to matched
subjects with no depression history under the placebo
condition. Enhanced processing of ambiguous negative

FIGURE 1. Accuracy of Facial Expression Recognition in Subjects With a Previous History of Depression and Subjects With
No History of Depression and Change in Fear Recognition Accuracy Following Citalopram Infusion

a Significant difference between groups (F=6.7, df=1, 18, p=0.02).
b Significant effect of citalopram in the recovered depressed patients (F=8.7, df=1, 18, p=0.009) and in the comparison group (F=5.5, df=1, 18,

p=0.03).
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The subjects also performed the Rapid Visual Information Pro-
cessing Task (from CANTAB, CeNeS Pharmaceuticals, Cambridge,
U.K.). Digits between 1 and 9 were presented in the center of the
screen at a rate of 200 per minute for 7 minutes. The subjects were
asked to detect any one of three specified digit sequences (3-5-7,
2-4-6, or 4-6-8). The speed and number of correct detections and
responses made in the absence of appropriate stimuli (false
alarms) were recorded.

Mood and subjective state were monitored at baseline, 2 hours,
and 4 hours by using visual analogue scales for happy, sad, fright-
ened, angry, disgusted, alert, and anxious.

Results

The facial expression task revealed greater recognition
of happy facial expressions after reboxetine than after pla-
cebo in the absence of differences in the recognition of
other basic emotions (Figure 1, left side). There was a sig-
nificant interaction of group and happiness intensity (F=
8.1, df=4, 88, p<0.001). As shown in Figure 1 (right side),
there was a difference in the accurate identification of low
levels of happiness. This was not a difference in response
bias (indiscriminate labeling of faces as “happy”) as the ef-
fect remained in a signal detection analysis (t=3.0, df=22,
p=0.007).

In the emotional categorization task, the volunteers re-
ceiving reboxetine had a greater difference between the
times for their responses to positive descriptors (mean=
421 msec, SD=56) and negative descriptors (mean=552,
SD=80) than did those receiving placebo (positive: mean=
499 msec, SD=51; negative: 514 msec, SD=44), and the in-
teraction of valence and group was significant (F=5.3, df=1,
22, p=0.03). In the surprise recall test, the placebo group re-
membered fewer positive descriptors (mean=3.5, SD=0.6)
than negative descriptors (mean=5.1, SD=0.8), whereas
this “negative” bias was not present in the volunteers re-

ceiving reboxetine (positive: mean=5.6, SD=0.8; negative:
mean=5.4, SD=0.7) (F=4.8, df=1, 22, p=0.04).

In contrast to the processing of emotional information,
the processing of nonemotional information was not af-
fected by reboxetine (p>0.4), suggesting that the better
performance found in the emotional tasks does not repre-
sent more global actions on speed, memory, or attention.
There was also no effect of reboxetine on ratings of subjec-
tive state (p>0.4), and inclusion of these mood ratings as
covariates did not abolish the effects on happiness recog-
nition (F=5.6, df=1, 15, p=0.03), emotional categorization
(F=5.3, df=1, 15, p=0.04), or emotional memory (F=5.3, df=
1, 15, p=0.04).

Discussion

Administration of a single clinical dose of the antide-
pressant reboxetine was found to facilitate the processing
of positively valenced emotional information in healthy
volunteers in the absence of improved cognitive perfor-
mance. This shift in information processing represents an
early effect of antidepressant medication that could act to
reverse the negative biases in perception seen in de-
pressed patients (2).

The therapeutic effects of antidepressant drugs are usu-
ally described as needing 2 or more weeks of treatment,
and the apparent delay in action has led to speculation
that slowly evolving molecular adaptive processes are re-
quired before effects on mood and anxiety are expressed
(7). Our findings suggest that changes in emotional pro-
cessing may be found after a single administration of an
antidepressant. This raises the interesting hypothesis that
differences in the processing of external cues (e.g., positive
social stimuli) and internal cues (e.g., positive memories)
may occur early in the course of antidepressant treatment,

FIGURE 1. Accuracy of Recognition of Six Facial Expressions and Recognition of Happy Expressions in Relation to Happi-
ness Intensity for 24 Healthy Volunteers Given a Single Dose of Reboxetine or Placebo

a Significant difference between groups (t=3.3, df=22, p=0.003).
b Significant difference between groups (t=3.7, df=22, p=0.001).
c Significant difference between groups (t=4.0, df=22, p=0.001).
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hostility ratings on the Buss-Durkee inventory (one way
analysis of variance F=3.0, df=2, 39, p=0.06). Significant
group-by-time interactions relative to placebo were seen
for reboxetine (F=4.9, df=1, 26, p=0.04) but not citalopram
(F=1.3, df=1, 26, p=0.30). Reboxetine also decreased scores
on the Befindlichkeits scale relative to the other two groups
(group-by-time interaction: F=4.5, df=2, 39, p=0.02), appar-
ently the result of endorsing fewer descriptions of low en-
ergy (group-by-time: F=3.4, df=2, 39, p=0.04) rather than of
low mood (group-by-time: F=1.9, df=2, 39, p=0.20).

Facial Expression Recognition

Accuracy. Performance in the facial expression recogni-
tion task was significantly affected by intervention group
(overall group-by-facial expression interaction: F=1.9, df=
6, 234, p=0.03) (Figure 1). The two-way analyses of vari-
ance comparing each antidepressant to the placebo group
revealed a significant group-by-emotion interaction for
both citalopram (F=3.0, df=6, 156, p=0.008) and reboxetine
(F=2.5, df=6, 156, p=0.03). In particular, both antidepres-
sants decreased the recognition of fearful (citalopram: t=
2.8, df=26, p=0.008; reboxetine: t=3.5, df=26, p=0.002) and
angry (citalopram: t=2.0, df=26, p=0.055; reboxetine: t=2.1,
df=26, p=0.04) facial expressions relative to placebo. Cit-
alopram additionally decreased the facial expression rec-
ognition of disgust (t=3.5, df=26, p=0.002) and surprise (t=
3.0, df=26, p=0.006). None of the other comparisons at-
tained statistical significance for either citalopram or re-
boxetine (all comparisons p>0.20).

When disgust or anger were misclassified, they tended
to be mistaken for each other, but this tendency was not
exaggerated in those receiving citalopram or reboxetine.
The mean percentages of responses to disgusted facial ex-
pressions labeled as anger were 12% (SD=3%), 10% (SD=
2%), and 10% (SD=3%) following citalopram, reboxetine,
and placebo, respectively (F=0.3, df=2, 39, p=0.80). The re-
spective mean percentages of responses to angry facial ex-
pressions labeled as disgust were 7% (SD=2%), 4% (SD=
1%), and 7% (SD=2%) (F=1.3, df=2, 39, p=0.30). However,

misclassifications of fear as surprise were more common
in groups receiving citalopram (mean=17%, SD=3%) or re-
boxetine (mean=17%, SD=2%) than placebo (mean=8%,
SD=1%) (citalopram versus placebo: t=2.7, df=26, p=0.01;
reboxetine versus placebo: t=3.3, df=26, p=0.003). The vol-
unteers who received citalopram were also more likely
than the placebo group to misclassify all three of these
negative emotions as happy, suggesting a positive bias in
facial expression recognition: the mean values of the cit-
alopram, reboxetine, and placebo groups were 8% (SD=
2%), 2% (SD=1%), and 3% (SD=1%) for disgust (t=2.2, df=
26, p=0.03); 5% (SD=1%), 3% (SD=1%), and 2% (SD=1%)
for fear (t=2.0, df=26, p=0.06); and 3% (SD=1%), 1% (SD=
1%), and 1% (SD=1%) for anger (t=2.0, df=26, p=0.06).

Reaction time. There were no differences between the
three groups in terms of speed of correct responses (group-
by-emotion: F=0.9, df=6, 234, p=0.40; main effect of group:
F=1.1, df=2, 39, p=0.40), which suggests the absence of se-
dation in the antidepressant groups.

Emotional Categorization

The difference in reaction time to classify positive and
negative personality characteristics was significantly af-
fected by group (F=3.2, df=2, 39, p=0.05) (Figure 2). In
particular, reboxetine-treated volunteers were relatively
quicker to classify positive versus negative personality char-
acteristics compared with the placebo-treated volunteers
(t=3.1, df=26, p=0.005). A similar, but nonsignificant, ten-
dency was seen in volunteers receiving citalopram com-
pared with those receiving placebo (t=1.5, df=26, p=0.10).

Emotional Memory

The total number of words recalled did not differ sig-
nificantly between the three groups (F=0.2, df=2, 39, p=
0.90). However, the percentage of these words that were
positive was higher in both the antidepressant groups
relative to placebo (one-way ANOVA F=3.5, df=2, 39, p=
0.04) (Figure 2).

FIGURE 1. Facial Expression Recognition Performance of 42 Healthy Volunteers After 1 Week of Randomly Assigned Dou-
ble-Blind Intervention With Citalopram, Reboxetine, or Placebo

a Out of 40 for each emotion, 10 for neutral. Asterisks depict significance level of difference from placebo.
*p<0.05. **p<0.01.
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emotion recognition accuracy with citalopram compared
with reboxetine at 2 weeks. By6weeks, however, therewasno
difference. Although there was a large effect size for the
interaction between medication, emotion and time (eta
squared=0.3) it was not significant (F(10,37)=1.55, p= 0.16).

ANCOVA did not demonstrate any significant between-
subject effects (medication) at either 2 weeks of treatment
or 6 weeks of treatment for any of the emotions. Comparison
of total accurate recognition for all emotions between
drugs using ANCOVA at 2 (F(1,56)=2.22, p= 0.14) and
6 weeks (F(1,63)=0.65, p= 0.42) also confirmed there were
no significant differences between the two treatments. Post-
hoc paired t-tests examining changes in emotion recognition
for all subjects indicated that the most significant increases
were for sensitivity to disgust at 2 weeks (t=−5.36, df=56,
pb 0.001). There was no significant change between 2 and
6 weeks (t=0.15, df=49, p= 0.88). There were also
significant, but smaller, increases in recognition of happiness
at 2 weeks (t=−2.25, df=56, p= 0.028) but no change
between 2 and 6 weeks (t=−0.56, df=49, p= 0.58). There
was a significant increase in recognition of surprise at 2 weeks
(t=−3.11, df=56, p= 0.003) but again, no change between
2 and 6 weeks (t=0.76, df=49, p= 0.45). Fig. 1 shows the
changes from baseline to 2 and 6 weeks in accurate
recognition of the six emotions for all subjects.

3.3. Target sensitivity

Analysis of target sensitivity also showed significant main
effects for time (F(2,40)=4.46, p= 0.018) and emotion (F
(5,37)=49.34, pb 0.001) but not medication (F(1,41)=0.01,
p= 0.91). Again, there was a significant interaction between
time and medication (F(2,40)=4.25, p= 0.021) due to a
greater increase in overall emotion recognition accuracy with
citalopram compared with reboxetine at 2 weeks. The
interaction between medication, time and emotion had a
large effect size (eta squared=0.29), but was not significant
(F(10,32)=1.32, p= 0.26). ANCOVA did not demonstrate

any significant between-subject effects (medication) at either
2 weeks of treatment or 6 weeks of treatment for any of the
emotions.

3.4. Response bias

Analysis of response bias showed a significant main
effect for emotion (F(5,39)=6.82, pb 0.001), but not for
time (F(2,42)=1.49, p= 0.24) or medication (F(1,43)
=0.09, p= 0.77). The interaction between time and medica-
tion approached significance (F(2,42)=2.93, p= 0.06).
Again, the interaction between medication, time and emotion
had a large effect size (eta squared=0.3) but was not
significant (F(10,34)=1.42, p= 0.21). In contrast to the
target sensitivity results, ANCOVA did demonstrate significant
between-subject effects (medication) for response bias
towards anger at 2 weeks (F(1,54)=7.28, pb 0.01), and
towards happiness at 6 weeks (F(1,61)=6.05, p= 0.02).

3.5. Clinical outcomes in subjects tested for emotional processing

Clinical outcomes are reported for subjects who received
baseline testing of emotional processing (N= 108). Therewere
significant main effects for time (F(1,64)=132.3, pb 0.001)
and subscales of the CORE (F(4,61)=100, pb 0.001) with large
effect sizes (eta squared=0.67 and 0.87 respectively). There
was a significant interaction between time and CORE subscales
(F(4,61)=21.3, pb 0.001). There was also a significant interac-
tion between time, CORE subscales and medication (F(4,61)=
3.44, p= 0.013), however, the between-subjects effect was
not significant (F(1,64)=1.77, p= 0.19). ANCOVA did indi-
cate significant between-subject (medication) effect on the
problem (symptom) subscale of the CORE (F(1,65)=5.28,
p= 0.025). Of the four groups of symptoms (anxiety,
depression, physical and trauma) that make up the problem
sub-scale, it was the depression symptoms that showed the
greatest difference in outcome between the two drugs,
favouring citalopram (F(1,65)=6, p= 0.017). Fig. 2 shows
the changes in CORE subscale and total scores by drug from
baseline to 6 weeks.

Fig. 1. Recognition accuracy for the six facial expressions by time (baseline,
2 weeks and 6 weeks) for all subjects. The following changes from baseline
are significant: ⁎ pb 0.05, ⁎⁎ pb 0.01, ⁎⁎⁎ pb 0.001. All changes from 2 weeks
to 6 weeks are non-significant.

Fig. 2. CORE subscales and total scores by drug at baseline and 6 weeks. All
changes in CORE scores from baseline to 6 weeks are significant (pb 0.001).
Reduction in problems (symptom) subscale is significantly greater for
citalopram compared with reboxetine (pb 0.05).
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There was a significant correlation between increased
recognition of happy faces from baseline to 2 weeks of
treatment and the percentage improvement in total CORE
score from baseline to 6 weeks (Pearson correlation= 0.46,
N= 48, pb 0.001) (Table 2). Examining the sub-scales of the
CORE, the increased recognition of happiness over 2 weeks
was significantly correlated with the percentage improve-
ment in subjective wellbeing (Pearson correlation=0.45,
N= 48, p= 0.001), symptoms (Pearson correlation=0.35,
N= 48, p= 0.015) and social functioning (Pearson correla-
tion=0.47, N= 48, p= 0.001) over 6 weeks. No other
changes in face recognition over 2 weeks were significantly
correlated with any clinical outcomes at 6 weeks. No changes
in face recognition over 6 weeks were significantly correlated
with clinical outcomes at 6 weeks (Table 2). Fig. 3 shows the
scatter plot and regression line of the change in recognition of
happiness over 2 weeks of treatment against the percentage
improvement in total CORE score over 6 weeks of treatment.
The increased recognition of happy faces accounted for 20% of
the variance of the improvement in total CORE scores.

4. Discussion

To our knowledge this is the first study examining changes
in emotional processing, using the face emotion recognition
paradigm, in depressed patients being treated with SSRI and
NaRI antidepressants. Citalopram was more effective than
reboxetine on the overall CORE outcome particularly for
symptoms of anxiety and depression. Improvement in the
recognition of disgust, happiness and surprise was found at
2 weeks and persisted to 6 weeks independent of antide-
pressant used. Increased recognition of happy faces at
2 weeks predicted clinical improvement at 6 weeks.

Previous studies that have utilized acute, or single dose,
manipulations that potentiate serotonergic transmission in the
brain (such as SSRIs) have been found to increase fear and
happiness recognition (Attenburrow et al., 2003; Browning
et al., 2007; Harmer et al., 2003a). The effect on fear recognition
reversed with repeated treatment with decreased fear recogni-
tion found after a week (Harmer et al., 2004). Reduced fear
recognition has been demonstrated following acute SSRI
administration to euthymic patients with a past history of
depression (Bhagwagar et al 2004). Reboxetine has also been
shown to increase recognition of happiness with acute

exposure (Harmer et al., 2003b) and decrease recognition of
negative emotions (fear and anger) following one week's
exposure (Harmer et al., 2004).

The current study extends the normal volunteer findings
to patients being treated for depression in primary care.
Antidepressant effects on face emotion processing occurred
within the first 2 weeks of treatment with an increase in the
recognition of happy facial expressions, similar to previous
reports in healthy volunteers (Harmer et al., 2004). In
contrast to healthy volunteer studies there was no decreased
recognition of fear. There was also an increase in the
recognition of disgust and surprise. We did not find a
significant difference between the two antidepressants
suggesting that in this clinical population serotonergic and
noradrenergic antidepressants do not exert differential effects
on this element of emotional processing. This is consistent
with results in healthy volunteers exposed to one week's
treatment (Harmer et al., 2004).

The signal detection results suggest that citalopram and
reboxetine have similar effects on subjects' sensitivity to
discriminate between different emotions. These medications
may vary, however, in their effects on how conservative or
liberal subjects are in responding to emotional stimuli. Hence,
after 2 weeks of treatment subjects treated with citalopram
were more conservative in their response to angry faces
compared to those treated with reboxetine, although this
difference had disappeared by 6 weeks of treatment. Subjects
treated with reboxetine were more conservative in their
response to happy faces after 6 weeks of treatment compared
to those treated with citalopram. A similar finding has been
reported in healthy volunteers, with citalopram increasing
bias towards positive emotions compared to reboxetine
(Harmer et al., 2004). In healthy volunteers this effect was
detected after one week of treatment, whereas in this sample
at 2 weeks treatment no difference could yet be detected
between the treatment groups. The specific relevance of these
findings is currently unclear and they may be chance findings
but could point towards subtle variations in how different
antidepressants affect emotional processing.

The largest effect size in this study was an increase in
recognition of disgust, which, as a negative emotion, is
difficult to relate directly to antidepressant action. However
a recent imaging study found that acute citalopram pre-
treatment decreased left amygdala response to disgusted
faces (Anderson et al., 2007) suggesting that 5-HT might be

Table 2
Pearson correlation coefficients between the percentage improvement in
CORE total and sub-scores from baseline to 6 weeks and the increase in
accurate recognition of the six emotions from baseline to 2 (N= 48) and
6 weeks (N= 60).

CORE Weeks Anger Disgust Fear Happy Sad Surprise

Wellbeing 2 0.02 −0.02 0.01 0.45⁎⁎ −0.14 0.1
6 0.01 0.05 0.1 0.2 0 0.08

Problems 2 0.02 −0.04 0.15 0.35⁎ −0.07 0.1
6 −0.03 0.02 0.15 0.09 −0.06 0

Functioning 2 0.02 0.15 0.14 0.47⁎⁎ −0.04 0.22
6 −0.01 0.13 0.17 0.25 −0.08 0.06

Risk 2. −0.05 −0.12 −0.05 0.21 0.1 0
6 −0.1 −0.04 0.02 0.26 0.09 0.04

Total 2 0.02 0.02 0.1 0.46⁎⁎ −0.05 0.16
6 −0.02 0.08 0.14 0.2 −0.05 0.06

* pb 0.05, ** p= 0.001.

Fig. 3. Scatter plot: change in recognition of happy faces from baseline to
2 weeks against percentage improvement in total CORE score from baseline
to 6 weeks of treatment.
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Procedure

All volunteers followed a low protein diet (<20 g total) on the day
before the study and then fasted overnight. Volunteers attended the
laboratory at 8.30 a.m. on the day of the study. Blood samples
(15 ml) were taken at this time to obtain baseline levels of total
plasma tryptophan. Volunteers then drank an amino acid drink over
a 60-min period. None of the volunteers reported any side effects
beyond transitory nausea. Volunteers were also given a low protein
(<2 g total) lunch at mid-day. Five hours after consumption of the
amino acid drink (+5 h), a second blood sample was taken in order
to assess reductions in total plasma tryptophan. All volunteers then
completed the facial expression and facial identity tasks in a
randomised order.

Analysis

Given evidence that tryptophan depletion may have greater effects
on 5-HT synthesis in women than in men (Nishizawa et al. 1997),
performance on all tests was analysed using a split-plot analysis of
variance with drink and gender as between-groups factor and facial
expression or occupation as the within-subjects factor. Significant
interactions were analysed further using analysis of variance for
each gender and completed using simple main effect analyses.

Results

Subjective state

Ratings of positive mood decreased over the experimental
day in both groups [main effect of time of rating;
F(1,26)=6.2, P=0.02], but this was not affected by
group [group!time F(1,26)=1.6, P=0.2] or by gender
[group!time!gender F(1,26)=0.7, P=0.4]. There was no
effect on negative mood [time F(1,26)=0.6, P=0.5;
group!time F(1,26)=0.00, P=0.9; group!time!gender
F(1,26)=0.2, P=0.7]. Hence, tryptophan depletion exerted
no specific effects on mood in this group of healthy
volunteers.

Total tryptophan

Administration of the tryptophan-free mixture decreased
levels of plasma total tryptophan relative to volunteers
receiving balanced amino acid drink at 5 h [time!group
interaction F(1,30)=30.0, P<0.001]. However, this fall in
tryptophan was not significantly affected by gender
[group!time!gender: F(1,30)=0.05, P=0.8]. Mean change
in the female volunteers was –10.2 (€0.8) compared to
+10.4 (€1.7), while male volunteers showed a mean
change of –11.7 (€0.7) compared to +8.6 (€1.2) in the T#
relative to BAL condition. Absolute total tryptophan
concentrations at 5 h were also not significantly different
in the two genders, falling to 2.3€0.3 and 2.2€0.2 in the
male and female volunteers, respectively [F(1,33)=0.1,
P=0.7; group!gender F(1,33)=1.2, P=0.6].

Facial expression recognition

Accuracy

There was a significant interaction between drink!gender
[F(6,204)=10.1, P=0.003] and a marginal effect of
drink!gender!facial expression [F(6,204)=1.9, P=0.077],
suggesting that tryptophan depletion exerted different
effects in male versus female volunteers. Analysis of
these two sets of volunteers separately suggested that
tryptophan depletion affected facial expression recogni-
tion in females [Fig. 1A: emotion!drink: F(6,96)=2.1,
P=0.1] but not males [Fig. 1B: emotion!drink: F(6,108)=
1.7, P=0.13]. In female volunteers, tryptophan depletion
selectively impaired recognition of fearful facial ex-
pressions [gender!drink for fear: F(1,34)=7.5, P=0.01;
female T# versus BAL: t=8.3, df=16, P=0.003]. Such
a trend was not apparent in the male volunteers (male
T# versus BAL: t=0.1, df=18, P=0.9). This difference
in the female volunteers was maintained in a signal
detection analysis which controls for the influence of
different criterion for responding with the label “fear”
[target sensitivity: drink!gender: F(1,34)=8.5, P=0.006].
Mean target sensitivity for fear was 0.55€0.01 versus
0.62€0.01 in the T# versus BAL female volunteers
(t=4.2, df=16, P=0.001) and 0.59 €0.01 versus
0.58€0.01 for the two male groups (t=0.2, df=18,
P=0.8). Inclusion of subjective state ratings (change in

Fig. 1 Facial expression recognition in female (A) and male (B)
volunteers following consumption of the tryptophan-free amino
acid mixture (dark bars) or the balanced mixture of amino acids
(light bars). Values represent means€1 SEM. Asterisks represent
statistical significance of the comparisons: **P<0.01

413ATD, acute, HC never depr
Harmer et al., 2003c

black = ATD

black = ATD

affiliative behaviour, the present results suggest that
enhanced perception of affiliative signals also occurs with
SSRI administration. Indeed, an enhanced perception of
happiness would be predicted to facilitate approach
behaviour and social interaction. These changes may also
be relevant to aspects of the action of SSRIs in patients
with depression, who have been reported to show negative
biases in the perception of social stimuli (eg Bouhuys et al,
1999).
Citalopram administration also facilitated the recognition

of fear from facial expression, which was contrary to our
hypothesis of reduced identification of negative emotions
following SSRI administration. This result may be related to
the fact that citalopram was given acutely in the present
study. Indeed, we have recently found decreased recogni-
tion of fearful, disgusted and surprised facial expressions
following a 7-day oral treatment with this SSRI (Harmer et
al, 2002). Opposite effects of acute and repeated adminis-
tration of antidepressants have also been reported in
preclinical models of anxiety (Griebel et al, 1994) and,
clinically, symptoms of agitation or panic can be exacer-
bated initially with SSRI treatment (Kent et al, 1998). Hence,
the present facilitation of fear recognition may reflect
enhanced processing of threatening cues in the environ-
ment following SSRI challenge.
A role for serotonin in the processing of fear-related

signals has been identified both in animal and human
models. In rats, serotonin levels in the amygdala increased
during inescapable stress and conditioned fear (Amat et al,
1998; Kawahara et al, 1993; Inoue et al, 1993). In humans,
acute administration of serotonin-receptor blockers has
been reported to decrease the development of conditioned

responses to an aversive loud noise as measured by
subjective report and skin conductance responses (Hens-
man et al, 1991; Silva et al, 2001). The role of the amygdala
in conditioned fear is well established (Maren, 2001); and
has also been implicated in the processing of fearful facial
expressions (Adolphs et al, 1994, 1999; Morris et al, 1996). It
is therefore possible that serotonergic input to the amygdala
may modulate the detection of fearful expressions in
addition to its role in conditioned anxiety in human and
animal models (see Graeff et al, 1996). It is tempting to
speculate that the increased and decreased fear perception
found after acute compared to repeated administration of
SSRIs relates to opposing effects on neural substrates
involved in fear processing such as the amygdala, and that
these changes may be relevant to the therapeutic actions of
SSRI in depression and anxiety, both of which have been
associated with amygdala hyperarousal (Drevets et al, 1992;
Sheline et al, 2001; Rauch et al, 2000).
In summary, acute administration of the SSRI citalopram

facilitated the recognition of fear and happiness from facial
expressions. These effects may relate to effects of serotonin
on affiliative behaviour and the processing of fear-related
cues. Further research is needed to assess whether these
effects interact with changes in the processing of facial

Figure 1 Performance in the facial expression recognition task following
citalopram (dark bars) or placebo (light bars). Top graph: Percentage of
correct responses for each emotion. Asterisks illustrate the statistical
significance of simple main effect analyses: *po0.05. Lower graph: Reaction
time of correct responses for each emotion. Simple main effect analyses
revealed a significant facilitation in the speed with which fear (po0.05) and
happiness (po0.02) were detected in the absence of changes in speed to
recognise other basic emotions.

Figure 2 Recognition of fear and happiness over the different intensity
levels of facial expression used in this task. -K-, following citalopram; -*-,
following placebo. Top graph: fear recognition. Lower graph: happiness
recognition. Asterisks illustrate the statistical significance of simple main
effect analyses: *po0.05, ***po0.001.
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minute rest period, subjects received 10 mg citalopram (in 5 ml
saline) or 5 ml saline, administered intravenously over 30 min-
utes. Subjects completed the facial recognition task 30 minutes
after the end of the infusion, in line with previous work suggesting
that plasma drug and prolactin levels are elevated from the end of
the citalopram infusion for at least 2 hours (5). Subjective state
was assessed at baseline and before the psychological testing.

Statistical Analysis
Accuracy in the facial expression recognition task was analyzed

by using three-way split-plot analyses of variance (ANOVAs), with
the between-group factors of drug and depression history and the
within-subjects factor of facial expression. Subjective state was
also analyzed with split-plot ANOVAs with drug, group, and time
of assessment as factors. Significant interactions were analyzed
further by using simple main effect analyses, and covariates were
included as appropriate.

Results

Subjective State
Subjects with a previous history of depression tended to

rate themselves as more anxious throughout the test (F=
6.1, df=1, 33, p=0.02). Anxiety ratings remained higher fol-
lowing citalopram infusion relative to placebo infusion
(drug-by-time interaction: F=4.6, df=1, 33, p=0.02); this ef-
fect tended to be more pronounced in the subjects with a
previous history of depression (group-by-drug-by-time of
test: F=3.7, df=1, 33, p=0.06). All other mood ratings were
not significantly affected by drug or by previous history of
depression (p>0.40).

Facial Expression Recognition Accuracy
The group-by-drug-by-emotional expression interac-

tion was significant in the three-way ANOVA (F=3.1, df=5,
180, p=0.01) performed on these data. The group-by-drug
interaction was significant in terms of fear (F=13.0, df=1,
36, p=0.001) but not for any of the other facial expressions
(all p≥0.20). The subjects with a previous history of de-

pression showed higher baseline levels of fear recognition
(under placebo) relative to the subjects with no depres-
sion history (Figure 1). Fear recognition in the subjects
with a previous history of depression did not correlate
with anxiety (r=–0.30, df=18, p=0.50) ratings, and the sig-
nificant difference between these two groups was not af-
fected by the inclusion of these scores as a covariate (F=
6.4, df=1, 17, p=0.02). The heightened recognition of fear
was reduced in the subjects with a previous history of de-
pression receiving citalopram (Figure 1) to the level of fear
processing seen in the subjects with no depression history
under baseline conditions. In subjects with no history of
deprssion, citalopram administration facilitated the rec-
ognition of fear relative to placebo (Figure 1). Hence, while
acute citalopram administration increased fear recogni-
tion in the subjects with no history of depression, it nor-
malized the higher levels of fear recognition seen in the
subjects with a previous history of major depression.

Discussion

Subjects whose depression was in remission showed an
increase in the perception of fearful facial expressions that
was normalized following a single dose of the SSRI citalo-
pram. These findings are in line with the idea that cognitive
vulnerabilities persist into periods of remission from mood
disorder (1) and that these kinds of cognitive changes are
sensitive to antidepressant administration (3). This re-
sponse was opposite to the facilitation of fear processing
seen after citalopram administration in the subjects with
no history of depression, suggesting that responses may be
dependent on baseline levels of performance.

Subjects with a previous history of depression showed
greater recognition of fearful faces relative to matched
subjects with no depression history under the placebo
condition. Enhanced processing of ambiguous negative

FIGURE 1. Accuracy of Facial Expression Recognition in Subjects With a Previous History of Depression and Subjects With
No History of Depression and Change in Fear Recognition Accuracy Following Citalopram Infusion

a Significant difference between groups (F=6.7, df=1, 18, p=0.02).
b Significant effect of citalopram in the recovered depressed patients (F=8.7, df=1, 18, p=0.009) and in the comparison group (F=5.5, df=1, 18,

p=0.03).
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Face reactivity in the amygdala

Acute citalopram effects on the amygdala

For the visual checkerboard task, a region of occipital cortex
activated by the task (compared with baseline) was identified.
The percentage BOLD signal change was extracted for this region
and compared between the citalopram and placebo groups using a
one-way analysis of variance (ANOVA) with drug group as the
between-participants factor (two levels: citalopram, placebo).
Any effect of citalopram in this region would suggest a global drug
effect on baseline cerebral haemodynamics or neural coupling.

Two participants’ data (both in the placebo group) were
excluded from the fMRI analysis. In one participant there was a
fault in the high resolution structural image and in the other, a
cerebellar cyst was identified on the structural scan. Thus, the
fMRI analysis included 24 participants (13 citalopram, 11 placebo).

Subjective ratings and behavioural data were analysed using
a repeated measures ANOVA model. Significant interactions were
further corroborated using independent sample t-tests.

Results

Subjective ratings

A single oral dose of citalopram in healthy volunteers did not
significantly affect ratings of mood, anxiety or energy on the
subjective rating scales used (all comparisons with placebo
P40.15).

Imaging data

Main effect of task

The main effect of task in the placebo group revealed significantly
greater responses to the unmasked fear stimuli compared with the
unmasked neutral stimuli in the right amygdala (peak cluster
activation MNI coordinates: x= 22, y=76, z=718; Fig. 1) and
the medial frontal gyrus (peak cluster activation MNI coordinates:
x= 0, y= 36, z=722). There were no main effects of task in the
placebo group for the unmasked happy v. unmasked neutral con-
trast, or for the masked fear v. masked neutral and masked happy
v. masked neutral contrasts.

Effect of citalopram administration

In order to examine the effect of citalopram on the neural
response to fearful v. neutral facial expressions, we extracted the
percentage BOLD signal change for the two clusters identified in
the main effect of task analysis and compared the citalopram
and placebo groups. In the right amygdala cluster, there was a
significant interaction between drug group and facial expression
(F(2,44) = 11.867, P= 0.001) in the unmasked condition. This
group6expression interaction was further corroborated by
independent sample t-tests of each facial expression, which
revealed significantly decreased activation in the citalopram group
to fearful facial expressions (t(22) =73.467, P= 0.002) but no

significant differences between groups to happy or neutral facial
expressions in this region (Fig. 1). There was no significant main
effect of drug group and no significant interaction with facial
expression in the medial frontal gyrus cluster for the unmasked
condition and in either region for the masked condition.

Visual stimulation paradigm

In the checkerboard task, visual stimulation was associated with a
large and highly significant activation cluster in the occipital
cortex. There were no significant effects of drug group on
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Table 2 Accuracy of facial expression recognition following citalopram or placebo assessed after the functional magnetic
resonance imaging scan

Expression Citalopram (n= 13) Mean (s.e.) Placebo (n= 13) Mean (s.e.) Significance

Anger 21.2 (1.2) 18.6 (1.03) t(24) = 1.6, P= 0.12

Disgust 13.7 (1.6) 18.2 (1.5) t(24) =72.0, P= 0.06

Fear 19.2 (1.1) 17.5 (1.2) t(24) = 0.99, P= 0.33

Happiness 25.8 (0.4) 24 (0.8) t(24) = 2.06, P= 0.05

Sadness 18.4 (1.6) 17.4 (1.6) t(24) = 0.45, P= 0.904

Surprise 21 (1.6) 22 (0.9) t(24) =70.54, P= 0.66

Neutral 7.6 (0.4) 7.5 (0.5) t(24) = 0.12, P= 0.59

a. Recognition accuracy for happy facial expressions was significantly increased in the citalopram group compared with the placebo group.
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Fig. 1 Increased right amygdala activation in the placebo group
associated with the contrast between unmasked fear and
unmasked neutral faces and plot of mean percentage blood
oxygen level-dependent (BOLD) signal change in this right
amygdala cluster after acute oral treatment with citalopram
and placebo.

Image is thresholded at Z = 2.3, P = 0.05, corrected. Bars show the mean; error bars
show the standard error of the mean. Asterisks represent significant level of
difference from placebo (**P<0.01).

Single dose citalopram

p ! .002; right t (11) ! 3.6, p ! .004]. In volunteers receiving
citalopram for 1 week, the response to fear was significantly
attenuated [bilateral effect: main effect of group F (1,22) ! 12.1,
p ! .002]. By contrast, the response to subliminal happy facial
expressions was not affected by citalopram treatment [F (1,22) !
.07, ns] but was also more variable.

Whole Brain Analysis
To explore the possibility of changes in other brain areas,

mixed-effects group cluster analyses were carried out. The main
effect of emotion condition in the placebo-treated volunteers
revealed significantly greater responses to the masked fear
stimuli compared with masked happiness in the occipital cortex
and� inferior� frontal� gyrus� (Table� 1),� in� line� with� previous
findings. No area was activated to a significantly greater degree
in response to the masked happy faces compared with fear at this
level of statistical correction.

The interaction between emotion condition and drug group
revealed two clusters which showed a differential response to
fear versus happy blocks following citalopram compared with
placebo� (Figure� 2).� In� particular,� citalopram� reduced� the� re-
sponse within the amygdala-hippocampal area during the
masked�fear�blocks�(Table�1).�This�comparison�also�revealed�a
decreased medial prefrontal cortex (mPFC) (Brodmann area [BA]
10)�BOLD�response�following�citalopram�treatment�(Table�1).�By

contrast, citalopram did not significantly affect the response to
the masked happy blocks in this analysis.

Behavioral Measures
To assess how the modification of neural responses by

citalopram may relate to behavioral responses, we assessed facial
expression recognition after the fMRI scan using a second set of
facial expressions. In line with previous findings, citalopram
decreased the recognition of fearful facial expressions in this task
(Table� 2).� The� reduced� neural� responses� to� the� fear-relevant
stimuli were thus accompanied by reduced perception of the
same emotion in the same subjects.

Discussion

These results indicate a direct and dissociable effect of SSRI
administration on the processing of subliminal emotional stimuli
within the amygdala, which is not mediated through changes in
symptom remission in depression. This suggests a modulatory
role for serotonin in the neural processing of threat-relevant
stimuli and highlights a potential mechanism by which SSRIs may
work in mood and anxiety disorders. In confirmation of previous
findings, SSRI administration also reduced the recognition of
fearful� facial� expressions�of� emotion� (Harmer� at� al� 2004)� and

Figure 1. Region of interest analysis of amygdala response to nonconscious
presentations of fearful and happy facial expressions. Individual volunteer
responses are shown. Values represent mean percent signal changes within
the amgydala.

Table 1. Brain Regions Showing Significant Activation in Response to the
Masked Fearful versus Happy Facial Expressions and Effects of SSRI
Administration

Region Z-Value Coordinates

Main Effect of Fear-Happy (placebo)
Occipital Cortex (right) 4.00 26, "86, "6
Occipital Cortex (right) 4.37 40, "72, 10
Inferior Frontal Gyrus (right) 3.92 52, 12, 20

Citalopram # Placebo to Fear-Happy
Parahippocampal Gryrus/Amygdala (right) 4.31 36, "22, "12
Medial Frontal Gyrus (BA 10) (mid) 3.94 0, 66, 4

Talairach coordinates (x, y, z) refer to the peak of activation within each
cluster.

SSRI, selective serotonin reuptake inhibitors; BA, Brodmann area.

Figure 2. Attenuation of fear-related activations by citalopram within the
amygdala-hippocampus to fear compared with happy blocks and within
the medial frontal cortex (BA 10) (fear compared to happy blocks). BA,
Brodmann area.
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p ! .002; right t (11) ! 3.6, p ! .004]. In volunteers receiving
citalopram for 1 week, the response to fear was significantly
attenuated [bilateral effect: main effect of group F (1,22) ! 12.1,
p ! .002]. By contrast, the response to subliminal happy facial
expressions was not affected by citalopram treatment [F (1,22) !
.07, ns] but was also more variable.
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placebo� (Figure� 2).� In� particular,� citalopram� reduced� the� re-
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contrast, citalopram did not significantly affect the response to
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stimuli were thus accompanied by reduced perception of the
same emotion in the same subjects.
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within the amygdala, which is not mediated through changes in
symptom remission in depression. This suggests a modulatory
role for serotonin in the neural processing of threat-relevant
stimuli and highlights a potential mechanism by which SSRIs may
work in mood and anxiety disorders. In confirmation of previous
findings, SSRI administration also reduced the recognition of
fearful� facial� expressions�of� emotion� (Harmer� at� al� 2004)� and
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The genotype groups did not differ in
performance (accuracy and reaction time) on
the emotion task (32), indicating that general
attentional, perceptual, and cognitive phe-
nomena did not contribute to the observed
amygdala differences. The lack of a genotype
effect on the brain response during the work-
ing memory task further supports the conclu-
sion that the results are not driven by non-
specific factors. Moreover, there were no
significant group differences in anxiety-like
or fear-related traits, as indexed by the Tridi-
mensional Personality Questionnaire (33).
However, given the small effect (3 to 4%) of
this 5-HTT polymorphism on behavior in
previous studies (2), a lack of significant
genotype differences in these personality
traits is not surprising in view of the consid-
erable individual variability in these mea-
sures and our relatively small sample size.

The heightened amygdala response of in-
dividuals possessing the s allele most likely
reflects increased neuronal excitability lead-
ing to larger local field potentials and subse-
quent increases in the BOLD fMRI signal
(34). Relatively increased amygdala neuronal
excitability in s carriers may result from the
relatively decreased 5-HTT expression and
increased available synaptic 5-HT acting on
excitatory 5-HT receptor subtypes (35). Such
heightened amygdala activity might also re-
flect partial desensitization of inhibitory
5-HT1A receptors following increased synap-
tic 5-HT (36). Furthermore, the differential
response of the amygdala that we observed in
adult subjects may be rooted in early postna-
tal developmental processes that are critical
for establishing emotional behavior and are
influenced by serotonergic neurotransmission
(37).

Our results directly implicate a genetically
determined link between 5-HTT function and
the response of brain regions critical for emo-

tion processing. Specifically, individuals car-
rying the less efficient s allele of the 5-HTT
gene promoter exhibit an increased amygdala
response to fearful stimuli compared with
those homozygous for the l allele. Thus, the
increased anxiety and fear associated with
individuals possessing the s allele may reflect
the hyperresponsiveness of their amygdala to
relevant environmental stimuli. Such geneti-
cally driven variation in 5-HTT function and
subsequent amygdala reactivity may also
contribute to previously reported abnormali-
ties of the serotonergic system in depression
and suicidal behavior (38). The differences
we describe at the neurobiological level were
marked in a relatively small sample popula-
tion in the absence of significant differences
in behavioral measures of personality, under-
scoring the power of a direct assay of brain
function (i.e., fMRI) to identify a phenotype
related to a functional polymorphism in a
gene likely important for human emotion.
The application of such techniques appears to
provide a unique opportunity to explore and
evaluate the functional impact of brain-rele-
vant genetic polymorphisms more rapidly
and with greater sensitivity than existing be-
havioral assessments (39).
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dala, these analyses indicated no significant interactions of
time with either condition or emotion (all p ! .50).
Following treatment, the mean HRSD scores decreased

from 23.3 to 9.7. To examine changes in amygdala
activation among depressed participants as a function of
treatment, we again used three-factor ANOVAs with time,
condition (face presentation, fixation) and emotion (fear,
neutral, happy) as within-subject factors. For the right
amygdala, this ANOVA indicated a significant time "
condition interaction [F(1,10) # 5.74, p $ .05]. As shown
in Figure 5, depressed patients demonstrated a significant
reduction in right amygdala activation following treat-
ment. Planned contrasts indicated that the reduction in
right amygdala activation was significant even when
fearful faces alone were considered [F(1,10) # 5.8, p $
.05] (Figure 6). For the left amygdala, the ANOVA also
indicated a significant time " condition interaction

[F(1,10)# 5.5, p $ .05]. As shown in Figure 5, depressed
patients also demonstrated a significant reduction in left
amygdala activation following treatment. Planned con-
trasts again indicated that the reduction in left amygdala
activation was significant even when fearful faces only
were considered (F(1,10) # 3.13, p # .05) (Figure 6).
Further, planned contrasts indicated that following treat-
ment, depressed patients and control subjects no longer
differed in either left or right amygdala. For left amygdala,
there was no difference in overall amygdala activation
[F(1,19) # 2.23, p ! .10] or in activation to fearful faces
[F(1,19) # 2.9, p ! .10]. For right amygdala there was
also no difference in activation to all faces [F(1,19) # .41,
p ! .10] or in activation to fearful faces [F(1,19) # .41,
p ! .10]. Because of loss of scanner data, only 10 control
subjects had data included at time 2.

PERFORMANCE DATA. Depressed and control sub-
jects did not differ in latency of response for total faces
723 (66) msec and 705 (86) msec, mean (SD), respec-
tively, [t(19) # 0.55; p # .59], nor for any of the masked
face subtypes (fear, neutral, happy). Depressed and control
subjects also did not differ on accuracy of responses.
Overall percent accuracy was 86% (9.5%) and 90%
(11%), mean (SD), respectively, [t(16)# %0.92; p # .37],
and subjects did not differ for masked fear, neutral, or
happy face types. Note that the df reflects that some of the
comparisons are based on missing data.

MOVEMENT DATA. Inspection of the estimated
movement parameters generated by the image movement
correction algorithms did not indicate any statistically
significant differences between groups in the amount of
movement (using absolute values) (all ps! .05); however,
there was a trend for depressed patients to show greater
movement on the Pitch parameter [t(20) # 2.13, p # .06],
primarily due to higher movement in two depressed subjects.
Removing the two highest-moving depressed subjects from
the analyses produced depressed and control groups equal in
movement and still revealed a significant group " condition
interaction for left amygdala df (1,18) (F # 4.35, p # .05),
despite the reduction in the patient sample size.

CORRELATION ANALYSES. Post hoc analyses were
conducted in the ROI that showed a significant group
difference (left amygdala). There was no correlation be-
tween fMRI signal intensity change within the left amyg-
dala and the severity of depressive symptoms, as measured
by the HRSD (r # %.04; p # .90). In addition, using the
three-item anxiety subscore (mean score # 4.9) from the
17-item HRSD, there was no correlation with fMRI signal
intensity (r # .09; p # .80). This was true at time 2 as well
for the total HRSD score (r # %.23, p # .50 and the
anxiety subscore (mean # 2.7) (r # %.13; p # .70).

Figure 5. Depressed subjects had significant reduction in both
left and right amygdala activation in response to all face
presentations following antidepressant treatment.

Figure 6. Depressed subjects had significant reduction in both
left and right amygdala activation in response to masked fearful
face presentation following antidepressant treatment.
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Hyperreactivity recovers with tretment ACC and amygdala response (to faces)  	


predicts treatment responseactivity through communication with pregenual and dorsal anterior

cingulate and dorsolateral prefrontal cortex (Banks et al., 2007;
Carballedo et al., 2011; Costafreda et al., 2008). This is compatible

with the present meta-analysis finding that increased cingulate activ-
ity results in an increased likelihood of treatment response and with
the high level of agreement between studies that reduced volume in

Table 2
Characteristics of the outcome and experimental measures from the functional and structural studies on neuroimaging prediction of treatment response in depression.

Study Year Modality Measurement Measure of clinical response Follow-up
(weeks)

Responders Analysis

Functional studies
Brody 1999 FDG-PET Rest HDRS decrease by 50% or more at endpoint 8 9 R v NR and

correlation
Brannan 2000 FDG-PET Rest Ratings of clinical notes by two psychiatrists 26 R v NR
Davidson 2003 fMRI 1.5 T Viewing emotional pictures MASQ score 8 NA Correlation with R
Saxena 2003 FDG-PET Rest Change in HDRS 8 to 12 55% mean

reduction
Correlation with R

Little 2005 FDG-PET Rest CGI rating of “much” or “very much
improved”

up to 8 11 R v NR

Siegle 2006 fMRI 3 T Rating personal
relevance of emotional words

Change in BDI score 12 62% mean
reduction

Correlation with R

Chen 2007 fMRI 1.5 T Implicit sad faces and
voxel-based morphometry

Change in HDRS score 8 NA Correlation with R

Langenecker 2007 fMRI 3 T Go/no-go task Percentage decrease in HDRS 10 61% mean
reduction

Correlation with R

Walsh 2007 fMRI 1.5 T Verbal working memory Remission (HDRSb8) 8 9 Correlation with R
Fu 2008a fMRI 1.5 T Implicit sad faces Remission (HDRSb8) 8 8 R v NR, PR
Fu 2008b fMRI 1.5 T Implicit sad faces Remission (HDRSb8) 16 9 Correlation with R
Konarski 2008 FDG-PET Rest HDRS decrease by 50% or more at endpoint 16 9 (Ven.), 7 (CBT) R v NR
Marquand 2008 fMRI 1.5 T Verbal working memory Remission (HDRSb8) 16 9 R v NR, PR
Costafreda 2009c fMRI 1.5 T Implicit sad faces Remission (HDRSb8) 16 9 R v NR, PR
Milak 2009 FDG-PET Rest HDRS decrease by 50% or more at endpoint 12 11 R v NR
Roy 2010 fMRI 1.5 T Emotional picture

recognition memory task
Percentage decrease in HDRS 8 NA Correlation with R

Wagner 2010 fMRI 1.5 T Stroop task Remission (HDRSb7) 6 4 (Reb.), 6 (Cit.) R v NR and
correlation

Frodl 2011 fMRI 3 T Implicit sad and angry faces HDRS decrease by 50% or more at endpoint 4 NA R v NR
Ritchey 2011 fMRI 1.5 T Evaluation of emotional

pictures
Percentage decrease in BDI mean of

30
12 (A) Correlation with R

Samson 2011 fMRI 3 T Implicit sad faces HDRS decrease by 50% or more at endpoint 4 10 R v NR and correlation

Structural studies
Vakili 2000 sMRI 1.5 T Manual hippocampal volume HDRS decrease by 50% or more at endpoint 8 21 R v NR
Frodl 2004 sMRI 1.5 T Manual hippocampal volume Remission (HDRSb7) 52 18 R v NR
MacQueen 2008 sMRI 1.5/

3 T
Manual hippocampal volume Remission (HDRSb7) 8 14 R v NR

Costafreda 2009a sMRI 1.5 T Voxel-based morphometry Remission (HDRSb8) 8 9 R v NR, PR
Li 2010 sMRI 1.5 T Voxel-based morphometry Remission (HDRSb8) 6 19 R v NR
Gong 2011 sMRI 3 T Voxel-based morphometry Refractory vs non-refractory depression 6 to 12 23 R v NR, PR

HDRS: Hamilton Depression rating scale; BDI: Beck Depression Inventory. MASQ: Mood and Anxiety Symptom Questionnaire. CGI: Clinical global impression scale. In Gong et al.
(2011) refractory depression was defined as less than 50% decr HRSD after two drug trials from two different psychopharm classes. Ven: venlafaxine. Reb: reboxetine; Cit:
citalopram. R v NR: Responders versus non-responders analysis. PR Pattern recognition analysis. NA: not available.

Fig. 1. Meta-analysis of functional predictors of treatment response in depression. In-
creased activation in anterior cingulate is predictive of positive response to treatment
(in red), while increased activation in the right amygdala, striatum and insula increases
the likelihood of poor response (in blue). Results are Pb0.05 (with FDR multiple com-
parisons correction).

Fig. 2. Plot of individual study findings in anterior cingulate. Studies that reported in-
creased activation associated with positive response to treatment are represented by
red crosses, while the opposite finding of increased activation associated to poor re-
sponse are represented by blue crosses.
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Attentional bias

emotion with neutral expression such that the emotional
content varies from 0 to 100% in increments of 10% (Young
et al, 1997). Subjects are asked to identify emotions
at different levels of intensity, providing an index of
sensitivity. Again, these stimuli can also be used in covert
paradigms in which subjects are asked to perform a task
that does not depend on emotion recognition (such as
gender identification), in which it is likely that suppression
mechanisms are tapped.

Memory and Attention Bias Tasks

There is an extensive literature studying the effects of
emotional valence of stimuli on ‘cold’ cognitive processes,
particularly memory and attention. Memory bias tasks may
study recognition or recall, explicit or implicit memory, as
well as memory for faces, pictures, words, or other stimuli;
however, the core feature is that stimuli have emotional
valence. Typically, tests compare memory for positive,
negative, and neutral stimuli, although some studies use
only positive or negative valence. One example is the classic
task of Cahill and McGaugh (1995) involving two stories
with almost identical structures, but very different
emotional content. Recall for the two versions of the story
provides an index of emotional modulation of memory.

Attentional bias paradigms are usually adaptations of
classic attention tasks to include an emotional component.
Typical examples are emotional Stroop paradigms (in which
subjects must name the color in which words, some of them
emotional, are written), dot-probe paradigms (in which
subjects must detect a target dot as quickly as possible, with
emotional and neutral stimuli used to bias attention toward

or away from the subsequent dot location), and affective
Go/No-Go tasks. Different affective Go/No-Go tasks can
involve facilitation of response to emotional targets,
suppression of response to irrelevant emotional distracters,
or (most typically) a combination of the two (see Figure 1).

Social and Moral Emotions

The tasks described above tap into the core components of
affective cognition in different ways and may probe
important mechanisms underlying mood disorders. How-
ever, it is important to recognize that real-world affective
cognition is typically more complex than anything we assess
in the experimental setting. Affective cognition is at the
heart of successful social function, which is compromised in
psychiatric disorder. To function socially depends on
emotion recognition, categorization, attention, suppression,
and memory, and therefore more complex social and moral
emotion paradigms that tap into these processes are crucial
models of real-world affective cognition. Moral emotions
are cognitively multifaceted (Eisenberg, 2000) and entail
complex causal attributions (Weiner, 1985), such as who
caused an outcome. Sometimes they are referred to as
‘social’ emotions, because they depend on social inter-
actions. However, one could argue that basic emotions are
also ‘social’ emotions, and we therefore prefer the term
‘moral’ emotions to stress the fact that, in contrast to basic
emotions, they motivate morally appropriate behavior.
Moral sentiments enable people to overcome self-interest
and benefit other people directly (eg, giving money to a
beggar) or to follow or enforce moral rules and values that
benefit society as a whole (eg, engaging in paper recycling).

Red
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Slower = + bias

PLEASURE

GreenCUPBOARD
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Figure 1. Tasks used to assess attentional bias. This figure shows an emotional Stroop (panel a), affective Go/No-Go (panel b), and dot-probe task
(panel c). Bias is indicated by facilitation of reaction time by emotional valence (as indicated).
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‣ In panic/phobia: fast (50ms stimulus presentation)	


‣ In GAD/MDD: slow (only at longer, 500ms)	


‣ High-level + need time for elaboration
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Table 1
Group Means and Standard Deviations on Color-Naming Response Latencies to the Stimulus Words

Subject group

Nondepressed
Depressed

Depressed

M

694.67
762.40

SD

76.88
94.94

Word type

Neutral

M SD

699.67 82.82
739.00 77.44

M

692.47
746.80

Manic

SD

70.53
77.09

Note Ms are in msec

jects first completed the BDI and were told to name aloud
the colors of a series of words. The words were presented
in random order for each subject via a Ralph Gerbrands
Co. two-field tachistoscope (Model T-2B-10). An Electro-
Voice Inc. (Model 621) microphone was positioned ap-
proximately 2V« in. (7 cm) from the subject's mouth. The
microphone was connected to a Lafayette Instruments Co.
(Model 18010) voice-activated relay, which stopped a
Hunter-KJockounter (Model 120) Umer at the initiation
of the subject's vocal response Subjects w?re told that five
colors would be used and were given five practice trials,
which involved naming the colors of the words one, two,
three, four, and Jive, as quickly as possible. When it was
clear that each subject understood the task requirements,
the experimenter presented the 150 stimulus words Each
trial consisted of a 1-s presentation of a fixation cross
followed by a 250-msec blank interval followed by the
presentation of a stimulus word. Onset of the stimulus
started the timer, which was stopped by the subject's vocal
response. Each stimulus remained in view for 1 5 s, re-
gardless of the subject's reaction time. The interval between
stimulus presentations was used by the experimenter to
record the response latency and to reset the equipment
for the next trial Thus this time interval was not held
constant, but was generally around 5 s

After the presentation of the 150 stimulus words, subjects
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eraged across the 50 words within each of the
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deviations for the color-naming latencies for

the depressed and nondepressed subjects on
the depressed-, neutral-, and manic-content
words are presented in Table 1. A two-
way repeated measures analysis of variance
(A NOVA) was performed on the data with sub-
ject group (depressed, nondepressed) and word
content type (depressed, neutral, manic) as
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ther the main effect for group nor the Group X
Word Type interaction attained statistical sig-
nificance (both .Fs < 1). Newman-Keuls post
hoc tests indicated that all subjects recalled
significantly more depressed-content than ei-
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Discussion

The results of this study provide empirical
support for an important aspect of Beck's

“attention capturing” quality of emotional faces by subtracting the
mean probe detection times for probes appearing in the same
position as the emotional face from the mean probe detection times
for probes appearing in a different position than the emotional
face. Positive values of this bias score indicate a shift of attention
toward the spatial location of emotional faces relative to matched
neutral faces, and negative values indicate a shift of attention away
from the spatial location of emotional faces relative to matched
neutral faces. Mean bias scores for the three groups of participants
are presented in Figure 1.
Consistent with the position articulated by Rosenthal and Ros-

now (1985) and by the APA Task Force on Statistical Inference
(Wilkinson, 1999) that the appropriate way to test a priori predic-
tions is by planned contrasts rather than by analyses of variance,
which include all possible main effects and interactions, we tested
our three specific hypotheses using planned comparisons.

Hypothesis 1: Depressed participants, compared with the
nonpsychiatric control participants, will demonstrate an at-
tentional bias for sad faces.

To test this hypothesis, we compared MDD and NC partici-
pants’ attentional bias scores for sad faces. As predicted, MDD
participants demonstrated significantly greater vigilance for sad
faces than did NC participants, t(33) ! 2.27, p " .05. That is,
MDD participants were relatively faster than were NCs to
detect dot-probes that appeared in the same location as the sad
face.
Group differences on attentional bias measures do not indicate

which of the groups is showing a bias (see Gotlib et al., 1988). The
difference between the MDD and NC participants could be due to
either one of the groups showing a bias, or to both groups showing
a bias, but to different degrees. To distinguish among these pos-
sibilities, one-sample t tests were conducted comparing attentional
bias scores to zero within each participant group. A positive bias
score that is significantly different from zero indicates a bias
toward sad faces; a negative bias score that is different from zero
indicates a bias away from sad faces. A bias score that is not

significantly different from zero indicates no bias for sad faces.
These analyses revealed that MDD participants’ attentional bias
for sad faces was positive and significantly different from zero,
t(18) ! 3.02, p " .01, whereas NC participants showed no atten-
tional bias for sad faces, t(15) " 1. Thus, as predicted, MDD
participants exhibited an attentional bias toward sad faces, whereas
NC participants showed no systematic attentional bias toward sad
faces.

Hypothesis 2: The depression-related attentional bias will be
content-specific. Thus, depressed participants, compared with
nonpsychiatric controls, will demonstrate an attentional bias
for sad faces, but not for happy or angry faces.

Two sets of analyses were conducted to test the content-
specificity hypothesis. In the first set of analyses, planned contrasts
were conducted comparing the MDD and NC participants’ atten-
tional bias scores for angry faces and for happy faces. Neither of
these tests yielded significant results, both ts(33) " 1. These
results support the content-specificity hypothesis: Whereas MDD
participants were more vigilant than were NC participants to sad
faces (see analyses for Hypothesis 1 above), they did not demon-
strate similar attentional biases for angry or happy faces.
The second set of analyses consisted of within-groups compar-

isons. Within the depressed group, paired t tests were conducted
comparing participants’ attentional bias scores for sad faces with
their scores for angry faces, and for happy faces. Again, consistent
with the content-specificity hypothesis, these analyses indicated
that depressed participants were significantly more vigilant to sad
faces than they were to both angry faces, t(18) ! 2.52, and happy
faces, t(18) ! 1.91, both ps " .05. Finally, one-sample t tests
were conducted on attentional bias scores for angry and for happy
faces within the depressed group to compare both bias scores to
zero. Again, consistent with the content-specificity hypothesis,
neither bias score was significantly different from zero, both
ts(18) " 1.

Hypothesis 3: The depression-related bias will be diagnosis-
specific. Thus, the attentional bias for sad faces exhibited by
MDD participants will not be exhibited by individuals diag-
nosed with GAD.

To test this hypothesis, a planned comparison was conducted on
GAD and MDD participants’ attentional bias scores for sad faces.
As predicted, MDD participants demonstrated greater vigilance for
sad faces than did GAD participants, but this difference was only
a trend, t(35) ! 1.69, p " .10. MDD participants were faster than
their GAD counterparts to detect dot-probes that appeared in the
same location as the sad face. Although the group difference was
a trend, it is important to note that the bias score for sad faces in
the GAD group did not differ from zero, t(17) " 1. To relate our
findings to those reported by Mogg et al. (2000), we also examined
attentional bias scores of GAD participants to angry faces. We
found that GAD participants did not differ from NC participants in
their attentional deployment to angry faces, t(32) " 1, nor did the
bias score for angry faces in the GAD group differ from zero, p #
.7. Thus, we found no evidence of an attentional bias for angry
faces in participants diagnosed with GAD.

Figure 1. Attentional biases for sad, angry, and happy faces in partici-
pants with major depressive disorder (MDD), participants with generalized
anxiety disorder (GAD), and nonpsychiatric controls.
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Sticky aversive info
cized, elaboration on the criticism rather than working
could result in poor job performance. To examine such
interference effects, depressed and never-depressed indi-
viduals completed tasks in which trials alternately required
emotional processing and nonemotional processing. A
common approach to provoking emotional processing was
used in which individuals are asked to name the affective
valence (positive, negative, or neutral) of presented stimuli
(a “valence identification task”) (Hill and Kemp-Wheeler
1989; Mathews and Milroy 1994; Siegle et al 2001a, b, c).
The common delayed match to sample, or “Sternberg
memory” task was chosen as an appropriate nonemotional
processing task. This task involves showing participants
three numbers followed by a fourth number. Participants
were asked whether the fourth number was in the set of the
first three. The task was chosen because there is a wealth
of behavioral and psychophysiological data on it, as it
takes a few seconds to complete a trial in which stimuli are
being continuously presented, allowing detection of resid-
ual activity from the previous trial, and is easy enough that
depressed individuals would not get frustrated by the task.
“Affective interference” was operationalized as the degree
to which the affective content of the emotional stimulus
predicted brain activity on the subsequent nonemotional
processing trials.
Our basic hypothesis was that depressed individuals

would show more sustained activation in brain areas
responsible for recognizing emotional information during
the emotion-processing trial, which would carry over into
the subsequent nonemotional processing trial, leading to
more affective interference for depressed than never-
depressed individuals. Because the preceding theories
involve complex interacting systems of disruptions (e.g.,
positive feedback between the hippocampal and amygdala
systems, decreased inhibition of amygdala), it is difficult
to predict 1) whether these systems are expected to interact
nonlinearly, 2) whether sustained processing is expected to
occur for all stimuli or just some as a result of relevant
disruptions, and 3) what the precise time course of relevant
changes in information processing are expected to be.
Computational simulation allows quantitative integration
of assumptions about underlying cognitive and biological
systems (Siegle and Hasselmo 2001) and was therefore
used to further specify hypotheses.

Using a Formal Model to Generate Predictions
Predictions for changes in fMRI scanner signal in response
to positive, negative, and neutral stimuli were made using
a computational neural network model of emotional infor-
mation processing disruptions in depression. A brief sum-
mary of the model, described more fully in other papers
(Siegle 1999; Siegle and Hasselmo 2001; Siegle and

Ingram 1997) follows. In neural network models, activation
spreads between connected nodes that loosely represent
populations of connected neurons. By systematically chang-
ing the strength of connections between these nodes, the
model can be made to associate incoming activity with
subsequent activity (or a response to a stimulus), and can thus
be said to learn associations. Our network was constructed to
identify emotional stimuli as positive, negative, or neutral,
based on physiologic models (LeDoux 1996). As shown in
Figure 1, stimuli (locally coded in the stimulus units) are
processed in parallel by units responsible for identifying
affective features (an analog of amygdala system functions)
and nonaffective features (an analog of hippocampal system
functions). Feedback occurs between these layers as a sim-
plified analog of feedback between these brain systems.
These layers project to units responsible for making decisions
about the information. Activity in the decision units inhibits
the emotional processing units, as an analog of the idea that
integrative cortical activity could inhibit amygdala process-
ing. Emotionality is encoded (trained) by strengthening
connections from input and nonaffective feature units to
affective feature units representing either a positive or nega-
tive valence. Personal relevance is encoded by the amount the
network is exposed to stimuli. More exposure yields en-
hanced connections between the affective and nonaffective

Figure 1. Model’s response to a non-personally relevant nega-
tive stimulus on a valence identification/Sternberg memory trial
pair. A computational neural network model of emotional infor-
mation processing in depression, and associated predictions for
amygdala activity. The model and depicted time-series are
described in the text.

Sustained Amygdala Activity in Depression 695BIOL PSYCHIATRY
2002;51:693–707
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Figure 1. Model’s response to a non-personally relevant nega-
tive stimulus on a valence identification/Sternberg memory trial
pair. A computational neural network model of emotional infor-
mation processing in depression, and associated predictions for
amygdala activity. The model and depicted time-series are
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baseline (scan 1), is shown in Figure 2. To examine
valence related sustained processing, left and right amyg-
dala activity, summed over the last three scans, minus a
prestimulus (scan 1) baseline, was subjected to hierarchi-
cal regressions in which activation to negative stimuli was
the dependent variable. Activation to positive stimuli was
entered on the first step (R2left ! .02, R2right ! .13), and
group (depressed/never-depressed) was entered on the
second step ("R2left ! .31, "F(1,14) ! 6.6, p ! .022,
"R2right ! .24, "F(1,14) ! 5.1, p ! .04). Thus, analyses
suggest depressed individuals show greater bilateral sus-
tained amygdala activation for negative than positive
words compared with healthy controls.

WAS SUSTAINED AMYGDALA ACTIVITY STABLE?
To evaluate the stability of the sustained response, amyg-
dala activity for each subject, separately for each valence,
was fitted to an ex-gaussian waveform in which the height
of the peak and slope of the tail were allowed to vary. An
ex-gaussian is the sum of a gaussian (often used as an
approximation for a hemodynamic response) (Rajapakse
et al 1998) and a negative exponential curve, which
governs the slope of the right tail. The slope data were
subjected to group # personal relevance # valence split
plot ANOVAs. These revealed a three-way interaction for
the left amygdala (Greenhouse Geisser F(1.98,14)! 3.49,
p ! .04, $ 2 ! .18) driven by the depressed individuals’
particularly flat slopes for negative normed words (t(15)!

3.2, p ! .005), and no significant effects for right
amygdala.

Exploratory Analyses: Were There Other Areas
Reflecting Sustained Processing of Negative
Information by Depressed Individuals?
Exploratory analyses consisted of whole-brain voxel-by-
voxel ANOVAs (Carter et al 2000) using subject as a
random factor, and group, scan, valence, and personal
relevance as fixed factors. Random effects analysis per-
mits generalization of results at the population level and,
hence, is well suited to clinical studies. Voxels were
identified in which effects were detectable at p % .01,
corrected for multiple comparisons using a contiguity
threshold, and in which the response in scans 4–7 for
negative words versus positive and neutral words was
different for depressed and control individuals (restriction
at p % .1). Of particular interest, this analysis revealed
bilateral amygdala regions of interest (ROIs) and an
amygdala/hippocampal ROI that had time-series similar to
those presented above. These particles and associated time
series are shown in Figure 3. Table 1 lists the Tailerach
coordinates of all ROIs detected in this analysis. As shown
in the table, there were a number of other areas detected by
the analysis that are not discussed because analogs for
them were not included in the hypothesis-generating

Figure 3. Location and time courses for ANOVA derived
dorsolateral prefrontal cortex (DLPFC), amygdala and amygdala/
hippocampal regions of interest.

Figure 2. Time courses for traced right and left amygdala
regions of interest. The x axis in all graphs represents scan which
occurred 4 sec apart, for a total of 32 sec. The first 4 scans
occurred during an affective valence-identification trial. The last
4 scans occurred during a Sternberg memory trial. The y axis
represents mean the percent MR signal activity change from a
scan 1 baseline.
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baseline (scan 1), is shown in Figure 2. To examine
valence related sustained processing, left and right amyg-
dala activity, summed over the last three scans, minus a
prestimulus (scan 1) baseline, was subjected to hierarchi-
cal regressions in which activation to negative stimuli was
the dependent variable. Activation to positive stimuli was
entered on the first step (R2left ! .02, R2right ! .13), and
group (depressed/never-depressed) was entered on the
second step ("R2left ! .31, "F(1,14) ! 6.6, p ! .022,
"R2right ! .24, "F(1,14) ! 5.1, p ! .04). Thus, analyses
suggest depressed individuals show greater bilateral sus-
tained amygdala activation for negative than positive
words compared with healthy controls.

WAS SUSTAINED AMYGDALA ACTIVITY STABLE?
To evaluate the stability of the sustained response, amyg-
dala activity for each subject, separately for each valence,
was fitted to an ex-gaussian waveform in which the height
of the peak and slope of the tail were allowed to vary. An
ex-gaussian is the sum of a gaussian (often used as an
approximation for a hemodynamic response) (Rajapakse
et al 1998) and a negative exponential curve, which
governs the slope of the right tail. The slope data were
subjected to group # personal relevance # valence split
plot ANOVAs. These revealed a three-way interaction for
the left amygdala (Greenhouse Geisser F(1.98,14)! 3.49,
p ! .04, $ 2 ! .18) driven by the depressed individuals’
particularly flat slopes for negative normed words (t(15)!

3.2, p ! .005), and no significant effects for right
amygdala.

Exploratory Analyses: Were There Other Areas
Reflecting Sustained Processing of Negative
Information by Depressed Individuals?
Exploratory analyses consisted of whole-brain voxel-by-
voxel ANOVAs (Carter et al 2000) using subject as a
random factor, and group, scan, valence, and personal
relevance as fixed factors. Random effects analysis per-
mits generalization of results at the population level and,
hence, is well suited to clinical studies. Voxels were
identified in which effects were detectable at p % .01,
corrected for multiple comparisons using a contiguity
threshold, and in which the response in scans 4–7 for
negative words versus positive and neutral words was
different for depressed and control individuals (restriction
at p % .1). Of particular interest, this analysis revealed
bilateral amygdala regions of interest (ROIs) and an
amygdala/hippocampal ROI that had time-series similar to
those presented above. These particles and associated time
series are shown in Figure 3. Table 1 lists the Tailerach
coordinates of all ROIs detected in this analysis. As shown
in the table, there were a number of other areas detected by
the analysis that are not discussed because analogs for
them were not included in the hypothesis-generating

Figure 3. Location and time courses for ANOVA derived
dorsolateral prefrontal cortex (DLPFC), amygdala and amygdala/
hippocampal regions of interest.

Figure 2. Time courses for traced right and left amygdala
regions of interest. The x axis in all graphs represents scan which
occurred 4 sec apart, for a total of 32 sec. The first 4 scans
occurred during an affective valence-identification trial. The last
4 scans occurred during a Sternberg memory trial. The y axis
represents mean the percent MR signal activity change from a
scan 1 baseline.
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of the peak and slope of the tail were allowed to vary. An
ex-gaussian is the sum of a gaussian (often used as an
approximation for a hemodynamic response) (Rajapakse
et al 1998) and a negative exponential curve, which
governs the slope of the right tail. The slope data were
subjected to group # personal relevance # valence split
plot ANOVAs. These revealed a three-way interaction for
the left amygdala (Greenhouse Geisser F(1.98,14)! 3.49,
p ! .04, $ 2 ! .18) driven by the depressed individuals’
particularly flat slopes for negative normed words (t(15)!

3.2, p ! .005), and no significant effects for right
amygdala.

Exploratory Analyses: Were There Other Areas
Reflecting Sustained Processing of Negative
Information by Depressed Individuals?
Exploratory analyses consisted of whole-brain voxel-by-
voxel ANOVAs (Carter et al 2000) using subject as a
random factor, and group, scan, valence, and personal
relevance as fixed factors. Random effects analysis per-
mits generalization of results at the population level and,
hence, is well suited to clinical studies. Voxels were
identified in which effects were detectable at p % .01,
corrected for multiple comparisons using a contiguity
threshold, and in which the response in scans 4–7 for
negative words versus positive and neutral words was
different for depressed and control individuals (restriction
at p % .1). Of particular interest, this analysis revealed
bilateral amygdala regions of interest (ROIs) and an
amygdala/hippocampal ROI that had time-series similar to
those presented above. These particles and associated time
series are shown in Figure 3. Table 1 lists the Tailerach
coordinates of all ROIs detected in this analysis. As shown
in the table, there were a number of other areas detected by
the analysis that are not discussed because analogs for
them were not included in the hypothesis-generating

Figure 3. Location and time courses for ANOVA derived
dorsolateral prefrontal cortex (DLPFC), amygdala and amygdala/
hippocampal regions of interest.

Figure 2. Time courses for traced right and left amygdala
regions of interest. The x axis in all graphs represents scan which
occurred 4 sec apart, for a total of 32 sec. The first 4 scans
occurred during an affective valence-identification trial. The last
4 scans occurred during a Sternberg memory trial. The y axis
represents mean the percent MR signal activity change from a
scan 1 baseline.

700 G.J. Siegle et alBIOL PSYCHIATRY
2002;51:693–707
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Maintaining positive affect

predicted that depressed patients will fail to sustain activity in
the striatum (including the NAcc) when up-regulating affect in
response to positive stimuli. To this end, we examined the
weighted Group ! Time interaction for the ‘‘enhance’’ vs.
‘‘suppress’’ contrast. Our initial analysis contrasted the ‘‘en-
hance’’ vs. ‘‘suppress’’ conditions for two reasons. First, this
contrast compares changes in activity across time in the condi-
tion which putatively causes the most positive affect with the
condition which causes the least positive affect. Second, con-
trasting the two active regulatory conditions accounts for the
cognitive load produced by volitional emotion regulation (24).
Our second prediction was that the deficit in sustaining engage-
ment of the NAcc will be more pronounced when depressed
patients were required to repeatedly regulate (or increase) their
positive affect. To do this, we conducted a similar Group ! Time
analysis using the ‘‘enhance’’ vs. ‘‘attend’’ contrast. The third
prediction was that individual differences in the ability to sustain
activity in reward related regions would predict overall self-
reported positive affect acquired outside the scanner. The fourth

prediction was that the inability to sustain engagement of the
NAcc would be related to attenuated connectivity between the
NAcc and PFC.

Results
Depressed Individuals Fail to Sustain NAcc Activation When Amplify-
ing Positive Affect. We first examined whether individuals with
depression showed an inability to sustain activity in reward-related
regions across the scan session when attempting to up-regulate
positive affect. Supporting the failure to sustain positive affect
hypothesis of depression, we observed a significant weighted
group–by-time interaction (P " 0.05, corrected for multiple com-
parisons) in the NAcc (Fig. 1A; peak x, y, z: #9, 12, 0), such that the
depressed group showed a decrease in the ‘‘enhance’’ vs. ‘‘suppress’’
contrast during the second half of the scan session only; the control
group showed sustained activity in this region (Fig. 1C; Fig. 2).
Follow-up pairwise contrasts supported this. The groups differed
during the second half [t(43) $ 4.22; P " 0.001], but not during the
first half [t(43) $ 0.717; P $ 0.48]. In addition, the depressed group
showed a reduction in activity from first to second half [t(25) $ 3.09;
P $ 0.005], whereas the controls showed no change [t(18) $ #1.37;
P $ 0.18]. Other regions showing an effect included the left
insula/transverse temporal gyrus and right thalamus (see Table 1).*

Second, we examined the hypothesis that the deficit in sus-
taining engagement of the NAcc will be more pronounced when
depressed patients were required to repeatedly up-regulate their
positive affect. To do this, we assessed whether changes in the
NAcc cluster found in the first step showed a similar weighted
Group ! Time effect for the more conventional ‘‘enhance’’ vs.
‘‘attend’’ contrast. Indeed, this test was significant [F(1, 88) $ 8.56;
P $ 0.004], and follow up tests indicated a trend for the groups
differing during the second half [t(43) $ 1.74; P $ 0.089], but not
during the first half [t(43) $ 0.324; p $ 0.747]. In addition, the
depressed group showed a reduction in activity from first to
second half [t(25) $ 2.60; P $ 0.015], whereas the controls showed
no change [t(18) $ 4.64; P $ 0.65]. This indicates that this result

*Moreover, each of these effects remained significant after controlling for activity in the
NAcc cluster on the negative trials.

Fig. 2. Time courses of activation in nucleus accumbens ROI for controls and
depressed, first and second half of scan session for the ‘‘enhance,’’ ‘‘attend,’’ and
‘‘suppress’’ conditions. Gray box denotes regulation period.

Fig. 1. Activation in nucleus accumbens (NAcc) shows
specific decrease for individuals with depression. (A) De-
pressedshowaspecificdecrease fromfirst tosecondhalfof
scan session (P " 0.05 corrected; k % 50 voxels) in the NAcc.
(B) For depressed, less change in left NAcc activity is asso-
ciated with greater self-reported positive affect. (C) De-
pressed patients show a decrease in NAcc activity, across
time, in the Enhance vs. Suppress contrast. (D) Depressed
patients showadecrease inNAccactivity,across time, inthe
Enhance vs. Attend contrast (error bars, standard error of
mean).

22446 ! www.pnas.org"cgi"doi"10.1073"pnas.0910651106 Heller et al.
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So far

‣ No primary changes (pain, hedonic taste, sucrose)	


‣ Reduced emotional responses +<-	


‣ Attention & memory biased towards negative	



• at conceptual level	


• if allow for elaboration	


• negative conceptual information sticks around longer, 

positive dissipates away	



‣ Cognitive biases:	


• Negative information is more ‘important’ 	


!

‣ Next: learning from reinforcement	


• learning impaired, or outcome insensitive? 
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Learning & choice

Henriques et al., 1994

between neutral and punishment conditions was not, t(14) = 1.47, n.s. The two
groups did not significantly differ in response bias during any individual con-
dition: neutral, t(31) = 71.41, p > .15; reward, t(31) = 0.35, p > .50; punishment,
t(31) = 70.31, p > .75. Rather it was the relative change between the pay-off
and neutral conditions that differentiated the depressed and nondepressed sub-
jects.

When the depressed and control subjects were compared on their differences
in response bias between the neutral condition and the pay-off conditions
(computed as a payoff-neutral change score), the difference between the neutral
and reward conditions differed significantly between the depressed and non-
depressed groups, t(31) = 2.38, p < .03. The difference in bias between the
neutral and punishment conditions was not significantly different between the
two groups, t(20.5) = 1.82, p > .05 (see Figure 1).

Three of the subjects in the depressed group had a past anxiety disorder and a
fourth had a current phobia. A comparison between anxious and nonanxious
depressives found that while the two groups had similar differences in response
bias between the neutral and reward conditions, t(16) = 70.16, n.s., the groups

Figure 1. Mean change in response biases (Payoff-Neutral) and standard errors of depressed
(n = 18) and control (n = 15) subjects during differing payoff conditions. Higher numbers reflect a
more liberal response bias.

REWARD AND DEPRESSION 717

Henriques and Davidson, 2000
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Learning & choice cont’d
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Figure 1 Task and typical behaviour. A: Task. Each trial had the following structure: 1) 500 ms presentation of a central fixation cross; 2) 500 ms
presentation of face without a mouth; 3) 100 ms presentation of long (13 mm) or short (11.5 mm) mouth inside the face; 4) participants reported
whether the mouth was long or short by key-press (‘Z’ or ‘/’ on US keyboard, counterbalanced); 5) Face without mouth remained on screen until
participant response. Short and long stimuli were each presented 50 times per block in pseudorandom sequence avoiding more than three
repetitions in a row. Adapted from [10]. B: Reward schedule. One response (counterbalanced across participants) had a higher reward expectation.
Correct identification of that “rich” stimulus was more likely to be rewarded (75% probability) than correct identification of the other, “lean”, stimulus
(30% probability). There was no punishment. If in doubt, choosing the more rewarded stimulus was beneficial. C: Surrogate simulated data showing
prototypical response evolution. The dark bars show a hypothetical control group, developing a strong response bias towards the more rewarded
response over the three blocks of 100 trials. The light bars show a prototypical treatment group with a reduced response bias. D-E: Surrogate
simulated data generated from a simple reinforcement learning (‘Stimulus-action’) model. Both a reduction in reward sensitivity (D) and a reduction
in learning rate (E) can roughly reproduce the pattern in the data (C). F: Percent correct responses for each of the 392 experimental sessions. Each
black point represents one experimental session. Vertical bars demarcate datasets. Red horizontal line represents chance performance for each
session. Four participants performed below chance (red). Sixty-three out of 392 experimental sessions were not fitted better than chance by model
‘Belief’ (binomial test; blue). Of these, 58 out of 63 were in the Stress dataset, in which performance was generally worst.

Correct responses to one stimulus, designated “rich”, were
more likely to be rewarded than correct responses to the
other stimulus, designated “lean” (Figure 1B). No feedback
was given on other trials, including incorrect trials, and no
explicit information about the asymmetry was provided.
Participants were explicitly encouraged to win as much
money as possible, and so could benefit from reporting
the rich, rather than the lean, stimulus when in doubt.
One measure of the tendency to do this is the response
bias [10]:

1
2 log

(n(a1|sr) n(a1|sl)
n(a2|sr) n(a2|sl)

)
(1)

where sr and sl indicate presentation of the rich and lean
stimulus, respectively, a1 and a2 are the two possible key
presses, and n(a|s) is the number of times a particu-
lar choice was made in response to that stimulus. Each
count n was augmented by 1

2 to avoid numerical insta-
bilities. Outlier trials with very short (< 150 ms) or very

response bias from Block 1 to Block 3 (Newman-Keuls p ! .001),
with no group differences between Blocks 1 and 2 (p " .7).

Discriminability. The two-way ANOVA revealed no signifi-
cant effects.

Reaction Time. The three-way ANOVA revealed no signifi-
cant effects involving Group.

Control Analyses. Because reinforcer ratio (the relative num-
ber of reinforcers received after a given correct response vs.
another correct response) is the critical variable for producing a
response bias (McCarthy and Davison 1979), it was important to
rule out the possibility that the groups differed in the number of
feedback received during the experiment. Separate t tests re-
vealed that high and low BDI subjects received virtually identical
reward feedback [rich: 88.40 # 1.77 vs. 88.10 # 2.88; lean: 29.40
# .63 vs. 29.52 # .68; rich/lean ratio: 3.01 # .09 vs. 2.99 # .13;

all t (34) ! .56, all p " .50]. Finally, the two groups did not differ
in the number of participants allocated to the sessions in which
the short (high BDI: 8 of 15; low BDI: 11 of 21) or the long mouth
was the condition more frequently rewarded.

Correlations Between Self-Report Measures of Affect and
Changes in Response Bias (n ! 61)

One participant had a $Response Bias that was more than 4
SDs from the mean and thus was excluded from these analyses.3

Change in response bias from Block 1 to Block 3 (Block 3 %
Block 1) was negatively correlated with BDI “melancholic”
subscores (r & %.28, p ! .035, n & 61) assessed at Time 1. This
change in $Response Bias was not correlated with the Time 1
assessment of the Social Anhedonia (r & %.06, ns), Physical
Anhedonia (r & %.06, ns), or general positive affectivity
(PANAS-NA trait; r & %.09, ns) scores. Notably, $Response Bias
at Time 1 was negatively correlated with the total BDI score (r &
%.46, p ! .025, n & 25) and BDI “melancholic” subscore (r &
%.41, p ! .05, n & 25; Figure 4) at Time 2. (These correlations
remained significant when nonparametric Spearman Rank coef-
ficients were used).

To test the specificity of these findings and the predictive
value of response bias, two hierarchical regression analyses were
run. In the first, we tested whether $Response Bias at Time 1
predicted BDI “melancholic” subscores at Time 2 after control-
ling for BDI “melancholic” subscores at Time 1 (entered in the
first step) and general negative affectivity (PANAS-NA trait)

3This subject had an intermediate BDI score (BDI & 14) and did not fulfill
the inclusion criteria for the ANOVAs with the low and high BDI
groups. Because the subject’s accuracy, RT, and response bias were
within the mean # 2 SD, she was included in the ANOVAs with the
entire sample (n & 62).

Figure 2. Overall effect of task manipulation. Mean accuracy (A), reaction
time (B), response bias (C), and discriminability (D) for the entire sample
(n & 62). Error bars represent standard errors. For accuracy and RT, the rich
condition (black bars) refers to the stimulus associated with more frequent
reward, whereas the lean condition (light gray bars) refers to the stimulus
associated with less frequent reward.

Figure 3. Mean response bias (A) and (B) changes in response bias for
subjects with high (black bars; n & 15) and low (light gray bars; n & 21) Beck
Depression Inventory (BDI) scores. Error bars represent standard errors.

D.A. Pizzagalli et al BIOL PSYCHIATRY 2005;57:319–327 323

www.elsevier.com/locate/biopsych
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Huys et al., 2013

Modelling: first get the task

Huys et al. Biology of Mood & Anxiety Disorders 2013, 3:12 Page 5 of 16
http://www.biolmoodanxietydisord.com/content/3/1/12

Table 2 Sample characteristics: psychometric measures

Measure N mean median 1st quartile 3rd quartile

BDI 366 8.3 6 1 11

BDA 281 1.9 0 1 3

BDI\A 281 6.9 1 5 10

Generalized distress depression (GDD) 276 23.2 16 20 30

Generalized distress anxiety (GDA) 276 18.8 15 18 24

Anxious anxiety (AA) 276 53.7 45 53.5 65

Anhedonic Depression (AD) 276 21.1 17 20.5 25

Full (BDI + BDA + MASQ subscores) 255

BDI is the total Beck Depression Inventory II [16]. BDA stands for the anhedonic subscore of the BDI consisting of the sum of items 4 (loss of pleasure), 12 (loss of
interest), 15 (loss of energy) and 21 (interest in sex). BDI\A is the total BDI score without the anhedonic component (BDI\A = BDI - BDA). Mood and Anxiety Symptom
Questionnaire (MASQ) subscores [17] were anxious arousal (AA), anhedonic depression (AD), general distress anxiety (GDA) and generalised distress depression (GDD).

choice when presented with stimulus st . The mapping
from weight to probability is made via a ‘softmax’ function
so that a choice at will be expected to be emitted more fre-
quently the bigger the difference between its weight and
the weight of the alternative choice, or more specifically:

p(at|st) = 1
1 + exp [−(Wt(at , st) − Wt(āt , st))]

(2)

The choice weights themselves change over time (hence
the subscript on W) and are composed of several terms,
whose contributions differ for the different models. The
models are variants on an underlying full model called
‘Belief ’, for which

Wt(at , st) = γI(at , st)+ζ Qt(at , st)+(1−ζ )Qt(at , s̄t)

(3)

The first of these terms, γI(at , st), depends on instruc-
tions: I(at , st) = 1 if at is the instructed choice for stimu-
lus st (for instance pressing ‘z’ for the long mouth) and is
zero otherwise. The parameter γ thus determines the par-
ticipants’ ability to follow the instructions. The bigger γ ,
the larger the contribution from I(at , st), and hence the
instructed response contributes more to choice. Impor-
tantly, this instructed choice is symmetric between rich
and lean stimulus; thus this term leaves the asymmetry to
the other terms.

The second and the third term depend on the expected
reward Qt(at , st). This captures the effect of the experi-
enced rewards on previous trials, just as described in the
introduction (except allowing different predictions for the
different actions and stimuli). Qt(at , st) depends on four
factors: the binary sequence rt up to that point in time,
which indicates whether a reward was delivered or not, an
initial Q0 value, the learning rate ϵ and the subjective (i.e.
internal to the participant as opposed to the external mag-
nitude in a fixed number of cents) effect size of a reward
ρ, which we identify with reward sensitivity.

After every choice, this Q value is updated according to
the prediction error δt = ρrt − Qt(at , st) as follows:

Qt+1(at , st) = Qt(at , st) + ϵδt (4)

That is, after every trial, the expected reward Q(a, s) for
choice a for stimulus s is increased towards the subjec-
tive reward size ρ if a reward is received (rt = 1) but
the expectation Q was lower than ρ, and it is decreased
towards zero if no reward was received (rt = 0). The larger
ρ, the larger the effect of rewards on choice propensities.
As the learning rate ϵ approaches 1, learning is so fast
that the Q values are simply the last experienced outcome
for each choice-action pair. For 0 < ϵ < 1, expectations
represent exponentially weighted averages over the recent
outcome history. A multiplicative change to δ is equivalent
to a change in ϵ.

In the task, the mouth is only shown for a very short
period of time. Thus participants cannot be sure which
stimulus was actually presented, and, as experimenters,
we cannot know what the participants perceived. This
uncertainty has two consequences. First, it implies that
the factor γ which governs the effect of the instructions,
should be less than ∞. Second, the participants will not be
sure which value Qt(at , long) or Qt(at , short) and instruc-
tion weight I(at , st) to employ in their choice, or which Q
value to update using Equation 4. We capture this effect
by assuming that they know which stimulus-choice pair to
update in terms of learning (Equation 4), but that when
choosing, they use a form of Bayesian decision theory [57]
to combine estimates based on both possibilities. That is,
we use a parameter 0 ≤ ζ ≤ 1 to represent participants’
average uncertainty about which stimulus was actually
presented. Assume participants expected .75 unit reward
for pressing button ‘z’ given the long mouth (Q(z, long) =
0.75), and 0 given the short stimulus (Q(z, short) = 0).
If they now believed with a probability ζ that they had
seen stimulus s and with a probability 1 − ζ that they had
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Figure 1 Task and typical behaviour. A: Task. Each trial had the following structure: 1) 500 ms presentation of a central fixation cross; 2) 500 ms
presentation of face without a mouth; 3) 100 ms presentation of long (13 mm) or short (11.5 mm) mouth inside the face; 4) participants reported
whether the mouth was long or short by key-press (‘Z’ or ‘/’ on US keyboard, counterbalanced); 5) Face without mouth remained on screen until
participant response. Short and long stimuli were each presented 50 times per block in pseudorandom sequence avoiding more than three
repetitions in a row. Adapted from [10]. B: Reward schedule. One response (counterbalanced across participants) had a higher reward expectation.
Correct identification of that “rich” stimulus was more likely to be rewarded (75% probability) than correct identification of the other, “lean”, stimulus
(30% probability). There was no punishment. If in doubt, choosing the more rewarded stimulus was beneficial. C: Surrogate simulated data showing
prototypical response evolution. The dark bars show a hypothetical control group, developing a strong response bias towards the more rewarded
response over the three blocks of 100 trials. The light bars show a prototypical treatment group with a reduced response bias. D-E: Surrogate
simulated data generated from a simple reinforcement learning (‘Stimulus-action’) model. Both a reduction in reward sensitivity (D) and a reduction
in learning rate (E) can roughly reproduce the pattern in the data (C). F: Percent correct responses for each of the 392 experimental sessions. Each
black point represents one experimental session. Vertical bars demarcate datasets. Red horizontal line represents chance performance for each
session. Four participants performed below chance (red). Sixty-three out of 392 experimental sessions were not fitted better than chance by model
‘Belief’ (binomial test; blue). Of these, 58 out of 63 were in the Stress dataset, in which performance was generally worst.

Correct responses to one stimulus, designated “rich”, were
more likely to be rewarded than correct responses to the
other stimulus, designated “lean” (Figure 1B). No feedback
was given on other trials, including incorrect trials, and no
explicit information about the asymmetry was provided.
Participants were explicitly encouraged to win as much
money as possible, and so could benefit from reporting
the rich, rather than the lean, stimulus when in doubt.
One measure of the tendency to do this is the response
bias [10]:

1
2 log

(n(a1|sr) n(a1|sl)
n(a2|sr) n(a2|sl)

)
(1)

where sr and sl indicate presentation of the rich and lean
stimulus, respectively, a1 and a2 are the two possible key
presses, and n(a|s) is the number of times a particu-
lar choice was made in response to that stimulus. Each
count n was augmented by 1

2 to avoid numerical insta-
bilities. Outlier trials with very short (< 150 ms) or very
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Figure 2 Model performance. A: Model comparison. Group-level log Bayes factors !iBIC for each model relative to model ‘Belief’ across all
datasets. A difference ≥ 10 in this measure is strong evidence for the model with the lower score. B: The parameter γ in the model largely captures
the probability with which participants made a correct choice. Note that, by design of the task, this explicitly captures the effect of symmetric
instructions and perceptual difficulties, rather than the asymmetric effect of rewards.
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Figure 3 Correlates of anhedonia. A: Correlation coefficients for all pairwise correlations between questionnaire measures. All are highly
significant (p < .01), except for the correlation between anhedonic depression and anxious anxiety, denoted by a red dot. B: Hierarchical weighted
regression analysis across all datasets, involving all 255 participants with a full set of BDI, BDA and MASQ scores. The plots shows the linear
coefficients between anhedonic depression (AD) score and the reward sensitivity and learning rate parameters ρ and ϵ . Each bars shows one linear
coefficient; the red error bars indicate ± 1 standard error; and the green error bars indicate the 99.4% confidence interval (corresponding to a
Bonferroni corrected level p = .05/8). AD is significantly and negatively correlated with the reward sensitivity ρ , but not significantly correlated with
the learning rate ϵ . C: Scatter plot of anhedonic depression against reward sensitivity. Size of dots scale with weight (inference precision). D: Scatter
plot of reward sensitivity vs. learning rate. E: Significance of correlations across parameter estimates from 70 surrogate datasets. There is a consistent
and stably significant correlation between AD and reward sensitivity ρ , but not between AD and learning rate ϵ .
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Figure 3 Correlates of anhedonia. A: Correlation coefficients for all pairwise correlations between questionnaire measures. All are highly
significant (p < .01), except for the correlation between anhedonic depression and anxious anxiety, denoted by a red dot. B: Hierarchical weighted
regression analysis across all datasets, involving all 255 participants with a full set of BDI, BDA and MASQ scores. The plots shows the linear
coefficients between anhedonic depression (AD) score and the reward sensitivity and learning rate parameters ρ and ϵ . Each bars shows one linear
coefficient; the red error bars indicate ± 1 standard error; and the green error bars indicate the 99.4% confidence interval (corresponding to a
Bonferroni corrected level p = .05/8). AD is significantly and negatively correlated with the reward sensitivity ρ , but not significantly correlated with
the learning rate ϵ . C: Scatter plot of anhedonic depression against reward sensitivity. Size of dots scale with weight (inference precision). D: Scatter
plot of reward sensitivity vs. learning rate. E: Significance of correlations across parameter estimates from 70 surrogate datasets. There is a consistent
and stably significant correlation between AD and reward sensitivity ρ , but not between AD and learning rate ϵ .

‣ Correlation of anhedonia 
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datasets. A difference ≥ 10 in this measure is strong evidence for the model with the lower score. B: The parameter γ in the model largely captures
the probability with which participants made a correct choice. Note that, by design of the task, this explicitly captures the effect of symmetric
instructions and perceptual difficulties, rather than the asymmetric effect of rewards.
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Figure 3 Correlates of anhedonia. A: Correlation coefficients for all pairwise correlations between questionnaire measures. All are highly
significant (p < .01), except for the correlation between anhedonic depression and anxious anxiety, denoted by a red dot. B: Hierarchical weighted
regression analysis across all datasets, involving all 255 participants with a full set of BDI, BDA and MASQ scores. The plots shows the linear
coefficients between anhedonic depression (AD) score and the reward sensitivity and learning rate parameters ρ and ϵ . Each bars shows one linear
coefficient; the red error bars indicate ± 1 standard error; and the green error bars indicate the 99.4% confidence interval (corresponding to a
Bonferroni corrected level p = .05/8). AD is significantly and negatively correlated with the reward sensitivity ρ , but not significantly correlated with
the learning rate ϵ . C: Scatter plot of anhedonic depression against reward sensitivity. Size of dots scale with weight (inference precision). D: Scatter
plot of reward sensitivity vs. learning rate. E: Significance of correlations across parameter estimates from 70 surrogate datasets. There is a consistent
and stably significant correlation between AD and reward sensitivity ρ , but not between AD and learning rate ϵ .
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Figure 2 Model performance. A: Model comparison. Group-level log Bayes factors !iBIC for each model relative to model ‘Belief’ across all
datasets. A difference ≥ 10 in this measure is strong evidence for the model with the lower score. B: The parameter γ in the model largely captures
the probability with which participants made a correct choice. Note that, by design of the task, this explicitly captures the effect of symmetric
instructions and perceptual difficulties, rather than the asymmetric effect of rewards.
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Figure 3 Correlates of anhedonia. A: Correlation coefficients for all pairwise correlations between questionnaire measures. All are highly
significant (p < .01), except for the correlation between anhedonic depression and anxious anxiety, denoted by a red dot. B: Hierarchical weighted
regression analysis across all datasets, involving all 255 participants with a full set of BDI, BDA and MASQ scores. The plots shows the linear
coefficients between anhedonic depression (AD) score and the reward sensitivity and learning rate parameters ρ and ϵ . Each bars shows one linear
coefficient; the red error bars indicate ± 1 standard error; and the green error bars indicate the 99.4% confidence interval (corresponding to a
Bonferroni corrected level p = .05/8). AD is significantly and negatively correlated with the reward sensitivity ρ , but not significantly correlated with
the learning rate ϵ . C: Scatter plot of anhedonic depression against reward sensitivity. Size of dots scale with weight (inference precision). D: Scatter
plot of reward sensitivity vs. learning rate. E: Significance of correlations across parameter estimates from 70 surrogate datasets. There is a consistent
and stably significant correlation between AD and reward sensitivity ρ , but not between AD and learning rate ϵ .
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Figure 2 Model performance. A: Model comparison. Group-level log Bayes factors !iBIC for each model relative to model ‘Belief’ across all
datasets. A difference ≥ 10 in this measure is strong evidence for the model with the lower score. B: The parameter γ in the model largely captures
the probability with which participants made a correct choice. Note that, by design of the task, this explicitly captures the effect of symmetric
instructions and perceptual difficulties, rather than the asymmetric effect of rewards.
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Figure 3 Correlates of anhedonia. A: Correlation coefficients for all pairwise correlations between questionnaire measures. All are highly
significant (p < .01), except for the correlation between anhedonic depression and anxious anxiety, denoted by a red dot. B: Hierarchical weighted
regression analysis across all datasets, involving all 255 participants with a full set of BDI, BDA and MASQ scores. The plots shows the linear
coefficients between anhedonic depression (AD) score and the reward sensitivity and learning rate parameters ρ and ϵ . Each bars shows one linear
coefficient; the red error bars indicate ± 1 standard error; and the green error bars indicate the 99.4% confidence interval (corresponding to a
Bonferroni corrected level p = .05/8). AD is significantly and negatively correlated with the reward sensitivity ρ , but not significantly correlated with
the learning rate ϵ . C: Scatter plot of anhedonic depression against reward sensitivity. Size of dots scale with weight (inference precision). D: Scatter
plot of reward sensitivity vs. learning rate. E: Significance of correlations across parameter estimates from 70 surrogate datasets. There is a consistent
and stably significant correlation between AD and reward sensitivity ρ , but not between AD and learning rate ϵ .
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datasets. A difference ≥ 10 in this measure is strong evidence for the model with the lower score. B: The parameter γ in the model largely captures
the probability with which participants made a correct choice. Note that, by design of the task, this explicitly captures the effect of symmetric
instructions and perceptual difficulties, rather than the asymmetric effect of rewards.
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Figure 3 Correlates of anhedonia. A: Correlation coefficients for all pairwise correlations between questionnaire measures. All are highly
significant (p < .01), except for the correlation between anhedonic depression and anxious anxiety, denoted by a red dot. B: Hierarchical weighted
regression analysis across all datasets, involving all 255 participants with a full set of BDI, BDA and MASQ scores. The plots shows the linear
coefficients between anhedonic depression (AD) score and the reward sensitivity and learning rate parameters ρ and ϵ . Each bars shows one linear
coefficient; the red error bars indicate ± 1 standard error; and the green error bars indicate the 99.4% confidence interval (corresponding to a
Bonferroni corrected level p = .05/8). AD is significantly and negatively correlated with the reward sensitivity ρ , but not significantly correlated with
the learning rate ϵ . C: Scatter plot of anhedonic depression against reward sensitivity. Size of dots scale with weight (inference precision). D: Scatter
plot of reward sensitivity vs. learning rate. E: Significance of correlations across parameter estimates from 70 surrogate datasets. There is a consistent
and stably significant correlation between AD and reward sensitivity ρ , but not between AD and learning rate ϵ .
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Figure 2 Model performance. A: Model comparison. Group-level log Bayes factors !iBIC for each model relative to model ‘Belief’ across all
datasets. A difference ≥ 10 in this measure is strong evidence for the model with the lower score. B: The parameter γ in the model largely captures
the probability with which participants made a correct choice. Note that, by design of the task, this explicitly captures the effect of symmetric
instructions and perceptual difficulties, rather than the asymmetric effect of rewards.
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correlations with ϵ.

At least part of the correlation between ρ and ϵ arises
because the the two parameters can explain similar fea-
tures of the data, i.e. alterations in one parameter can

be compensated for by alterations in the other parameter
(see Figure 1). To establish whether the association
between AD and the reward sensitivity parameter was due
to real features in the data, rather than due to inference
issues, we asked whether the correlations with question-
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Figure 3 Correlates of anhedonia. A: Correlation coefficients for all pairwise correlations between questionnaire measures. All are highly
significant (p < .01), except for the correlation between anhedonic depression and anxious anxiety, denoted by a red dot. B: Hierarchical weighted
regression analysis across all datasets, involving all 255 participants with a full set of BDI, BDA and MASQ scores. The plots shows the linear
coefficients between anhedonic depression (AD) score and the reward sensitivity and learning rate parameters ρ and ϵ . Each bars shows one linear
coefficient; the red error bars indicate ± 1 standard error; and the green error bars indicate the 99.4% confidence interval (corresponding to a
Bonferroni corrected level p = .05/8). AD is significantly and negatively correlated with the reward sensitivity ρ , but not significantly correlated with
the learning rate ϵ . C: Scatter plot of anhedonic depression against reward sensitivity. Size of dots scale with weight (inference precision). D: Scatter
plot of reward sensitivity vs. learning rate. E: Significance of correlations across parameter estimates from 70 surrogate datasets. There is a consistent
and stably significant correlation between AD and reward sensitivity ρ , but not between AD and learning rate ϵ .
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reverse orthogonalization did not yield any significant
correlations with ϵ.

At least part of the correlation between ρ and ϵ arises
because the the two parameters can explain similar fea-
tures of the data, i.e. alterations in one parameter can

be compensated for by alterations in the other parameter
(see Figure 1). To establish whether the association
between AD and the reward sensitivity parameter was due
to real features in the data, rather than due to inference
issues, we asked whether the correlations with question-
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‣ Correlation of anhedonia 
is with reward sensitivity, 
not learning rate

‣ But: correlations
‣ Fit, generate surrogate 

data, examine 
correlations - has the 
model really captured 
something about the 
data?

‣ Not that they can’t learn, 
but don’t care. 

Huys et al., 2013
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‣ Chase et al., 2009	
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• slower learning rates from rewards & losses, and less 
sensitive to outcomes overall	



• even when partial out BDI score
scores on win/loss modulation of RTs (r=x0.004,
n=33, p=0.984).

Summary

We found no evidence for an asymmetric effect of de-
pression on positive or negative learning rates during
the test phase, and hence no support for our hypoth-
esis that depressed patients learn faster about the
causes of negative events than positive events.
However, we did observe that anhedonia was as-
sociated with smaller learning rates on the training
phase and test phase. Patients were slower to respond
during the training phase but showed a similar
modulation of RT as controls, depending on whether
the previous presentation of a stimulus pair was re-
inforced or not.

Discussion

In this study the performance of depressed patients
and matched never-depressed controls was evaluated
on a probabilistic learning task designed by Frank et al.
(2004). This paradigm allows independent assessment
of learning rates following negative feedback and
positive feedback. Contrary to our predictions, de-
pressed patients did not show a test phase learning
rate asymmetry in that they were no better at avoiding
the stimulus associated most reliably with negative
feedback (stimulus B) than they were at selecting a
stimulus associated most reliably with positive feed-
back (stimulus A). Neither patients nor controls
showed such a bias, nor did a bias correlate with
symptom severity or with measures of reward sensi-
tivity or anhedonia.

Although the majority of patients were medicated,
we would also not necessarily have expected patients’
medication to mask the presence of negative bias –
although clearly it might. The patients studied in
both the study by Murphy et al. (2003) and the present
study were medicated, and it is possible that
such medication contributes to the faster reversal ob-
served on the probabilistic reversal learning task
(Chamberlain et al. 2006 ; but see Taylor Tavares et al.
2008). Clearly, however, this pattern of findings con-
trasts with our null findings on the probabilistic
selection task. Our finding of the absence of the pre-
dicted asymmetric effect of depression on the test
phase of the task finds further support in the ob-
servation that dysphoric students also showed a mar-
ginally significant bias in the opposite direction
(positive >negative ; Cavanagh, Frank and Allen, un-
published observations).

However, we did observe that the severity of self-
reported anhedonia, as assessed by the SHAPS, cor-
related negatively with learning rate parameters
determined during the training phase, such that trial-
by-trial adaptation of behaviour was associated with
increasing anhedonia. This finding is consistent with
the study by Steele et al. (2007), in which trial-by-trial
changes in RT resulting from reward and punishment
were modelled using a prediction error learning al-
gorithm. This group also showed a reduction in
the magnitude of these parameters with increasing
anhedonia, and together these data support the notion
that anhedonia, as measured by SHAPS, is related to
blunting, or the inability of reinforcement to alter
behaviour. A key aspect of the results was that the
diagnosis group (depression versus control) accounted
for considerably less of the variance in blunting than
individual differences in anhedonia, and the effect of

Table 3. Table of correlations between Q-learning model

parameters and SHAPS and the same relationship, correcting for

BDI (training phase data only)

SHAPS correlation

(n=33)

SHAPS correlation,

partialling

out BDI (df=30)

Training phase Q-learning model parameters

aG r=0.446, p=0.009 r=0.362, p=0.042

aL r=0.496, p=0.003 r=0.517, p=0.002

EE r=0.476, p=0.005 r=0.667, p<0.001

Test phase Q-learning model parameters

aGk r=0.048, p=0.790 –

aLk r=0.294, p=0.097 –

EEk r=0.115, p=0.525 –

SHAPS, Snaith–Hamilton Pleasure Scale ; BDI, Beck

Depression Inventory ; df, degrees of freedom.
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Fig. 2. Effect of anhedonia symptoms [Snaith–Hamilton

Pleasure Scale (SHAPS) scores] on training phase Q-learning

model parameters : aG (2 ; positive learning rate) ; aL ( ;
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parameter). Decreasing SHAPS scores reflect greater

anhedonia symptoms.
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models also make the counterintuitive pre-
diction that patients should display enhanced
learning from negative feedback (dips in
dopamine; Bsticks[), because of their low
dopamine levels that facilitate this kind of
learning. Conversely, we predict that patients
on medication have sufficient dopamine to
learn from positive feedback, but would be
relatively impaired at learning from negative
feedback because the medication blocks the
effects of normal dopamine dips. This pat-
tern of dopamine effects explains the ex-
isting puzzling results in the Parkinson_s
disease literature showing both cognitive
enhancements and impairments from medi-
cation (8).

This report presents a more direct test of
the model_s predictions. We used Bprocedural
learning[ (i.e., trial-and-error) tasks (23) with
30 Parkinson_s patients and 19 healthy
seniors matched for age, education, and an
estimate of verbal IQ Esee table S1 in (24) for
demographic details and the number of
subjects per task condition^. Two different
procedural learning tasks were used, one
probabilistic and one deterministic, with the
task selected at random for the first session.
A subset of participants returned for a second
session to perform the other task, and
Parkinson_s patients in this session abstained
from taking their regular dose of dopamine
medication for a mean of 18 hours before the
experiment (7, 24).

In the probabilistic selection task, three
different stimulus pairs (AB, CD, EF) are
presented in random order, and participants
have to learn to choose one of the two stimu-
li (Fig. 1A). Feedback follows the choice to
indicate whether it was correct or incorrect,
but this feedback is probabilistic. In AB
trials, a choice of stimulus A leads to correct
(positive) feedback in 80% of AB trials,
whereas a B choice leads to incorrect
(negative) feedback in these trials (and vice
versa for the remaining 20% of trials). CD
and EF pairs are less reliable: Stimulus C is
correct in 70% of CD trials, whereas E is
correct in 60% of EF trials. Over the course
of training, participants learn to choose
stimuli A, C, and E more often than B, D,
or F. Note that learning to choose A over B
could be accomplished either by learning
that choosing A leads to positive feedback,
or that choosing B leads to negative feed-
back (or both). To evaluate whether partic-
ipants learned more about positive or negative
outcomes of their decisions, we subsequently
tested them with novel combinations of
stimulus pairs involving either an A (AC,
AD, AE, AF) or a B (BC, BD, BE, BF); no
feedback was provided. We predict that
Parkinson_s patients on medication, compared
with those off medication, learn more from
positive than negative feedback and should,
therefore, reliably choose the best carrot

(stimulus A) in all novel test pairs in which
it is present. In contrast, those off medication
should learn more from negative than positive
feedback and, therefore, reliably avoid the
worst stick (stimulus B).

In the implicit transitive inference task
(25), the reinforcement for each stimulus
pair is deterministic, but stimulus pairs are
partially overlapping (Fig. 1A). Four pairs of
stimuli are presented: AþB–, BþC–, CþD–,
and DþE– where þ and – indicate positive
and negative feedback. A hierarchy (A 9 B 9
C 9 D 9 E) emerges in which stimuli near

the top of the hierarchy develop net positive
associative strengths, whereas those near the
bottom develop net negative associative
strengths (25–27). This explains why, when
presented with novel combination BD, par-
ticipants (and animals trained in similar
paradigms) often correctly choose stimulus
B, despite having no explicit awareness of
any hierarchical structure among the items
(25, 26, 28, 29). On the basis of this
associative account, we predicted that
Parkinson_s patients on medication, com-
pared with those off medication, would learn
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Fig. 1. (A) Example stimulus pairs (Hiragana characters) used in both cognitive procedural learning
tasks, designed to minimize verbal encoding. One pair is presented per trial, and the participant
makes a forced choice. In probabilistic selection, the frequency of positive feedback for each choice
is shown. In transitive inference, feedback is deterministic and indicated by the þ/j signs for each
stimulus. Any of 12 keys on the left side of the keyboard selects the stimulus on the left, and vice
versa for the right stimulus. The stimulus locations were randomized across trials, and assignment
of Hiragana character to stimulus label (A to F) was randomized across participants. In actuality,
different Hiragana characters were used across tasks. (B) Novel test-pair performance in the
probabilistic selection task, where choosing A depends on having learned from positive feedback,
whereas avoiding B depends on having learned from negative feedback. (C) Training pair
performance during the test phase in the transitive inference task. Stimuli at the top of the
hierarchy (A, B) have net positive associations, whereas those at the bottom (C, D) have net
negative associations (24–29). Thus, learning from positive feedback benefits performance on AB
and BC, while learning from negative feedback benefits CD and DE. Groups did not differ in novel
test pairs AE and BD [not shown in figure; see (24)] which could be solved either by choosing
stimuli with positive associations or avoiding those with negative associations. (D) The z scores
across both probabilistic selection and transitive inference tasks. Positive and negative conditions
correspond to A and B pairs in the probabilistic selection task, and AB/BC and CD/DE pairs in the
transitive inference task. Error bars reflect standard error.
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• even when partial out BDI score
scores on win/loss modulation of RTs (r=x0.004,
n=33, p=0.984).

Summary

We found no evidence for an asymmetric effect of de-
pression on positive or negative learning rates during
the test phase, and hence no support for our hypoth-
esis that depressed patients learn faster about the
causes of negative events than positive events.
However, we did observe that anhedonia was as-
sociated with smaller learning rates on the training
phase and test phase. Patients were slower to respond
during the training phase but showed a similar
modulation of RT as controls, depending on whether
the previous presentation of a stimulus pair was re-
inforced or not.

Discussion

In this study the performance of depressed patients
and matched never-depressed controls was evaluated
on a probabilistic learning task designed by Frank et al.
(2004). This paradigm allows independent assessment
of learning rates following negative feedback and
positive feedback. Contrary to our predictions, de-
pressed patients did not show a test phase learning
rate asymmetry in that they were no better at avoiding
the stimulus associated most reliably with negative
feedback (stimulus B) than they were at selecting a
stimulus associated most reliably with positive feed-
back (stimulus A). Neither patients nor controls
showed such a bias, nor did a bias correlate with
symptom severity or with measures of reward sensi-
tivity or anhedonia.

Although the majority of patients were medicated,
we would also not necessarily have expected patients’
medication to mask the presence of negative bias –
although clearly it might. The patients studied in
both the study by Murphy et al. (2003) and the present
study were medicated, and it is possible that
such medication contributes to the faster reversal ob-
served on the probabilistic reversal learning task
(Chamberlain et al. 2006 ; but see Taylor Tavares et al.
2008). Clearly, however, this pattern of findings con-
trasts with our null findings on the probabilistic
selection task. Our finding of the absence of the pre-
dicted asymmetric effect of depression on the test
phase of the task finds further support in the ob-
servation that dysphoric students also showed a mar-
ginally significant bias in the opposite direction
(positive >negative ; Cavanagh, Frank and Allen, un-
published observations).

However, we did observe that the severity of self-
reported anhedonia, as assessed by the SHAPS, cor-
related negatively with learning rate parameters
determined during the training phase, such that trial-
by-trial adaptation of behaviour was associated with
increasing anhedonia. This finding is consistent with
the study by Steele et al. (2007), in which trial-by-trial
changes in RT resulting from reward and punishment
were modelled using a prediction error learning al-
gorithm. This group also showed a reduction in
the magnitude of these parameters with increasing
anhedonia, and together these data support the notion
that anhedonia, as measured by SHAPS, is related to
blunting, or the inability of reinforcement to alter
behaviour. A key aspect of the results was that the
diagnosis group (depression versus control) accounted
for considerably less of the variance in blunting than
individual differences in anhedonia, and the effect of

Table 3. Table of correlations between Q-learning model

parameters and SHAPS and the same relationship, correcting for

BDI (training phase data only)

SHAPS correlation

(n=33)

SHAPS correlation,

partialling

out BDI (df=30)

Training phase Q-learning model parameters

aG r=0.446, p=0.009 r=0.362, p=0.042

aL r=0.496, p=0.003 r=0.517, p=0.002

EE r=0.476, p=0.005 r=0.667, p<0.001

Test phase Q-learning model parameters

aGk r=0.048, p=0.790 –

aLk r=0.294, p=0.097 –

EEk r=0.115, p=0.525 –

SHAPS, Snaith–Hamilton Pleasure Scale ; BDI, Beck

Depression Inventory ; df, degrees of freedom.
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models also make the counterintuitive pre-
diction that patients should display enhanced
learning from negative feedback (dips in
dopamine; Bsticks[), because of their low
dopamine levels that facilitate this kind of
learning. Conversely, we predict that patients
on medication have sufficient dopamine to
learn from positive feedback, but would be
relatively impaired at learning from negative
feedback because the medication blocks the
effects of normal dopamine dips. This pat-
tern of dopamine effects explains the ex-
isting puzzling results in the Parkinson_s
disease literature showing both cognitive
enhancements and impairments from medi-
cation (8).

This report presents a more direct test of
the model_s predictions. We used Bprocedural
learning[ (i.e., trial-and-error) tasks (23) with
30 Parkinson_s patients and 19 healthy
seniors matched for age, education, and an
estimate of verbal IQ Esee table S1 in (24) for
demographic details and the number of
subjects per task condition^. Two different
procedural learning tasks were used, one
probabilistic and one deterministic, with the
task selected at random for the first session.
A subset of participants returned for a second
session to perform the other task, and
Parkinson_s patients in this session abstained
from taking their regular dose of dopamine
medication for a mean of 18 hours before the
experiment (7, 24).

In the probabilistic selection task, three
different stimulus pairs (AB, CD, EF) are
presented in random order, and participants
have to learn to choose one of the two stimu-
li (Fig. 1A). Feedback follows the choice to
indicate whether it was correct or incorrect,
but this feedback is probabilistic. In AB
trials, a choice of stimulus A leads to correct
(positive) feedback in 80% of AB trials,
whereas a B choice leads to incorrect
(negative) feedback in these trials (and vice
versa for the remaining 20% of trials). CD
and EF pairs are less reliable: Stimulus C is
correct in 70% of CD trials, whereas E is
correct in 60% of EF trials. Over the course
of training, participants learn to choose
stimuli A, C, and E more often than B, D,
or F. Note that learning to choose A over B
could be accomplished either by learning
that choosing A leads to positive feedback,
or that choosing B leads to negative feed-
back (or both). To evaluate whether partic-
ipants learned more about positive or negative
outcomes of their decisions, we subsequently
tested them with novel combinations of
stimulus pairs involving either an A (AC,
AD, AE, AF) or a B (BC, BD, BE, BF); no
feedback was provided. We predict that
Parkinson_s patients on medication, compared
with those off medication, learn more from
positive than negative feedback and should,
therefore, reliably choose the best carrot

(stimulus A) in all novel test pairs in which
it is present. In contrast, those off medication
should learn more from negative than positive
feedback and, therefore, reliably avoid the
worst stick (stimulus B).

In the implicit transitive inference task
(25), the reinforcement for each stimulus
pair is deterministic, but stimulus pairs are
partially overlapping (Fig. 1A). Four pairs of
stimuli are presented: AþB–, BþC–, CþD–,
and DþE– where þ and – indicate positive
and negative feedback. A hierarchy (A 9 B 9
C 9 D 9 E) emerges in which stimuli near

the top of the hierarchy develop net positive
associative strengths, whereas those near the
bottom develop net negative associative
strengths (25–27). This explains why, when
presented with novel combination BD, par-
ticipants (and animals trained in similar
paradigms) often correctly choose stimulus
B, despite having no explicit awareness of
any hierarchical structure among the items
(25, 26, 28, 29). On the basis of this
associative account, we predicted that
Parkinson_s patients on medication, com-
pared with those off medication, would learn
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Fig. 1. (A) Example stimulus pairs (Hiragana characters) used in both cognitive procedural learning
tasks, designed to minimize verbal encoding. One pair is presented per trial, and the participant
makes a forced choice. In probabilistic selection, the frequency of positive feedback for each choice
is shown. In transitive inference, feedback is deterministic and indicated by the þ/j signs for each
stimulus. Any of 12 keys on the left side of the keyboard selects the stimulus on the left, and vice
versa for the right stimulus. The stimulus locations were randomized across trials, and assignment
of Hiragana character to stimulus label (A to F) was randomized across participants. In actuality,
different Hiragana characters were used across tasks. (B) Novel test-pair performance in the
probabilistic selection task, where choosing A depends on having learned from positive feedback,
whereas avoiding B depends on having learned from negative feedback. (C) Training pair
performance during the test phase in the transitive inference task. Stimuli at the top of the
hierarchy (A, B) have net positive associations, whereas those at the bottom (C, D) have net
negative associations (24–29). Thus, learning from positive feedback benefits performance on AB
and BC, while learning from negative feedback benefits CD and DE. Groups did not differ in novel
test pairs AE and BD [not shown in figure; see (24)] which could be solved either by choosing
stimuli with positive associations or avoiding those with negative associations. (D) The z scores
across both probabilistic selection and transitive inference tasks. Positive and negative conditions
correspond to A and B pairs in the probabilistic selection task, and AB/BC and CD/DE pairs in the
transitive inference task. Error bars reflect standard error.
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fMRI - learning or reward? 

‣ MID task (Knutson, Schiff...)
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‣ Anticipation	


!

!

!

!

‣ Outcome	


• No NAcc

MID

the caudate and hippocampus. In addition, the putamen and
sublenticular extended amygdala were activated in CTL partici-
pants.

Nonloss Versus Loss Outcomes. Nonloss versus loss out-
comes activated the middle frontal gyri, parietal cortex, and
sublenticular extended amygdala and putamen in CTL partici-
pants. Only the caudate head was activated in MDD participants.

Group Comparisons. Group analyses suggested greater ac-
tivation in the anterior cingulate for MDD participants during
gain anticipation and possibly in the striatum for CTL participants
in response to gain outcomes. To verify these potential group
differences, we conducted t tests to directly compare CTL and
MDD participants’ activation in bilateral VOIs in the NAcc, MPFC,
and ACC. Consistent with the single group maps, these direct
comparisons revealed greater activations for MDD than for CTL
participants during gain versus nongain anticipation contrasts not
in the NAcc but rather in regions occupying the mesial wall of the
prefrontal�cortex,�including�the�dorsal�ACC�(Table�2).�The�CTL
participants showed greater activation than did MDD participants
in the MPFC, putamen, and insula in response to gain outcomes.
There were no significant group differences in activation of these
VOIs�for�other�contrasts�(Figure�1).

VOIs
NAcc (! 10, 10, "2). To verify an absence of group differ-

ences in NAcc activation during gain anticipation, we directly
analyzed peak activation extracted from NAcc VOIs during
anticipation. A mixed-model ANOVA (valence ! magnitude !
diagnostic group) yielded significant main effects of valence
[F (1,24) " 6.14, p # .05] and magnitude [F (3,72) " 12.78, p #
.001] and a significant interaction of valence ! magnitude
[F (3,72) " 3.53, p # .05] but no main effect or interactions
involving�diagnostic�group�(Figure�2).

ACC (! 8, 11, 34). To examine group differences in ACC
activation, we directly analyzed peak activation extracted from
ACC VOIs during anticipation. A mixed-model ANOVA (valence !
magnitude ! diagnostic group) yielded a significant main effect
of magnitude [F (3,72) " 4.43, p # .01], qualified by a significant
interaction of valence and diagnostic group [F (1,24) " 4.70, p #
.05]. A linear trend analysis indicated that, whereas CTL partici-
pants showed a linear increase in ACC activation during antici-
pation of losses, MDD participants instead showed a linear
increase in ACC activation during anticipation of gains [F (1,24) "
4.25,�p�"�.05;�Figure�2].

Figure 1. Gain versus nongain anticipation contrasts for control (n " 12; left), depressed (n " 14; middle), and depressed versus control participants
(right).

Table 2. Comparison of Depressed Versus Control Participants

Region R A S Peak Z

Gain vs. Non Anticipation L Superior Frontal Gyrus (BA 8) $31 17 50 $4.10
L Anterior Cingulate (BA 32) $11 11 34 3.21
L Precentral Gyrus (BA 6) $51 $3 24 3.71
R Postcentral Gyrus (BA 6) 43 $15 32 5.05

Loss vs. Non Anticipation N/A
Gain vs. Non Outcome R MPFC (BA 32) 8 40 4 $3.20

L Insula (BA 47) $31 25 $6 $4.32
R Putamen 13 9 8 $3.57
L Putamen $19 5 6 $4.48
L Superior Frontal Gyrus (BA 6) $17 3 62 $3.95
L Insula (BA 13) $41 $25 16 $3.30
L Postcentral Gyrus (BA 3) $33 $33 58 $3.74
L Inferior Parietal Lobe (BA 40) $47 $39 30 $3.91

Non vs. Loss Outcome L Parahipp. Gyrus $38 $45 $3 $3.49

Independent t; p # .016, uncorrected, cluster " 4; positive Z indicates depressed % control, negative Z indicates control % depressed. A, anterior; BA,
Brodmann area; MPFC, mesial prefrontal cortex; R, right; S, superior.
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MPFC (! 4, 50, "4). To examine potential group differences
in MPFC activation, we directly analyzed peak activation ex-
tracted from MPFC VOIs in response to large gain (i.e., !$5.00)
versus nongain (i.e., !$0.00) outcomes after anticipation of a
!$5.00 gain. A mixed model ANOVA (outcome " diagnostic
group) yielded a main effect of outcome [F (1,24) # 5.03, p $ .05]
but no significant main effect of diagnosis or interaction of
diagnosis " outcome. Thus, unlike statistical maps in the other
VOIs, analysis of MPFC peak activation did not support a robust
interaction of depression status with responses to gain outcomes.

Brain/Affect Correlations
For each of the large incentive conditions that generated

maximum signal (i.e., !$5.00 and %$5.00), cue-induced positive
arousal and negative arousal were correlated with cue-induced
anticipatory brain activation in the NAcc and ACC VOIs. The
!$5.00 cue-induced positive arousal correlated with peak NAcc
activation after presentation of the !$5.00 cue across groups
[r(25) # .53, p $ .01], replicating previous findings. This positive
association did not significantly differ for CTL versus MDD
subjects� (Figure� 3).� In� contrast,� !$5.00� cue-induced� negative
arousal did not significantly correlate with peak NAcc activation.
Neither did %$5.00 cue-induced positive or negative arousal
correlate with peak NAcc activation. There were no significant
correlations between !$5.00 or %$5.00 cue-induced positive or
negative arousal and corresponding anterior cingulate activation
in either group.

Discussion

The present study was designed to contrast neural and
subjective responses to monetary incentives in unmedicated
depressed participants and never-depressed participants. Be-
cause affective disturbances are central symptoms of MDD,
incentive processing might be altered. Moreover, anticipation
represents a critical phase of incentive processing, because it has
the�potential�to�influence�subsequent�thought�and�behavior�(54).

This research yielded three relevant results. First, because
depressed individuals have been found to report reduced posi-
tive�affect�(10,12),�we�predicted�that�they�would�show�less�NAcc
activation and positive arousal during anticipation of monetary
gains. In this sample of depressed participants, however, findings
did not support our hypothesis. Neither NAcc activation nor
self-reported levels of positive arousal differentiated depressed
from never-depressed individuals during gain anticipation. In-
stead, both groups of participants showed increased NAcc
activation and positive arousal while anticipating large monetary
gains, and individual differences in NAcc activation correlated
with positive arousal in both groups.

This lack of a difference between depressed and healthy
individuals stands in contrast to recent findings comparing
clinical samples of unmedicated schizophrenic patients with
healthy adults. In event-related FMRI experiments featuring
similar-sized samples and the same MID task, unmedicated
schizophrenic patients showed marked blunting of NAcc activa-
tion during gain anticipation. Furthermore, in schizophrenic
individuals, the degree of blunting correlated with severity of
anhedonic�symptoms�(55,56).� In�contrast,� the�present� findings
suggest that unmedicated depressed individuals can recruit both
NAcc activation and positive arousal during gain anticipation, at
least in a highly structured and rapidly paced task with clearly
defined monetary incentives. In the present sample of depressed
individuals, anhedonic symptoms might not have been as prom-
inent as in the sample of schizophrenic patients described earlier.
Thus, it will be important for future studies to examine the effects
of anhedonic symptoms in depressed individuals on incentive
processing.

A second finding involved the ACC. Relative to CTL subjects,
depressed participants exhibited increasing dorsal ACC activa-
tion as they anticipated increasing gains. Control subjects, in
contrast, exhibited increasing dorsal ACC activation as they
anticipated increasing losses. Anterior cingulate cortex activation
has been observed in healthy individuals under conditions
involving�uncertainty�and�conflict,�when�errors�are�likely�(40,57).
Activation in a more dorsal and posterior region relative to ACC
has been implicated in motor conflict. Because the same button
press response was required in all incentive trials and depressed
and never-depressed groups did not differ in reaction times or

Figure 2. Peak activations by group in nucleus accumbens (NAcc; top) and
anterior cingulate (ACC; bottom) volumes of interest (lag # 4 sec; mean &
SEM). CTL, control subjects; MDD, major depressive disorder.

Figure 3. Correlation of !$5.00 cue-elicited peak activation with !$5.00
cue-elicited positive arousal for depressed (MDD) and control (CTL) partici-
pants [r(25) # .53, p $ .01].

690 BIOL PSYCHIATRY 2008;63:686–692 B. Knutson et al.

www.sobp.org/journal

Knutson et al., 2008

the caudate and hippocampus. In addition, the putamen and
sublenticular extended amygdala were activated in CTL partici-
pants.

Nonloss Versus Loss Outcomes. Nonloss versus loss out-
comes activated the middle frontal gyri, parietal cortex, and
sublenticular extended amygdala and putamen in CTL partici-
pants. Only the caudate head was activated in MDD participants.

Group Comparisons. Group analyses suggested greater ac-
tivation in the anterior cingulate for MDD participants during
gain anticipation and possibly in the striatum for CTL participants
in response to gain outcomes. To verify these potential group
differences, we conducted t tests to directly compare CTL and
MDD participants’ activation in bilateral VOIs in the NAcc, MPFC,
and ACC. Consistent with the single group maps, these direct
comparisons revealed greater activations for MDD than for CTL
participants during gain versus nongain anticipation contrasts not
in the NAcc but rather in regions occupying the mesial wall of the
prefrontal�cortex,�including�the�dorsal�ACC�(Table�2).�The�CTL
participants showed greater activation than did MDD participants
in the MPFC, putamen, and insula in response to gain outcomes.
There were no significant group differences in activation of these
VOIs�for�other�contrasts�(Figure�1).

VOIs
NAcc (! 10, 10, "2). To verify an absence of group differ-

ences in NAcc activation during gain anticipation, we directly
analyzed peak activation extracted from NAcc VOIs during
anticipation. A mixed-model ANOVA (valence ! magnitude !
diagnostic group) yielded significant main effects of valence
[F (1,24) " 6.14, p # .05] and magnitude [F (3,72) " 12.78, p #
.001] and a significant interaction of valence ! magnitude
[F (3,72) " 3.53, p # .05] but no main effect or interactions
involving�diagnostic�group�(Figure�2).

ACC (! 8, 11, 34). To examine group differences in ACC
activation, we directly analyzed peak activation extracted from
ACC VOIs during anticipation. A mixed-model ANOVA (valence !
magnitude ! diagnostic group) yielded a significant main effect
of magnitude [F (3,72) " 4.43, p # .01], qualified by a significant
interaction of valence and diagnostic group [F (1,24) " 4.70, p #
.05]. A linear trend analysis indicated that, whereas CTL partici-
pants showed a linear increase in ACC activation during antici-
pation of losses, MDD participants instead showed a linear
increase in ACC activation during anticipation of gains [F (1,24) "
4.25,�p�"�.05;�Figure�2].

Figure 1. Gain versus nongain anticipation contrasts for control (n " 12; left), depressed (n " 14; middle), and depressed versus control participants
(right).

Table 2. Comparison of Depressed Versus Control Participants

Region R A S Peak Z

Gain vs. Non Anticipation L Superior Frontal Gyrus (BA 8) $31 17 50 $4.10
L Anterior Cingulate (BA 32) $11 11 34 3.21
L Precentral Gyrus (BA 6) $51 $3 24 3.71
R Postcentral Gyrus (BA 6) 43 $15 32 5.05

Loss vs. Non Anticipation N/A
Gain vs. Non Outcome R MPFC (BA 32) 8 40 4 $3.20

L Insula (BA 47) $31 25 $6 $4.32
R Putamen 13 9 8 $3.57
L Putamen $19 5 6 $4.48
L Superior Frontal Gyrus (BA 6) $17 3 62 $3.95
L Insula (BA 13) $41 $25 16 $3.30
L Postcentral Gyrus (BA 3) $33 $33 58 $3.74
L Inferior Parietal Lobe (BA 40) $47 $39 30 $3.91

Non vs. Loss Outcome L Parahipp. Gyrus $38 $45 $3 $3.49

Independent t; p # .016, uncorrected, cluster " 4; positive Z indicates depressed % control, negative Z indicates control % depressed. A, anterior; BA,
Brodmann area; MPFC, mesial prefrontal cortex; R, right; S, superior.
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the caudate and hippocampus. In addition, the putamen and
sublenticular extended amygdala were activated in CTL partici-
pants.

Nonloss Versus Loss Outcomes. Nonloss versus loss out-
comes activated the middle frontal gyri, parietal cortex, and
sublenticular extended amygdala and putamen in CTL partici-
pants. Only the caudate head was activated in MDD participants.

Group Comparisons. Group analyses suggested greater ac-
tivation in the anterior cingulate for MDD participants during
gain anticipation and possibly in the striatum for CTL participants
in response to gain outcomes. To verify these potential group
differences, we conducted t tests to directly compare CTL and
MDD participants’ activation in bilateral VOIs in the NAcc, MPFC,
and ACC. Consistent with the single group maps, these direct
comparisons revealed greater activations for MDD than for CTL
participants during gain versus nongain anticipation contrasts not
in the NAcc but rather in regions occupying the mesial wall of the
prefrontal�cortex,�including�the�dorsal�ACC�(Table�2).�The�CTL
participants showed greater activation than did MDD participants
in the MPFC, putamen, and insula in response to gain outcomes.
There were no significant group differences in activation of these
VOIs�for�other�contrasts�(Figure�1).

VOIs
NAcc (! 10, 10, "2). To verify an absence of group differ-

ences in NAcc activation during gain anticipation, we directly
analyzed peak activation extracted from NAcc VOIs during
anticipation. A mixed-model ANOVA (valence ! magnitude !
diagnostic group) yielded significant main effects of valence
[F (1,24) " 6.14, p # .05] and magnitude [F (3,72) " 12.78, p #
.001] and a significant interaction of valence ! magnitude
[F (3,72) " 3.53, p # .05] but no main effect or interactions
involving�diagnostic�group�(Figure�2).

ACC (! 8, 11, 34). To examine group differences in ACC
activation, we directly analyzed peak activation extracted from
ACC VOIs during anticipation. A mixed-model ANOVA (valence !
magnitude ! diagnostic group) yielded a significant main effect
of magnitude [F (3,72) " 4.43, p # .01], qualified by a significant
interaction of valence and diagnostic group [F (1,24) " 4.70, p #
.05]. A linear trend analysis indicated that, whereas CTL partici-
pants showed a linear increase in ACC activation during antici-
pation of losses, MDD participants instead showed a linear
increase in ACC activation during anticipation of gains [F (1,24) "
4.25,�p�"�.05;�Figure�2].

Figure 1. Gain versus nongain anticipation contrasts for control (n " 12; left), depressed (n " 14; middle), and depressed versus control participants
(right).

Table 2. Comparison of Depressed Versus Control Participants

Region R A S Peak Z

Gain vs. Non Anticipation L Superior Frontal Gyrus (BA 8) $31 17 50 $4.10
L Anterior Cingulate (BA 32) $11 11 34 3.21
L Precentral Gyrus (BA 6) $51 $3 24 3.71
R Postcentral Gyrus (BA 6) 43 $15 32 5.05

Loss vs. Non Anticipation N/A
Gain vs. Non Outcome R MPFC (BA 32) 8 40 4 $3.20

L Insula (BA 47) $31 25 $6 $4.32
R Putamen 13 9 8 $3.57
L Putamen $19 5 6 $4.48
L Superior Frontal Gyrus (BA 6) $17 3 62 $3.95
L Insula (BA 13) $41 $25 16 $3.30
L Postcentral Gyrus (BA 3) $33 $33 58 $3.74
L Inferior Parietal Lobe (BA 40) $47 $39 30 $3.91

Non vs. Loss Outcome L Parahipp. Gyrus $38 $45 $3 $3.49

Independent t; p # .016, uncorrected, cluster " 4; positive Z indicates depressed % control, negative Z indicates control % depressed. A, anterior; BA,
Brodmann area; MPFC, mesial prefrontal cortex; R, right; S, superior.
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MPFC (! 4, 50, "4). To examine potential group differences
in MPFC activation, we directly analyzed peak activation ex-
tracted from MPFC VOIs in response to large gain (i.e., !$5.00)
versus nongain (i.e., !$0.00) outcomes after anticipation of a
!$5.00 gain. A mixed model ANOVA (outcome " diagnostic
group) yielded a main effect of outcome [F (1,24) # 5.03, p $ .05]
but no significant main effect of diagnosis or interaction of
diagnosis " outcome. Thus, unlike statistical maps in the other
VOIs, analysis of MPFC peak activation did not support a robust
interaction of depression status with responses to gain outcomes.

Brain/Affect Correlations
For each of the large incentive conditions that generated

maximum signal (i.e., !$5.00 and %$5.00), cue-induced positive
arousal and negative arousal were correlated with cue-induced
anticipatory brain activation in the NAcc and ACC VOIs. The
!$5.00 cue-induced positive arousal correlated with peak NAcc
activation after presentation of the !$5.00 cue across groups
[r(25) # .53, p $ .01], replicating previous findings. This positive
association did not significantly differ for CTL versus MDD
subjects� (Figure� 3).� In� contrast,� !$5.00� cue-induced� negative
arousal did not significantly correlate with peak NAcc activation.
Neither did %$5.00 cue-induced positive or negative arousal
correlate with peak NAcc activation. There were no significant
correlations between !$5.00 or %$5.00 cue-induced positive or
negative arousal and corresponding anterior cingulate activation
in either group.

Discussion

The present study was designed to contrast neural and
subjective responses to monetary incentives in unmedicated
depressed participants and never-depressed participants. Be-
cause affective disturbances are central symptoms of MDD,
incentive processing might be altered. Moreover, anticipation
represents a critical phase of incentive processing, because it has
the�potential�to�influence�subsequent�thought�and�behavior�(54).

This research yielded three relevant results. First, because
depressed individuals have been found to report reduced posi-
tive�affect�(10,12),�we�predicted�that�they�would�show�less�NAcc
activation and positive arousal during anticipation of monetary
gains. In this sample of depressed participants, however, findings
did not support our hypothesis. Neither NAcc activation nor
self-reported levels of positive arousal differentiated depressed
from never-depressed individuals during gain anticipation. In-
stead, both groups of participants showed increased NAcc
activation and positive arousal while anticipating large monetary
gains, and individual differences in NAcc activation correlated
with positive arousal in both groups.

This lack of a difference between depressed and healthy
individuals stands in contrast to recent findings comparing
clinical samples of unmedicated schizophrenic patients with
healthy adults. In event-related FMRI experiments featuring
similar-sized samples and the same MID task, unmedicated
schizophrenic patients showed marked blunting of NAcc activa-
tion during gain anticipation. Furthermore, in schizophrenic
individuals, the degree of blunting correlated with severity of
anhedonic�symptoms�(55,56).� In�contrast,� the�present� findings
suggest that unmedicated depressed individuals can recruit both
NAcc activation and positive arousal during gain anticipation, at
least in a highly structured and rapidly paced task with clearly
defined monetary incentives. In the present sample of depressed
individuals, anhedonic symptoms might not have been as prom-
inent as in the sample of schizophrenic patients described earlier.
Thus, it will be important for future studies to examine the effects
of anhedonic symptoms in depressed individuals on incentive
processing.

A second finding involved the ACC. Relative to CTL subjects,
depressed participants exhibited increasing dorsal ACC activa-
tion as they anticipated increasing gains. Control subjects, in
contrast, exhibited increasing dorsal ACC activation as they
anticipated increasing losses. Anterior cingulate cortex activation
has been observed in healthy individuals under conditions
involving�uncertainty�and�conflict,�when�errors�are�likely�(40,57).
Activation in a more dorsal and posterior region relative to ACC
has been implicated in motor conflict. Because the same button
press response was required in all incentive trials and depressed
and never-depressed groups did not differ in reaction times or

Figure 2. Peak activations by group in nucleus accumbens (NAcc; top) and
anterior cingulate (ACC; bottom) volumes of interest (lag # 4 sec; mean &
SEM). CTL, control subjects; MDD, major depressive disorder.

Figure 3. Correlation of !$5.00 cue-elicited peak activation with !$5.00
cue-elicited positive arousal for depressed (MDD) and control (CTL) partici-
pants [r(25) # .53, p $ .01].
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no group differences in the percentage of reward trials
ending in gains or of loss trials ending in penalties, or in
total money earned (see Table S2 in the online data sup-
plement). Thus, fMRI findings were not confounded by
group differences in task difficulty.

Affective Ratings

Participants’ ratings data indicated that the cues and
outcomes elicited the intended responses (see Figure S1

in the online data supplement). Critically, relative to the
comparison group, the major depression group re-
ported overall reduced positive affect in response to
both cue (group: F=5.62, df=1, 58, p<0.021) and feed-
back (group: F=12.26, df=1, 59, p<0.001) stimuli, as well
as reduced arousal in response to gains (p<0.045) but
not to penalties or no-change feedback (p values >0.42;
group-by-outcome interaction, F=3.20, df=2, 118,
p<0.045).

FIGURE 3. Reward-Related Consummatory Activation in Participants With Major Depression (N=26) and Comparison Sub-
jects (N=31)a

a Coronal slices showing consummatory reward activity (gain feedback minus no-change feedback) in basal ganglia regions are displayed for
both comparison subjects and participants with major depression as well as for the random-effects analyses comparing the two groups. Rel-
ative to the comparison group, the major depression group showed significantly reduced activation in response to gain feedback in the left
nucleus accumbens (panel A) and the caudate bilaterally (panel B). Follow-up analyses on beta weights extracted from the nucleus accum-
bens (panel C) and caudate regions bilaterally (panel D) (averaged across three clusters that survived correction for multiple comparisons) in-
dicated that group differences were specific to reward outcome. All contrasts are thresholded at p<0.005. Left hemisphere is displayed on the
right.
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no group differences in the percentage of reward trials
ending in gains or of loss trials ending in penalties, or in
total money earned (see Table S2 in the online data sup-
plement). Thus, fMRI findings were not confounded by
group differences in task difficulty.

Affective Ratings

Participants’ ratings data indicated that the cues and
outcomes elicited the intended responses (see Figure S1

in the online data supplement). Critically, relative to the
comparison group, the major depression group re-
ported overall reduced positive affect in response to
both cue (group: F=5.62, df=1, 58, p<0.021) and feed-
back (group: F=12.26, df=1, 59, p<0.001) stimuli, as well
as reduced arousal in response to gains (p<0.045) but
not to penalties or no-change feedback (p values >0.42;
group-by-outcome interaction, F=3.20, df=2, 118,
p<0.045).

FIGURE 3. Reward-Related Consummatory Activation in Participants With Major Depression (N=26) and Comparison Sub-
jects (N=31)a

a Coronal slices showing consummatory reward activity (gain feedback minus no-change feedback) in basal ganglia regions are displayed for
both comparison subjects and participants with major depression as well as for the random-effects analyses comparing the two groups. Rel-
ative to the comparison group, the major depression group showed significantly reduced activation in response to gain feedback in the left
nucleus accumbens (panel A) and the caudate bilaterally (panel B). Follow-up analyses on beta weights extracted from the nucleus accum-
bens (panel C) and caudate regions bilaterally (panel D) (averaged across three clusters that survived correction for multiple comparisons) in-
dicated that group differences were specific to reward outcome. All contrasts are thresholded at p<0.005. Left hemisphere is displayed on the
right.
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no group differences in the percentage of reward trials
ending in gains or of loss trials ending in penalties, or in
total money earned (see Table S2 in the online data sup-
plement). Thus, fMRI findings were not confounded by
group differences in task difficulty.

Affective Ratings

Participants’ ratings data indicated that the cues and
outcomes elicited the intended responses (see Figure S1

in the online data supplement). Critically, relative to the
comparison group, the major depression group re-
ported overall reduced positive affect in response to
both cue (group: F=5.62, df=1, 58, p<0.021) and feed-
back (group: F=12.26, df=1, 59, p<0.001) stimuli, as well
as reduced arousal in response to gains (p<0.045) but
not to penalties or no-change feedback (p values >0.42;
group-by-outcome interaction, F=3.20, df=2, 118,
p<0.045).

FIGURE 3. Reward-Related Consummatory Activation in Participants With Major Depression (N=26) and Comparison Sub-
jects (N=31)a

a Coronal slices showing consummatory reward activity (gain feedback minus no-change feedback) in basal ganglia regions are displayed for
both comparison subjects and participants with major depression as well as for the random-effects analyses comparing the two groups. Rel-
ative to the comparison group, the major depression group showed significantly reduced activation in response to gain feedback in the left
nucleus accumbens (panel A) and the caudate bilaterally (panel B). Follow-up analyses on beta weights extracted from the nucleus accum-
bens (panel C) and caudate regions bilaterally (panel D) (averaged across three clusters that survived correction for multiple comparisons) in-
dicated that group differences were specific to reward outcome. All contrasts are thresholded at p<0.005. Left hemisphere is displayed on the
right.
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no group differences in the percentage of reward trials
ending in gains or of loss trials ending in penalties, or in
total money earned (see Table S2 in the online data sup-
plement). Thus, fMRI findings were not confounded by
group differences in task difficulty.

Affective Ratings

Participants’ ratings data indicated that the cues and
outcomes elicited the intended responses (see Figure S1

in the online data supplement). Critically, relative to the
comparison group, the major depression group re-
ported overall reduced positive affect in response to
both cue (group: F=5.62, df=1, 58, p<0.021) and feed-
back (group: F=12.26, df=1, 59, p<0.001) stimuli, as well
as reduced arousal in response to gains (p<0.045) but
not to penalties or no-change feedback (p values >0.42;
group-by-outcome interaction, F=3.20, df=2, 118,
p<0.045).

FIGURE 3. Reward-Related Consummatory Activation in Participants With Major Depression (N=26) and Comparison Sub-
jects (N=31)a

a Coronal slices showing consummatory reward activity (gain feedback minus no-change feedback) in basal ganglia regions are displayed for
both comparison subjects and participants with major depression as well as for the random-effects analyses comparing the two groups. Rel-
ative to the comparison group, the major depression group showed significantly reduced activation in response to gain feedback in the left
nucleus accumbens (panel A) and the caudate bilaterally (panel B). Follow-up analyses on beta weights extracted from the nucleus accum-
bens (panel C) and caudate regions bilaterally (panel D) (averaged across three clusters that survived correction for multiple comparisons) in-
dicated that group differences were specific to reward outcome. All contrasts are thresholded at p<0.005. Left hemisphere is displayed on the
right.
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group. Relative to comparison subjects, participants with
major depression showed weaker reward-related reaction
time modulation (reaction time in no-incentive trials
minus reaction time in reward trials; t=–2.09, df=59,
p<0.047), with a similar tendency for loss-related reaction
time modulation (t=–1.97, df=59, p=0.053) (Figure 1B).
However, no group differences in reaction time emerged
for reward, loss, or no-incentive trials (p values >0.21).

Moreover, both groups showed the shortest reaction time
to reward cues, followed by loss and no-incentive cues (p
values <0.002).

Mirroring the lack of group effect in reaction times col-
lected during scanning, groups did not differ in target du-
rations linked to successful or unsuccessful outcomes,
which were selected on the basis of reaction time during
practice (see the online data supplement). There were also

FIGURE 2. Reward-Related Anticipatory Activation in Participants With Major Depression (N=26) and Healthy Comparison
Subjects (N=31)a

a Coronal (panels A, C) and axial (panel B) slices showing anticipatory reward activity (reward cue minus no-incentive cue) in basal ganglia re-
gions are displayed for both groups as well as for the random-effects analyses comparing the two groups. Panel A shows robust activation of
ventral striatal regions, including the nucleus accumbens, in both groups, leading to a lack of group differences. In panels B and C, relative
to the comparison group, the major depression group shows significantly reduced activation during reward anticipation in the left putamen
(x=–28, y=–13, z=–2). All contrasts are thresholded at p<0.005. Left hemisphere is displayed on the right.
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the caudate and hippocampus. In addition, the putamen and
sublenticular extended amygdala were activated in CTL partici-
pants.

Nonloss Versus Loss Outcomes. Nonloss versus loss out-
comes activated the middle frontal gyri, parietal cortex, and
sublenticular extended amygdala and putamen in CTL partici-
pants. Only the caudate head was activated in MDD participants.

Group Comparisons. Group analyses suggested greater ac-
tivation in the anterior cingulate for MDD participants during
gain anticipation and possibly in the striatum for CTL participants
in response to gain outcomes. To verify these potential group
differences, we conducted t tests to directly compare CTL and
MDD participants’ activation in bilateral VOIs in the NAcc, MPFC,
and ACC. Consistent with the single group maps, these direct
comparisons revealed greater activations for MDD than for CTL
participants during gain versus nongain anticipation contrasts not
in the NAcc but rather in regions occupying the mesial wall of the
prefrontal�cortex,�including�the�dorsal�ACC�(Table�2).�The�CTL
participants showed greater activation than did MDD participants
in the MPFC, putamen, and insula in response to gain outcomes.
There were no significant group differences in activation of these
VOIs�for�other�contrasts�(Figure�1).

VOIs
NAcc (! 10, 10, "2). To verify an absence of group differ-

ences in NAcc activation during gain anticipation, we directly
analyzed peak activation extracted from NAcc VOIs during
anticipation. A mixed-model ANOVA (valence ! magnitude !
diagnostic group) yielded significant main effects of valence
[F (1,24) " 6.14, p # .05] and magnitude [F (3,72) " 12.78, p #
.001] and a significant interaction of valence ! magnitude
[F (3,72) " 3.53, p # .05] but no main effect or interactions
involving�diagnostic�group�(Figure�2).

ACC (! 8, 11, 34). To examine group differences in ACC
activation, we directly analyzed peak activation extracted from
ACC VOIs during anticipation. A mixed-model ANOVA (valence !
magnitude ! diagnostic group) yielded a significant main effect
of magnitude [F (3,72) " 4.43, p # .01], qualified by a significant
interaction of valence and diagnostic group [F (1,24) " 4.70, p #
.05]. A linear trend analysis indicated that, whereas CTL partici-
pants showed a linear increase in ACC activation during antici-
pation of losses, MDD participants instead showed a linear
increase in ACC activation during anticipation of gains [F (1,24) "
4.25,�p�"�.05;�Figure�2].

Figure 1. Gain versus nongain anticipation contrasts for control (n " 12; left), depressed (n " 14; middle), and depressed versus control participants
(right).

Table 2. Comparison of Depressed Versus Control Participants

Region R A S Peak Z

Gain vs. Non Anticipation L Superior Frontal Gyrus (BA 8) $31 17 50 $4.10
L Anterior Cingulate (BA 32) $11 11 34 3.21
L Precentral Gyrus (BA 6) $51 $3 24 3.71
R Postcentral Gyrus (BA 6) 43 $15 32 5.05

Loss vs. Non Anticipation N/A
Gain vs. Non Outcome R MPFC (BA 32) 8 40 4 $3.20

L Insula (BA 47) $31 25 $6 $4.32
R Putamen 13 9 8 $3.57
L Putamen $19 5 6 $4.48
L Superior Frontal Gyrus (BA 6) $17 3 62 $3.95
L Insula (BA 13) $41 $25 16 $3.30
L Postcentral Gyrus (BA 3) $33 $33 58 $3.74
L Inferior Parietal Lobe (BA 40) $47 $39 30 $3.91

Non vs. Loss Outcome L Parahipp. Gyrus $38 $45 $3 $3.49

Independent t; p # .016, uncorrected, cluster " 4; positive Z indicates depressed % control, negative Z indicates control % depressed. A, anterior; BA,
Brodmann area; MPFC, mesial prefrontal cortex; R, right; S, superior.

B. Knutson et al. BIOL PSYCHIATRY 2008;63:686–692 689
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were observed. For patients, a significant VTA TD signal
was observed, with signal present also in the amygdala and
anterior insula. No regions of significant deactivation were
identified. Table 2 summarizes activation and deactivation
details.

Differences inTD signal between MDD and
control groups
Patients with antidepressant-unresponsive MDD, when
compared with unmedicated controls, had reduced TD
signals in the VS and dAC. The TD signal appeared
increased in the VTA, rAC, RC and hippocampus.
However, only the VTA signal was actually increased. The
apparent increases in the rAC, RC and hippocampus were
due to a lack of deactivation in patients: i.e. the TD signal
was blunted in these regions in MDD. Comparing patients
with controls in a medicated state, patients had an
increased signal in the VTA and rAC. Again though, only
the VTA signal was actually increased, and the apparent
increase in the rAC was due to a lack of deactivation in
patients. Figure 3A shows these regions and Fig. 4 shows
the TD signal effect sizes with 90% confidence intervals for
these regions. Table 3 lists details of these differences.
For controls in a medicated compared with unmedicated

state, the TD signal appeared significantly increased in the

rAC, RC and hippocampus (Fig. 3B). However, as shown in
Fig. 4, this was due to a lack of deactivation in the
medicated state. Therefore, as hypothesized, the effect of
acute medication administration was also to blunt the TD
signal in these regions. Table 3 lists details of the significant
between-group differences.

Correlations betweenTD signal and MDD
severity ratings
Significant correlations between clinical ratings of MDD
severity and the observed strength of the TD signal (TD-LRC)
are summarized in Table 4 and illustrated in Fig. 5.
Interpretation of the correlations depends on whether a
region was an activation or deactivation.

Fig. 3 (A) Difference inTD signal strength in patients compared
with unmedicated controls, PU: blunted deactivation (i); blunted
deactivation (ii); blunted activation (iii). (B) Difference inTD signal
strength in medicated controls compared with unmedicated
controls, MU: blunted deactivation (i), blunted deactivation (ii),
blunted deactivation (iii). Regions significant at P50.05 corrected.
H = hippocampus.

Table 2 Within group activation and deactivation

Location Coordinate z Significance!

U Ventral
striatum/pallidum

("24,6,"10) 4.23 0.001

U Ventral
striatum/pallidum

(32,2,"12) 4.14 0.001

U Amygdala ("20,0,"20) 3.88 0.018
U Amygdala (26,"2,"14) 3.85 0.018
U Caudate (10,8,0) 4.20 0.001
U Dorsal anterior

cingulate
("4,10,46) 4.62 0.009

U Thalamus ("2,"14,"6) 4.44 0.009
U Rostral/subgenual

AC
(2,54,6) "4.41 0.015

U Rostral/subgenual
AC

(15,42,"3) "4.47 0.015

U Retrosplenial
cortex

("4,"60,26) "4.83 0.012

U Retrosplenial
cortex

(9,"46, 31) "4.38 0.016

U Hippocampus ("17,"46,"10) "3.44 0.032
M Amygdala ("25,"4,"15) 4.16 0.016
M Amydgala (26,0,"14) 3.99 0.016
M Anterior insula ("32,16,4) 4.47 0.016
M Anterior insula (36,20,2) 4.50 0.016
P Midbrain/VTA (0,"21,"10) 3.93 0.054
P Amygdala ("25,"2,"14) 4.72 0.054
P Amygdala (22,"2,"16) 4.68 0.054
P Anterior insula (42,4,"10) 3.76 0.054

P=patients; U=unmedicated controls; M=medicated controls;
AC=anterior cingulate; "z-value indicates deactivation with
predicted TD signal; !=FDRwhole brain corrected.
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were observed. For patients, a significant VTA TD signal
was observed, with signal present also in the amygdala and
anterior insula. No regions of significant deactivation were
identified. Table 2 summarizes activation and deactivation
details.

Differences inTD signal between MDD and
control groups
Patients with antidepressant-unresponsive MDD, when
compared with unmedicated controls, had reduced TD
signals in the VS and dAC. The TD signal appeared
increased in the VTA, rAC, RC and hippocampus.
However, only the VTA signal was actually increased. The
apparent increases in the rAC, RC and hippocampus were
due to a lack of deactivation in patients: i.e. the TD signal
was blunted in these regions in MDD. Comparing patients
with controls in a medicated state, patients had an
increased signal in the VTA and rAC. Again though, only
the VTA signal was actually increased, and the apparent
increase in the rAC was due to a lack of deactivation in
patients. Figure 3A shows these regions and Fig. 4 shows
the TD signal effect sizes with 90% confidence intervals for
these regions. Table 3 lists details of these differences.
For controls in a medicated compared with unmedicated

state, the TD signal appeared significantly increased in the

rAC, RC and hippocampus (Fig. 3B). However, as shown in
Fig. 4, this was due to a lack of deactivation in the
medicated state. Therefore, as hypothesized, the effect of
acute medication administration was also to blunt the TD
signal in these regions. Table 3 lists details of the significant
between-group differences.

Correlations betweenTD signal and MDD
severity ratings
Significant correlations between clinical ratings of MDD
severity and the observed strength of the TD signal (TD-LRC)
are summarized in Table 4 and illustrated in Fig. 5.
Interpretation of the correlations depends on whether a
region was an activation or deactivation.

Fig. 3 (A) Difference inTD signal strength in patients compared
with unmedicated controls, PU: blunted deactivation (i); blunted
deactivation (ii); blunted activation (iii). (B) Difference inTD signal
strength in medicated controls compared with unmedicated
controls, MU: blunted deactivation (i), blunted deactivation (ii),
blunted deactivation (iii). Regions significant at P50.05 corrected.
H = hippocampus.

Table 2 Within group activation and deactivation

Location Coordinate z Significance!

U Ventral
striatum/pallidum

("24,6,"10) 4.23 0.001

U Ventral
striatum/pallidum

(32,2,"12) 4.14 0.001

U Amygdala ("20,0,"20) 3.88 0.018
U Amygdala (26,"2,"14) 3.85 0.018
U Caudate (10,8,0) 4.20 0.001
U Dorsal anterior

cingulate
("4,10,46) 4.62 0.009

U Thalamus ("2,"14,"6) 4.44 0.009
U Rostral/subgenual

AC
(2,54,6) "4.41 0.015

U Rostral/subgenual
AC

(15,42,"3) "4.47 0.015

U Retrosplenial
cortex

("4,"60,26) "4.83 0.012

U Retrosplenial
cortex

(9,"46, 31) "4.38 0.016

U Hippocampus ("17,"46,"10) "3.44 0.032
M Amygdala ("25,"4,"15) 4.16 0.016
M Amydgala (26,0,"14) 3.99 0.016
M Anterior insula ("32,16,4) 4.47 0.016
M Anterior insula (36,20,2) 4.50 0.016
P Midbrain/VTA (0,"21,"10) 3.93 0.054
P Amygdala ("25,"2,"14) 4.72 0.054
P Amygdala (22,"2,"16) 4.68 0.054
P Anterior insula (42,4,"10) 3.76 0.054

P=patients; U=unmedicated controls; M=medicated controls;
AC=anterior cingulate; "z-value indicates deactivation with
predicted TD signal; !=FDRwhole brain corrected.
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were observed. For patients, a significant VTA TD signal
was observed, with signal present also in the amygdala and
anterior insula. No regions of significant deactivation were
identified. Table 2 summarizes activation and deactivation
details.

Differences inTD signal between MDD and
control groups
Patients with antidepressant-unresponsive MDD, when
compared with unmedicated controls, had reduced TD
signals in the VS and dAC. The TD signal appeared
increased in the VTA, rAC, RC and hippocampus.
However, only the VTA signal was actually increased. The
apparent increases in the rAC, RC and hippocampus were
due to a lack of deactivation in patients: i.e. the TD signal
was blunted in these regions in MDD. Comparing patients
with controls in a medicated state, patients had an
increased signal in the VTA and rAC. Again though, only
the VTA signal was actually increased, and the apparent
increase in the rAC was due to a lack of deactivation in
patients. Figure 3A shows these regions and Fig. 4 shows
the TD signal effect sizes with 90% confidence intervals for
these regions. Table 3 lists details of these differences.
For controls in a medicated compared with unmedicated

state, the TD signal appeared significantly increased in the

rAC, RC and hippocampus (Fig. 3B). However, as shown in
Fig. 4, this was due to a lack of deactivation in the
medicated state. Therefore, as hypothesized, the effect of
acute medication administration was also to blunt the TD
signal in these regions. Table 3 lists details of the significant
between-group differences.

Correlations betweenTD signal and MDD
severity ratings
Significant correlations between clinical ratings of MDD
severity and the observed strength of the TD signal (TD-LRC)
are summarized in Table 4 and illustrated in Fig. 5.
Interpretation of the correlations depends on whether a
region was an activation or deactivation.

Fig. 3 (A) Difference inTD signal strength in patients compared
with unmedicated controls, PU: blunted deactivation (i); blunted
deactivation (ii); blunted activation (iii). (B) Difference inTD signal
strength in medicated controls compared with unmedicated
controls, MU: blunted deactivation (i), blunted deactivation (ii),
blunted deactivation (iii). Regions significant at P50.05 corrected.
H = hippocampus.

Table 2 Within group activation and deactivation

Location Coordinate z Significance!

U Ventral
striatum/pallidum

("24,6,"10) 4.23 0.001

U Ventral
striatum/pallidum

(32,2,"12) 4.14 0.001

U Amygdala ("20,0,"20) 3.88 0.018
U Amygdala (26,"2,"14) 3.85 0.018
U Caudate (10,8,0) 4.20 0.001
U Dorsal anterior

cingulate
("4,10,46) 4.62 0.009

U Thalamus ("2,"14,"6) 4.44 0.009
U Rostral/subgenual

AC
(2,54,6) "4.41 0.015

U Rostral/subgenual
AC

(15,42,"3) "4.47 0.015

U Retrosplenial
cortex

("4,"60,26) "4.83 0.012

U Retrosplenial
cortex

(9,"46, 31) "4.38 0.016

U Hippocampus ("17,"46,"10) "3.44 0.032
M Amygdala ("25,"4,"15) 4.16 0.016
M Amydgala (26,0,"14) 3.99 0.016
M Anterior insula ("32,16,4) 4.47 0.016
M Anterior insula (36,20,2) 4.50 0.016
P Midbrain/VTA (0,"21,"10) 3.93 0.054
P Amygdala ("25,"2,"14) 4.72 0.054
P Amygdala (22,"2,"16) 4.68 0.054
P Anterior insula (42,4,"10) 3.76 0.054

P=patients; U=unmedicated controls; M=medicated controls;
AC=anterior cingulate; "z-value indicates deactivation with
predicted TD signal; !=FDRwhole brain corrected.
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Correlates with anhedonia? 

A significant VTA activation was observed in the MDD
group and patients had a significantly stronger TD signal
(larger positive TD-LRC) than unmedicated or medicated
controls. Consistent with this, more severe MDD, defined
by Hamilton, BDI and Spielberger ratings, had the strongest
VTA TD signals (Fig. 5). A significant hippocampal
deactivation was present in unmedicated controls, the
magnitude of which was significantly less in patients.
Consequently, the apparently increased hippocampal activ-
ity in MDD was due to a blunted deactivation (Fig. 4).
Consistent with this, a weaker TD signal (larger positive

TD-LRC) was associated with more severe MDD, as defined
by Hamilton rating (Fig. 5). A significant rAC deactivation
was present in unmedicated controls, the magnitude of
which was significantly less in MDD. Again consistent with
this, more severe MDD defined by Spielberger rating was
associated with a weaker TD signal (larger positive
TD-LRC). More severe MDD defined by Snaith–Hamilton
anhedonia score was associated with significantly stronger
amygdala TD signals (larger positive TD-LRC). No sig-
nificant correlations were found for control data.

Stability of TD modelling and choice of
learning parameters
Comparing the TD estimates of brain activity for learning rate
0.1 versus 0.4, and a discount factor of 1.0 versus 0.4,

Fig. 5 Correlations betweenTD signal strength and major
depression severity ratings. Regions significant at P50.05
corrected. Best fit linear regression lines also shown. HAM=
Hamilton scale; Hip=Hippocampus; SP=Spielberger anxiety
scale; Am=Amygdala; SH=Snaith^Hamilton anhedonia scale.

Table 3 Between group comparisons

Location Coordinate z Significance!

PU Ventral striatum ("24,6,"10) "2.51 0.046
PU Dorsal anterior

cingulate
("4,10,46) "3.06 0.013

PU Rostral/subgenual
AC

(2,54,6) 3.40 0.004

PU Retrosplenial
cortex

("4,"60,26) 3.05 0.011

PU Midbrain (0,"21,"10) 3.09 0.014
PU Hippocampus ("17,"46,"10) 3.47 0.002
PM Midbrain (0,"21,"10) 2.95 0.026
PM Rostral/subgenual

AC
(2,54,6) 2.89 0.032

MU Rostral anterior
cingulate

(15,42,"3) 3.49 0.009

MU Retrosplenial
cortex

(9,"46,31) 2.61 0.055

MU Hippocampus ("17,"46,"10) 2.58 0.050

PU=patients compared with unmedicated controls; PM=patients
compared with medicated controls; MU=controls in a medicated
state compared with unmedicated state; "z-value indicates a
relative deactivation for the contrast of interest; !=FDR small
volume corrected.

Fig. 4 Observed TD signal effect sizes with 90% confidence inter-
vals for patients (P), unmedicated (U) and medicated (M) controls.
!significant difference compared with unmedicated controls.

Table 4 TD signal correlations with MDD severity ratings

Location Rating scale Coordinate z Significance!

VTA Hamilton (0,"21,"10) 3.21 0.017
VTA Spielberger (0,"21,"10) 3.03 0.019
VTA BDI (0,"21,"10) 3.44 0.004
rAC Spielberger (0,50,4) 2.31 0.043
Hippo-
campus

Hamilton ("17,"46,"10) 2.83 0.032

Amygdala Snaith^Hamilton ("25,"2,"14) "2.50 0.047
Amygdala Snaith^Hamilton (22,"2,"10) "2.80 0.040

"z-value indicates a negative correlation between the observed
BOLD TD signal strength and rating of MDD illness severity;
!=FDR small volume corrected.
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Reward tasks in MDD

‣ Meta-analysis of reward processing tasks in fMRI w/ MDD

For the positive stimuli analysis, there were 73 foci from 16
experimental contrasts that demonstrated areas of decreased
activation in MDD patients compared with healthy controls. The
areas of decreased activation included the bilateral cerebellum, the
left anterior cingulate, caudate, lingual gyrus and parahippocam-
pal gyrus as well as right lentiform nucleus and thalamus. There
were 31 foci from 7 experimental contrasts that demonstrated
increased activation in left fusiform gyrus for patients compared
with healthy controls (Fig. 2 and Table 4).

For the monetary rewards analysis, we identified 105 foci from
14 experimental contrasts that reported areas of decreased activa-
tion and 87 foci from 13 experimental contrasts that reported
areas of increased activation in MDD patients compared with
healthy controls. Decreased activation was reported in the bilateral
caudate, the left thalamus as well as the right insula and
precuneus, whereas increased activation was reported in the
bilateral middle frontal gyrus, left superior frontal gyrus, inferior
parietal lobule as well as the right cuneus, inferior frontal gyrus
and anterior cingulate (Fig. 3 and Table 5).

3.3. Sub-list analyses of monetary reward anticipation and outcome

These analyses were conducted on the basis of the sub-lists
that categorized different experiments according to reward antici-
pation and outcome during monetary reward processing. The ALE
results showed decreased activation in the left caudate (6 experi-
mental contrasts; 37 foci) and increased activation in the bilateral
middle frontal gyrus as well as the right anterior cingulate and
frontal lobe (5 experimental contrasts; 34 foci) during reward
anticipation in MDD patients compared with healthy controls. The
results also showed decreased activation in the right caudate
(5 experimental contrasts; 52 foci) during reward outcome in
MDD, although we did not find significant areas of increased
activation for reward outcome after analyzing 18 foci from
5 experimental contrasts (Fig. 4 and Table 6).

Fig. 1. Results from the global meta-analysis of 22 identified studies. Activation
likelihood estimation (ALE) maps representing decreased (green) and increased
(red) regional activation during reward processing in MDD patients compared with
healthy controls. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Table 3
Results from the global ALE analyses of reward-related processing in MDD (results
from 22 studies, FDR corrected po0.05).

Brain Region Side BA Site of maximum
ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (178 foci from 30 experimental contrasts)
Caudate L −6 18 4 1800 0.017
Caudate L −8 8 10 0.014
Thalamus L −10 −12 8 1192 0.013
Thalamus L −14 −14 16 0.013
Caudate L −12 −4 20 0.010
Cerebellum R 4 −36 −4 1144 0.015
Cerebellum L −4 −42 4 0.014
Putamen R 14 8 2 904 0.012
Caudate R 14 14 10 0.012
Anterior Cingulate L 24 −8 30 10 584 0.013
Insula R 13 34 −4 16 400 0.016
Cerebellum L −6 −60 −20 304 0.014

Areas of increased activation (118 foci from 20 experimental contrasts)
Cuneus R 18 4 −86 18 1104 0.014
Cuneus L 18 −6 −86 22 0.012
Frontal Lobe R 47 20 30 −6 912 0.013
Middle Frontal Gyrus R 8 40 28 38 744 0.016
Superior Frontal Gyrus L 9 −4 48 32 480 0.015
Fusiform Gyrus L 19 −48 −74 −12 440 0.014
Middle Frontal Gyrus L 9 −48 14 30 344 0.011
Lingual Gyrus R 18 12 −52 4 288 0.010
Lingual Gyrus R 19 14 −54 0 0.010

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 2. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during positive stimuli processing in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Brain activation during positive stimuli processing in MDD (results from 13 studies,
FDR corrected po0.05).

Brain region Side BA Site of
maximum ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (73 foci from 16 experimental contrasts)
Cerebellum R 4 −36 −4 1368 0.015
Cerebellum L −4 −40 4 0.009
Anterior Cingulate L 24 −8 30 10 648 0.013
Lentiform Nucleus R 14 6 0 640 0.011
Caudate L −10 14 14 576 0.011
Thalamus R 12 −20 6 368 0.011
Lingual Gyrus L 19 −6 −66 0 352 0.011
Parahippocampal Gyrus L 30 −30 −48 6 272 0.011

Areas of increased activation (31 foci from 7 experimental contrasts)
Fusiform gyrus L −48 −74 −12 19 600 0.014

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 3. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during monetary reward processing in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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For the positive stimuli analysis, there were 73 foci from 16
experimental contrasts that demonstrated areas of decreased
activation in MDD patients compared with healthy controls. The
areas of decreased activation included the bilateral cerebellum, the
left anterior cingulate, caudate, lingual gyrus and parahippocam-
pal gyrus as well as right lentiform nucleus and thalamus. There
were 31 foci from 7 experimental contrasts that demonstrated
increased activation in left fusiform gyrus for patients compared
with healthy controls (Fig. 2 and Table 4).

For the monetary rewards analysis, we identified 105 foci from
14 experimental contrasts that reported areas of decreased activa-
tion and 87 foci from 13 experimental contrasts that reported
areas of increased activation in MDD patients compared with
healthy controls. Decreased activation was reported in the bilateral
caudate, the left thalamus as well as the right insula and
precuneus, whereas increased activation was reported in the
bilateral middle frontal gyrus, left superior frontal gyrus, inferior
parietal lobule as well as the right cuneus, inferior frontal gyrus
and anterior cingulate (Fig. 3 and Table 5).

3.3. Sub-list analyses of monetary reward anticipation and outcome

These analyses were conducted on the basis of the sub-lists
that categorized different experiments according to reward antici-
pation and outcome during monetary reward processing. The ALE
results showed decreased activation in the left caudate (6 experi-
mental contrasts; 37 foci) and increased activation in the bilateral
middle frontal gyrus as well as the right anterior cingulate and
frontal lobe (5 experimental contrasts; 34 foci) during reward
anticipation in MDD patients compared with healthy controls. The
results also showed decreased activation in the right caudate
(5 experimental contrasts; 52 foci) during reward outcome in
MDD, although we did not find significant areas of increased
activation for reward outcome after analyzing 18 foci from
5 experimental contrasts (Fig. 4 and Table 6).

Fig. 1. Results from the global meta-analysis of 22 identified studies. Activation
likelihood estimation (ALE) maps representing decreased (green) and increased
(red) regional activation during reward processing in MDD patients compared with
healthy controls. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Table 3
Results from the global ALE analyses of reward-related processing in MDD (results
from 22 studies, FDR corrected po0.05).

Brain Region Side BA Site of maximum
ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (178 foci from 30 experimental contrasts)
Caudate L −6 18 4 1800 0.017
Caudate L −8 8 10 0.014
Thalamus L −10 −12 8 1192 0.013
Thalamus L −14 −14 16 0.013
Caudate L −12 −4 20 0.010
Cerebellum R 4 −36 −4 1144 0.015
Cerebellum L −4 −42 4 0.014
Putamen R 14 8 2 904 0.012
Caudate R 14 14 10 0.012
Anterior Cingulate L 24 −8 30 10 584 0.013
Insula R 13 34 −4 16 400 0.016
Cerebellum L −6 −60 −20 304 0.014

Areas of increased activation (118 foci from 20 experimental contrasts)
Cuneus R 18 4 −86 18 1104 0.014
Cuneus L 18 −6 −86 22 0.012
Frontal Lobe R 47 20 30 −6 912 0.013
Middle Frontal Gyrus R 8 40 28 38 744 0.016
Superior Frontal Gyrus L 9 −4 48 32 480 0.015
Fusiform Gyrus L 19 −48 −74 −12 440 0.014
Middle Frontal Gyrus L 9 −48 14 30 344 0.011
Lingual Gyrus R 18 12 −52 4 288 0.010
Lingual Gyrus R 19 14 −54 0 0.010

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 2. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during positive stimuli processing in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Brain activation during positive stimuli processing in MDD (results from 13 studies,
FDR corrected po0.05).

Brain region Side BA Site of
maximum ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (73 foci from 16 experimental contrasts)
Cerebellum R 4 −36 −4 1368 0.015
Cerebellum L −4 −40 4 0.009
Anterior Cingulate L 24 −8 30 10 648 0.013
Lentiform Nucleus R 14 6 0 640 0.011
Caudate L −10 14 14 576 0.011
Thalamus R 12 −20 6 368 0.011
Lingual Gyrus L 19 −6 −66 0 352 0.011
Parahippocampal Gyrus L 30 −30 −48 6 272 0.011

Areas of increased activation (31 foci from 7 experimental contrasts)
Fusiform gyrus L −48 −74 −12 19 600 0.014

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 3. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during monetary reward processing in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

In the current meta-analysis study, we showed concordance
across 22 fMRI studies and revealed common and distinct patterns
of brain activation by different aspects of reward-related

processing in MDD. First, we pooled all coordinates from different
experimental contrasts and observed a general reward network in
the MDD brain. Second, we distinguished the brain activation
patterns between positive stimuli and monetary rewards as well
as between monetary reward anticipation and outcome.

Our global ALE analyses showed that frontostriatal regions
included the caudate, putamen, thalamus, insula, anterior cingu-
late, middle and superior frontal gyrus, which may be involved in
the common reward network in MDD. These brain regions have
long been conceived as the major players in reward processing
because they are the main projection areas of two distinct
dopaminergic pathways, the nigrostriatal and mesocortical path-
ways (Dunlop and Nemeroff, 2007). However, it remains unknown
how dopamine neurons distinctively modulate activity in these
brain regions. The current meta-analysis results revealed a con-
sistent pattern of brain activation in MDD, characterized by an
abnormal cooperation between subcortical, limbic and cortical
regions during reward processing. Compared with healthy con-
trols, MDD patients showed a decreased activity in subcortical and
limbic areas, including the caudate, putamen, thalamus, insula,
cerebellum and anterior cingulate. Conversely, increased activity
has been demonstrated in dorsolateral prefrontal cortex (DLPFC)
and occipital areas, including the middle frontal gyrus, superior
frontal gyrus, cuneus and lingual gyrus in MDD. These brain
activation patterns are consistent with previous findings (Dunn
et al., 2002; Forbes et al., 2009; Keedwell et al., 2005b) and suggest
a reciprocal connection between the subcortical, limbic and
cortical regions in response to reward in MDD. This activation
pattern in the MDD brain have important implications for the
neurobiological mechanisms that underlie anhedonia, as previous
findings found that anhedonia severity in MDD is positively and
negatively correlated with prefrontal cortex and striatal activity,
respectively (Forbes et al., 2009; Keedwell et al., 2005b; Pizzagalli
et al., 2009). Previous study in non-clinical subjects also found that
trait anhedonia is linked to volumetric reduction in subcortical
regions, especially the caudate (Harvey et al., 2007). The under-
active subcortical/striatal response during reward-related processing
in MDD suggest the primary deficit may be in these regions, and the
findings of reduced caudate and putamen volumes in MDD (Beyer
and Krishnan, 2002) support this interpretation. One explanation for
the increased DLPFC response during reward-related processing is
that MDD patients are more attentive to rewarding stimuli in an
attempt to attain a pleasant mood (Forbes et al., 2009), suggesting
the cortical compensation effect during reward-related processing in
MDD. However, the current meta-analysis did not identify signifi-
cant difference in ventromedial prefrontal activation between MDD

Table 5
Brain activation during monetary rewards processing in MDD (results from 10
studies; FDR corrected po0.05).

Brain region Side BA Site of maximum
ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (105 foci from 14 experimental contrasts)
Caudate L −6 18 4 864 0.016
Caudate L 13 −8 6 8 0.009
Insula R 31 34 −4 16 488 0.016
Caudate R 14 14 10 448 0.012
Precuneus R 20 −72 30 336 0.012
Caudate L −12 −4 20 280 0.009
Thalamus L −10 −12 6 0.009
Thalamus L −12 −10 16 0.009

Areas of increased activation (87 foci from 13 experimental contrasts)
Middle Frontal Gyrus R 8 40 28 38 776 0.016
Cuneus R 18 4 −86 18 608 0.014
Inferior Frontal Gyrus R 47 20 30 −4 560 0.012
Anterior Cingulate R 32 12 32 −8 0.009
Superior Frontal Gyrus L 9 −4 48 32 480 0.015
Middle Frontal Gyrus L 9 −48 14 30 336 0.011
Inferior Parietal Lobule L 40 −44 −50 50 272 0.010
Inferior Parietal Lobule L 40 −40 −52 50 0.010

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 4. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during monetary reward anticipation and
decreased (blue) regional activation during monetary reward outcome in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 6
ALE results of monetary reward anticipation from 6 studies and outcome from 5 studies in MDD (FDR corrected po0.05).

Brain region Side BA Site of maximum ALE Volume (mm3) Maximum ALE value

x y z

Areas of decreased activation during reward anticipation (37 foci from 6 experimental contrasts)
Caudate L −16 16 4 288 0.009

Areas of increased activation during reward anticipation (34 foci from 5 experimental contrasts)
Middle Frontal Gyrus L 9 −48 14 30 352 0.011
Anterior Cingulate R 32 12 32 −8 242 0.009
Frontal Lobe R 47 18 30 −4 0.008
Middle Frontal Gyrus R 8 36 24 40 242 0.009

Areas of decreased activation during reward outcome (52 foci from 5 experimental contrasts)
Caudate R 14 14 10 328 0.011

Areas of increased activation during reward outcome (18 foci from 5 experimental contrasts)
No significant ALE clusters have been identified

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z), Talairach coordinate.
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4. Discussion

In the current meta-analysis study, we showed concordance
across 22 fMRI studies and revealed common and distinct patterns
of brain activation by different aspects of reward-related

processing in MDD. First, we pooled all coordinates from different
experimental contrasts and observed a general reward network in
the MDD brain. Second, we distinguished the brain activation
patterns between positive stimuli and monetary rewards as well
as between monetary reward anticipation and outcome.

Our global ALE analyses showed that frontostriatal regions
included the caudate, putamen, thalamus, insula, anterior cingu-
late, middle and superior frontal gyrus, which may be involved in
the common reward network in MDD. These brain regions have
long been conceived as the major players in reward processing
because they are the main projection areas of two distinct
dopaminergic pathways, the nigrostriatal and mesocortical path-
ways (Dunlop and Nemeroff, 2007). However, it remains unknown
how dopamine neurons distinctively modulate activity in these
brain regions. The current meta-analysis results revealed a con-
sistent pattern of brain activation in MDD, characterized by an
abnormal cooperation between subcortical, limbic and cortical
regions during reward processing. Compared with healthy con-
trols, MDD patients showed a decreased activity in subcortical and
limbic areas, including the caudate, putamen, thalamus, insula,
cerebellum and anterior cingulate. Conversely, increased activity
has been demonstrated in dorsolateral prefrontal cortex (DLPFC)
and occipital areas, including the middle frontal gyrus, superior
frontal gyrus, cuneus and lingual gyrus in MDD. These brain
activation patterns are consistent with previous findings (Dunn
et al., 2002; Forbes et al., 2009; Keedwell et al., 2005b) and suggest
a reciprocal connection between the subcortical, limbic and
cortical regions in response to reward in MDD. This activation
pattern in the MDD brain have important implications for the
neurobiological mechanisms that underlie anhedonia, as previous
findings found that anhedonia severity in MDD is positively and
negatively correlated with prefrontal cortex and striatal activity,
respectively (Forbes et al., 2009; Keedwell et al., 2005b; Pizzagalli
et al., 2009). Previous study in non-clinical subjects also found that
trait anhedonia is linked to volumetric reduction in subcortical
regions, especially the caudate (Harvey et al., 2007). The under-
active subcortical/striatal response during reward-related processing
in MDD suggest the primary deficit may be in these regions, and the
findings of reduced caudate and putamen volumes in MDD (Beyer
and Krishnan, 2002) support this interpretation. One explanation for
the increased DLPFC response during reward-related processing is
that MDD patients are more attentive to rewarding stimuli in an
attempt to attain a pleasant mood (Forbes et al., 2009), suggesting
the cortical compensation effect during reward-related processing in
MDD. However, the current meta-analysis did not identify signifi-
cant difference in ventromedial prefrontal activation between MDD

Table 5
Brain activation during monetary rewards processing in MDD (results from 10
studies; FDR corrected po0.05).

Brain region Side BA Site of maximum
ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (105 foci from 14 experimental contrasts)
Caudate L −6 18 4 864 0.016
Caudate L 13 −8 6 8 0.009
Insula R 31 34 −4 16 488 0.016
Caudate R 14 14 10 448 0.012
Precuneus R 20 −72 30 336 0.012
Caudate L −12 −4 20 280 0.009
Thalamus L −10 −12 6 0.009
Thalamus L −12 −10 16 0.009

Areas of increased activation (87 foci from 13 experimental contrasts)
Middle Frontal Gyrus R 8 40 28 38 776 0.016
Cuneus R 18 4 −86 18 608 0.014
Inferior Frontal Gyrus R 47 20 30 −4 560 0.012
Anterior Cingulate R 32 12 32 −8 0.009
Superior Frontal Gyrus L 9 −4 48 32 480 0.015
Middle Frontal Gyrus L 9 −48 14 30 336 0.011
Inferior Parietal Lobule L 40 −44 −50 50 272 0.010
Inferior Parietal Lobule L 40 −40 −52 50 0.010

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 4. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during monetary reward anticipation and
decreased (blue) regional activation during monetary reward outcome in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 6
ALE results of monetary reward anticipation from 6 studies and outcome from 5 studies in MDD (FDR corrected po0.05).

Brain region Side BA Site of maximum ALE Volume (mm3) Maximum ALE value

x y z

Areas of decreased activation during reward anticipation (37 foci from 6 experimental contrasts)
Caudate L −16 16 4 288 0.009

Areas of increased activation during reward anticipation (34 foci from 5 experimental contrasts)
Middle Frontal Gyrus L 9 −48 14 30 352 0.011
Anterior Cingulate R 32 12 32 −8 242 0.009
Frontal Lobe R 47 18 30 −4 0.008
Middle Frontal Gyrus R 8 36 24 40 242 0.009

Areas of decreased activation during reward outcome (52 foci from 5 experimental contrasts)
Caudate R 14 14 10 328 0.011

Areas of increased activation during reward outcome (18 foci from 5 experimental contrasts)
No significant ALE clusters have been identified

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z), Talairach coordinate.
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4. Discussion

In the current meta-analysis study, we showed concordance
across 22 fMRI studies and revealed common and distinct patterns
of brain activation by different aspects of reward-related

processing in MDD. First, we pooled all coordinates from different
experimental contrasts and observed a general reward network in
the MDD brain. Second, we distinguished the brain activation
patterns between positive stimuli and monetary rewards as well
as between monetary reward anticipation and outcome.

Our global ALE analyses showed that frontostriatal regions
included the caudate, putamen, thalamus, insula, anterior cingu-
late, middle and superior frontal gyrus, which may be involved in
the common reward network in MDD. These brain regions have
long been conceived as the major players in reward processing
because they are the main projection areas of two distinct
dopaminergic pathways, the nigrostriatal and mesocortical path-
ways (Dunlop and Nemeroff, 2007). However, it remains unknown
how dopamine neurons distinctively modulate activity in these
brain regions. The current meta-analysis results revealed a con-
sistent pattern of brain activation in MDD, characterized by an
abnormal cooperation between subcortical, limbic and cortical
regions during reward processing. Compared with healthy con-
trols, MDD patients showed a decreased activity in subcortical and
limbic areas, including the caudate, putamen, thalamus, insula,
cerebellum and anterior cingulate. Conversely, increased activity
has been demonstrated in dorsolateral prefrontal cortex (DLPFC)
and occipital areas, including the middle frontal gyrus, superior
frontal gyrus, cuneus and lingual gyrus in MDD. These brain
activation patterns are consistent with previous findings (Dunn
et al., 2002; Forbes et al., 2009; Keedwell et al., 2005b) and suggest
a reciprocal connection between the subcortical, limbic and
cortical regions in response to reward in MDD. This activation
pattern in the MDD brain have important implications for the
neurobiological mechanisms that underlie anhedonia, as previous
findings found that anhedonia severity in MDD is positively and
negatively correlated with prefrontal cortex and striatal activity,
respectively (Forbes et al., 2009; Keedwell et al., 2005b; Pizzagalli
et al., 2009). Previous study in non-clinical subjects also found that
trait anhedonia is linked to volumetric reduction in subcortical
regions, especially the caudate (Harvey et al., 2007). The under-
active subcortical/striatal response during reward-related processing
in MDD suggest the primary deficit may be in these regions, and the
findings of reduced caudate and putamen volumes in MDD (Beyer
and Krishnan, 2002) support this interpretation. One explanation for
the increased DLPFC response during reward-related processing is
that MDD patients are more attentive to rewarding stimuli in an
attempt to attain a pleasant mood (Forbes et al., 2009), suggesting
the cortical compensation effect during reward-related processing in
MDD. However, the current meta-analysis did not identify signifi-
cant difference in ventromedial prefrontal activation between MDD

Table 5
Brain activation during monetary rewards processing in MDD (results from 10
studies; FDR corrected po0.05).

Brain region Side BA Site of maximum
ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (105 foci from 14 experimental contrasts)
Caudate L −6 18 4 864 0.016
Caudate L 13 −8 6 8 0.009
Insula R 31 34 −4 16 488 0.016
Caudate R 14 14 10 448 0.012
Precuneus R 20 −72 30 336 0.012
Caudate L −12 −4 20 280 0.009
Thalamus L −10 −12 6 0.009
Thalamus L −12 −10 16 0.009

Areas of increased activation (87 foci from 13 experimental contrasts)
Middle Frontal Gyrus R 8 40 28 38 776 0.016
Cuneus R 18 4 −86 18 608 0.014
Inferior Frontal Gyrus R 47 20 30 −4 560 0.012
Anterior Cingulate R 32 12 32 −8 0.009
Superior Frontal Gyrus L 9 −4 48 32 480 0.015
Middle Frontal Gyrus L 9 −48 14 30 336 0.011
Inferior Parietal Lobule L 40 −44 −50 50 272 0.010
Inferior Parietal Lobule L 40 −40 −52 50 0.010

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 4. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during monetary reward anticipation and
decreased (blue) regional activation during monetary reward outcome in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 6
ALE results of monetary reward anticipation from 6 studies and outcome from 5 studies in MDD (FDR corrected po0.05).

Brain region Side BA Site of maximum ALE Volume (mm3) Maximum ALE value

x y z

Areas of decreased activation during reward anticipation (37 foci from 6 experimental contrasts)
Caudate L −16 16 4 288 0.009

Areas of increased activation during reward anticipation (34 foci from 5 experimental contrasts)
Middle Frontal Gyrus L 9 −48 14 30 352 0.011
Anterior Cingulate R 32 12 32 −8 242 0.009
Frontal Lobe R 47 18 30 −4 0.008
Middle Frontal Gyrus R 8 36 24 40 242 0.009

Areas of decreased activation during reward outcome (52 foci from 5 experimental contrasts)
Caudate R 14 14 10 328 0.011

Areas of increased activation during reward outcome (18 foci from 5 experimental contrasts)
No significant ALE clusters have been identified

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z), Talairach coordinate.
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4. Discussion

In the current meta-analysis study, we showed concordance
across 22 fMRI studies and revealed common and distinct patterns
of brain activation by different aspects of reward-related

processing in MDD. First, we pooled all coordinates from different
experimental contrasts and observed a general reward network in
the MDD brain. Second, we distinguished the brain activation
patterns between positive stimuli and monetary rewards as well
as between monetary reward anticipation and outcome.

Our global ALE analyses showed that frontostriatal regions
included the caudate, putamen, thalamus, insula, anterior cingu-
late, middle and superior frontal gyrus, which may be involved in
the common reward network in MDD. These brain regions have
long been conceived as the major players in reward processing
because they are the main projection areas of two distinct
dopaminergic pathways, the nigrostriatal and mesocortical path-
ways (Dunlop and Nemeroff, 2007). However, it remains unknown
how dopamine neurons distinctively modulate activity in these
brain regions. The current meta-analysis results revealed a con-
sistent pattern of brain activation in MDD, characterized by an
abnormal cooperation between subcortical, limbic and cortical
regions during reward processing. Compared with healthy con-
trols, MDD patients showed a decreased activity in subcortical and
limbic areas, including the caudate, putamen, thalamus, insula,
cerebellum and anterior cingulate. Conversely, increased activity
has been demonstrated in dorsolateral prefrontal cortex (DLPFC)
and occipital areas, including the middle frontal gyrus, superior
frontal gyrus, cuneus and lingual gyrus in MDD. These brain
activation patterns are consistent with previous findings (Dunn
et al., 2002; Forbes et al., 2009; Keedwell et al., 2005b) and suggest
a reciprocal connection between the subcortical, limbic and
cortical regions in response to reward in MDD. This activation
pattern in the MDD brain have important implications for the
neurobiological mechanisms that underlie anhedonia, as previous
findings found that anhedonia severity in MDD is positively and
negatively correlated with prefrontal cortex and striatal activity,
respectively (Forbes et al., 2009; Keedwell et al., 2005b; Pizzagalli
et al., 2009). Previous study in non-clinical subjects also found that
trait anhedonia is linked to volumetric reduction in subcortical
regions, especially the caudate (Harvey et al., 2007). The under-
active subcortical/striatal response during reward-related processing
in MDD suggest the primary deficit may be in these regions, and the
findings of reduced caudate and putamen volumes in MDD (Beyer
and Krishnan, 2002) support this interpretation. One explanation for
the increased DLPFC response during reward-related processing is
that MDD patients are more attentive to rewarding stimuli in an
attempt to attain a pleasant mood (Forbes et al., 2009), suggesting
the cortical compensation effect during reward-related processing in
MDD. However, the current meta-analysis did not identify signifi-
cant difference in ventromedial prefrontal activation between MDD

Table 5
Brain activation during monetary rewards processing in MDD (results from 10
studies; FDR corrected po0.05).

Brain region Side BA Site of maximum
ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (105 foci from 14 experimental contrasts)
Caudate L −6 18 4 864 0.016
Caudate L 13 −8 6 8 0.009
Insula R 31 34 −4 16 488 0.016
Caudate R 14 14 10 448 0.012
Precuneus R 20 −72 30 336 0.012
Caudate L −12 −4 20 280 0.009
Thalamus L −10 −12 6 0.009
Thalamus L −12 −10 16 0.009

Areas of increased activation (87 foci from 13 experimental contrasts)
Middle Frontal Gyrus R 8 40 28 38 776 0.016
Cuneus R 18 4 −86 18 608 0.014
Inferior Frontal Gyrus R 47 20 30 −4 560 0.012
Anterior Cingulate R 32 12 32 −8 0.009
Superior Frontal Gyrus L 9 −4 48 32 480 0.015
Middle Frontal Gyrus L 9 −48 14 30 336 0.011
Inferior Parietal Lobule L 40 −44 −50 50 272 0.010
Inferior Parietal Lobule L 40 −40 −52 50 0.010

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 4. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during monetary reward anticipation and
decreased (blue) regional activation during monetary reward outcome in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 6
ALE results of monetary reward anticipation from 6 studies and outcome from 5 studies in MDD (FDR corrected po0.05).

Brain region Side BA Site of maximum ALE Volume (mm3) Maximum ALE value

x y z

Areas of decreased activation during reward anticipation (37 foci from 6 experimental contrasts)
Caudate L −16 16 4 288 0.009

Areas of increased activation during reward anticipation (34 foci from 5 experimental contrasts)
Middle Frontal Gyrus L 9 −48 14 30 352 0.011
Anterior Cingulate R 32 12 32 −8 242 0.009
Frontal Lobe R 47 18 30 −4 0.008
Middle Frontal Gyrus R 8 36 24 40 242 0.009

Areas of decreased activation during reward outcome (52 foci from 5 experimental contrasts)
Caudate R 14 14 10 328 0.011

Areas of increased activation during reward outcome (18 foci from 5 experimental contrasts)
No significant ALE clusters have been identified

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z), Talairach coordinate.
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• no NAcc, no VTA
• partial overlap with PET

4. Discussion

In the current meta-analysis study, we showed concordance
across 22 fMRI studies and revealed common and distinct patterns
of brain activation by different aspects of reward-related

processing in MDD. First, we pooled all coordinates from different
experimental contrasts and observed a general reward network in
the MDD brain. Second, we distinguished the brain activation
patterns between positive stimuli and monetary rewards as well
as between monetary reward anticipation and outcome.

Our global ALE analyses showed that frontostriatal regions
included the caudate, putamen, thalamus, insula, anterior cingu-
late, middle and superior frontal gyrus, which may be involved in
the common reward network in MDD. These brain regions have
long been conceived as the major players in reward processing
because they are the main projection areas of two distinct
dopaminergic pathways, the nigrostriatal and mesocortical path-
ways (Dunlop and Nemeroff, 2007). However, it remains unknown
how dopamine neurons distinctively modulate activity in these
brain regions. The current meta-analysis results revealed a con-
sistent pattern of brain activation in MDD, characterized by an
abnormal cooperation between subcortical, limbic and cortical
regions during reward processing. Compared with healthy con-
trols, MDD patients showed a decreased activity in subcortical and
limbic areas, including the caudate, putamen, thalamus, insula,
cerebellum and anterior cingulate. Conversely, increased activity
has been demonstrated in dorsolateral prefrontal cortex (DLPFC)
and occipital areas, including the middle frontal gyrus, superior
frontal gyrus, cuneus and lingual gyrus in MDD. These brain
activation patterns are consistent with previous findings (Dunn
et al., 2002; Forbes et al., 2009; Keedwell et al., 2005b) and suggest
a reciprocal connection between the subcortical, limbic and
cortical regions in response to reward in MDD. This activation
pattern in the MDD brain have important implications for the
neurobiological mechanisms that underlie anhedonia, as previous
findings found that anhedonia severity in MDD is positively and
negatively correlated with prefrontal cortex and striatal activity,
respectively (Forbes et al., 2009; Keedwell et al., 2005b; Pizzagalli
et al., 2009). Previous study in non-clinical subjects also found that
trait anhedonia is linked to volumetric reduction in subcortical
regions, especially the caudate (Harvey et al., 2007). The under-
active subcortical/striatal response during reward-related processing
in MDD suggest the primary deficit may be in these regions, and the
findings of reduced caudate and putamen volumes in MDD (Beyer
and Krishnan, 2002) support this interpretation. One explanation for
the increased DLPFC response during reward-related processing is
that MDD patients are more attentive to rewarding stimuli in an
attempt to attain a pleasant mood (Forbes et al., 2009), suggesting
the cortical compensation effect during reward-related processing in
MDD. However, the current meta-analysis did not identify signifi-
cant difference in ventromedial prefrontal activation between MDD

Table 5
Brain activation during monetary rewards processing in MDD (results from 10
studies; FDR corrected po0.05).

Brain region Side BA Site of maximum
ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (105 foci from 14 experimental contrasts)
Caudate L −6 18 4 864 0.016
Caudate L 13 −8 6 8 0.009
Insula R 31 34 −4 16 488 0.016
Caudate R 14 14 10 448 0.012
Precuneus R 20 −72 30 336 0.012
Caudate L −12 −4 20 280 0.009
Thalamus L −10 −12 6 0.009
Thalamus L −12 −10 16 0.009

Areas of increased activation (87 foci from 13 experimental contrasts)
Middle Frontal Gyrus R 8 40 28 38 776 0.016
Cuneus R 18 4 −86 18 608 0.014
Inferior Frontal Gyrus R 47 20 30 −4 560 0.012
Anterior Cingulate R 32 12 32 −8 0.009
Superior Frontal Gyrus L 9 −4 48 32 480 0.015
Middle Frontal Gyrus L 9 −48 14 30 336 0.011
Inferior Parietal Lobule L 40 −44 −50 50 272 0.010
Inferior Parietal Lobule L 40 −40 −52 50 0.010

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 4. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during monetary reward anticipation and
decreased (blue) regional activation during monetary reward outcome in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 6
ALE results of monetary reward anticipation from 6 studies and outcome from 5 studies in MDD (FDR corrected po0.05).

Brain region Side BA Site of maximum ALE Volume (mm3) Maximum ALE value

x y z

Areas of decreased activation during reward anticipation (37 foci from 6 experimental contrasts)
Caudate L −16 16 4 288 0.009

Areas of increased activation during reward anticipation (34 foci from 5 experimental contrasts)
Middle Frontal Gyrus L 9 −48 14 30 352 0.011
Anterior Cingulate R 32 12 32 −8 242 0.009
Frontal Lobe R 47 18 30 −4 0.008
Middle Frontal Gyrus R 8 36 24 40 242 0.009

Areas of decreased activation during reward outcome (52 foci from 5 experimental contrasts)
Caudate R 14 14 10 328 0.011

Areas of increased activation during reward outcome (18 foci from 5 experimental contrasts)
No significant ALE clusters have been identified

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z), Talairach coordinate.
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4. Discussion

In the current meta-analysis study, we showed concordance
across 22 fMRI studies and revealed common and distinct patterns
of brain activation by different aspects of reward-related

processing in MDD. First, we pooled all coordinates from different
experimental contrasts and observed a general reward network in
the MDD brain. Second, we distinguished the brain activation
patterns between positive stimuli and monetary rewards as well
as between monetary reward anticipation and outcome.

Our global ALE analyses showed that frontostriatal regions
included the caudate, putamen, thalamus, insula, anterior cingu-
late, middle and superior frontal gyrus, which may be involved in
the common reward network in MDD. These brain regions have
long been conceived as the major players in reward processing
because they are the main projection areas of two distinct
dopaminergic pathways, the nigrostriatal and mesocortical path-
ways (Dunlop and Nemeroff, 2007). However, it remains unknown
how dopamine neurons distinctively modulate activity in these
brain regions. The current meta-analysis results revealed a con-
sistent pattern of brain activation in MDD, characterized by an
abnormal cooperation between subcortical, limbic and cortical
regions during reward processing. Compared with healthy con-
trols, MDD patients showed a decreased activity in subcortical and
limbic areas, including the caudate, putamen, thalamus, insula,
cerebellum and anterior cingulate. Conversely, increased activity
has been demonstrated in dorsolateral prefrontal cortex (DLPFC)
and occipital areas, including the middle frontal gyrus, superior
frontal gyrus, cuneus and lingual gyrus in MDD. These brain
activation patterns are consistent with previous findings (Dunn
et al., 2002; Forbes et al., 2009; Keedwell et al., 2005b) and suggest
a reciprocal connection between the subcortical, limbic and
cortical regions in response to reward in MDD. This activation
pattern in the MDD brain have important implications for the
neurobiological mechanisms that underlie anhedonia, as previous
findings found that anhedonia severity in MDD is positively and
negatively correlated with prefrontal cortex and striatal activity,
respectively (Forbes et al., 2009; Keedwell et al., 2005b; Pizzagalli
et al., 2009). Previous study in non-clinical subjects also found that
trait anhedonia is linked to volumetric reduction in subcortical
regions, especially the caudate (Harvey et al., 2007). The under-
active subcortical/striatal response during reward-related processing
in MDD suggest the primary deficit may be in these regions, and the
findings of reduced caudate and putamen volumes in MDD (Beyer
and Krishnan, 2002) support this interpretation. One explanation for
the increased DLPFC response during reward-related processing is
that MDD patients are more attentive to rewarding stimuli in an
attempt to attain a pleasant mood (Forbes et al., 2009), suggesting
the cortical compensation effect during reward-related processing in
MDD. However, the current meta-analysis did not identify signifi-
cant difference in ventromedial prefrontal activation between MDD

Table 5
Brain activation during monetary rewards processing in MDD (results from 10
studies; FDR corrected po0.05).

Brain region Side BA Site of maximum
ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (105 foci from 14 experimental contrasts)
Caudate L −6 18 4 864 0.016
Caudate L 13 −8 6 8 0.009
Insula R 31 34 −4 16 488 0.016
Caudate R 14 14 10 448 0.012
Precuneus R 20 −72 30 336 0.012
Caudate L −12 −4 20 280 0.009
Thalamus L −10 −12 6 0.009
Thalamus L −12 −10 16 0.009

Areas of increased activation (87 foci from 13 experimental contrasts)
Middle Frontal Gyrus R 8 40 28 38 776 0.016
Cuneus R 18 4 −86 18 608 0.014
Inferior Frontal Gyrus R 47 20 30 −4 560 0.012
Anterior Cingulate R 32 12 32 −8 0.009
Superior Frontal Gyrus L 9 −4 48 32 480 0.015
Middle Frontal Gyrus L 9 −48 14 30 336 0.011
Inferior Parietal Lobule L 40 −44 −50 50 272 0.010
Inferior Parietal Lobule L 40 −40 −52 50 0.010

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 4. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during monetary reward anticipation and
decreased (blue) regional activation during monetary reward outcome in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 6
ALE results of monetary reward anticipation from 6 studies and outcome from 5 studies in MDD (FDR corrected po0.05).

Brain region Side BA Site of maximum ALE Volume (mm3) Maximum ALE value

x y z

Areas of decreased activation during reward anticipation (37 foci from 6 experimental contrasts)
Caudate L −16 16 4 288 0.009

Areas of increased activation during reward anticipation (34 foci from 5 experimental contrasts)
Middle Frontal Gyrus L 9 −48 14 30 352 0.011
Anterior Cingulate R 32 12 32 −8 242 0.009
Frontal Lobe R 47 18 30 −4 0.008
Middle Frontal Gyrus R 8 36 24 40 242 0.009

Areas of decreased activation during reward outcome (52 foci from 5 experimental contrasts)
Caudate R 14 14 10 328 0.011

Areas of increased activation during reward outcome (18 foci from 5 experimental contrasts)
No significant ALE clusters have been identified

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z), Talairach coordinate.
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4. Discussion

In the current meta-analysis study, we showed concordance
across 22 fMRI studies and revealed common and distinct patterns
of brain activation by different aspects of reward-related

processing in MDD. First, we pooled all coordinates from different
experimental contrasts and observed a general reward network in
the MDD brain. Second, we distinguished the brain activation
patterns between positive stimuli and monetary rewards as well
as between monetary reward anticipation and outcome.

Our global ALE analyses showed that frontostriatal regions
included the caudate, putamen, thalamus, insula, anterior cingu-
late, middle and superior frontal gyrus, which may be involved in
the common reward network in MDD. These brain regions have
long been conceived as the major players in reward processing
because they are the main projection areas of two distinct
dopaminergic pathways, the nigrostriatal and mesocortical path-
ways (Dunlop and Nemeroff, 2007). However, it remains unknown
how dopamine neurons distinctively modulate activity in these
brain regions. The current meta-analysis results revealed a con-
sistent pattern of brain activation in MDD, characterized by an
abnormal cooperation between subcortical, limbic and cortical
regions during reward processing. Compared with healthy con-
trols, MDD patients showed a decreased activity in subcortical and
limbic areas, including the caudate, putamen, thalamus, insula,
cerebellum and anterior cingulate. Conversely, increased activity
has been demonstrated in dorsolateral prefrontal cortex (DLPFC)
and occipital areas, including the middle frontal gyrus, superior
frontal gyrus, cuneus and lingual gyrus in MDD. These brain
activation patterns are consistent with previous findings (Dunn
et al., 2002; Forbes et al., 2009; Keedwell et al., 2005b) and suggest
a reciprocal connection between the subcortical, limbic and
cortical regions in response to reward in MDD. This activation
pattern in the MDD brain have important implications for the
neurobiological mechanisms that underlie anhedonia, as previous
findings found that anhedonia severity in MDD is positively and
negatively correlated with prefrontal cortex and striatal activity,
respectively (Forbes et al., 2009; Keedwell et al., 2005b; Pizzagalli
et al., 2009). Previous study in non-clinical subjects also found that
trait anhedonia is linked to volumetric reduction in subcortical
regions, especially the caudate (Harvey et al., 2007). The under-
active subcortical/striatal response during reward-related processing
in MDD suggest the primary deficit may be in these regions, and the
findings of reduced caudate and putamen volumes in MDD (Beyer
and Krishnan, 2002) support this interpretation. One explanation for
the increased DLPFC response during reward-related processing is
that MDD patients are more attentive to rewarding stimuli in an
attempt to attain a pleasant mood (Forbes et al., 2009), suggesting
the cortical compensation effect during reward-related processing in
MDD. However, the current meta-analysis did not identify signifi-
cant difference in ventromedial prefrontal activation between MDD

Table 5
Brain activation during monetary rewards processing in MDD (results from 10
studies; FDR corrected po0.05).

Brain region Side BA Site of maximum
ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (105 foci from 14 experimental contrasts)
Caudate L −6 18 4 864 0.016
Caudate L 13 −8 6 8 0.009
Insula R 31 34 −4 16 488 0.016
Caudate R 14 14 10 448 0.012
Precuneus R 20 −72 30 336 0.012
Caudate L −12 −4 20 280 0.009
Thalamus L −10 −12 6 0.009
Thalamus L −12 −10 16 0.009

Areas of increased activation (87 foci from 13 experimental contrasts)
Middle Frontal Gyrus R 8 40 28 38 776 0.016
Cuneus R 18 4 −86 18 608 0.014
Inferior Frontal Gyrus R 47 20 30 −4 560 0.012
Anterior Cingulate R 32 12 32 −8 0.009
Superior Frontal Gyrus L 9 −4 48 32 480 0.015
Middle Frontal Gyrus L 9 −48 14 30 336 0.011
Inferior Parietal Lobule L 40 −44 −50 50 272 0.010
Inferior Parietal Lobule L 40 −40 −52 50 0.010

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 4. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during monetary reward anticipation and
decreased (blue) regional activation during monetary reward outcome in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 6
ALE results of monetary reward anticipation from 6 studies and outcome from 5 studies in MDD (FDR corrected po0.05).

Brain region Side BA Site of maximum ALE Volume (mm3) Maximum ALE value

x y z

Areas of decreased activation during reward anticipation (37 foci from 6 experimental contrasts)
Caudate L −16 16 4 288 0.009

Areas of increased activation during reward anticipation (34 foci from 5 experimental contrasts)
Middle Frontal Gyrus L 9 −48 14 30 352 0.011
Anterior Cingulate R 32 12 32 −8 242 0.009
Frontal Lobe R 47 18 30 −4 0.008
Middle Frontal Gyrus R 8 36 24 40 242 0.009

Areas of decreased activation during reward outcome (52 foci from 5 experimental contrasts)
Caudate R 14 14 10 328 0.011

Areas of increased activation during reward outcome (18 foci from 5 experimental contrasts)
No significant ALE clusters have been identified

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z), Talairach coordinate.
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4. Discussion

In the current meta-analysis study, we showed concordance
across 22 fMRI studies and revealed common and distinct patterns
of brain activation by different aspects of reward-related

processing in MDD. First, we pooled all coordinates from different
experimental contrasts and observed a general reward network in
the MDD brain. Second, we distinguished the brain activation
patterns between positive stimuli and monetary rewards as well
as between monetary reward anticipation and outcome.

Our global ALE analyses showed that frontostriatal regions
included the caudate, putamen, thalamus, insula, anterior cingu-
late, middle and superior frontal gyrus, which may be involved in
the common reward network in MDD. These brain regions have
long been conceived as the major players in reward processing
because they are the main projection areas of two distinct
dopaminergic pathways, the nigrostriatal and mesocortical path-
ways (Dunlop and Nemeroff, 2007). However, it remains unknown
how dopamine neurons distinctively modulate activity in these
brain regions. The current meta-analysis results revealed a con-
sistent pattern of brain activation in MDD, characterized by an
abnormal cooperation between subcortical, limbic and cortical
regions during reward processing. Compared with healthy con-
trols, MDD patients showed a decreased activity in subcortical and
limbic areas, including the caudate, putamen, thalamus, insula,
cerebellum and anterior cingulate. Conversely, increased activity
has been demonstrated in dorsolateral prefrontal cortex (DLPFC)
and occipital areas, including the middle frontal gyrus, superior
frontal gyrus, cuneus and lingual gyrus in MDD. These brain
activation patterns are consistent with previous findings (Dunn
et al., 2002; Forbes et al., 2009; Keedwell et al., 2005b) and suggest
a reciprocal connection between the subcortical, limbic and
cortical regions in response to reward in MDD. This activation
pattern in the MDD brain have important implications for the
neurobiological mechanisms that underlie anhedonia, as previous
findings found that anhedonia severity in MDD is positively and
negatively correlated with prefrontal cortex and striatal activity,
respectively (Forbes et al., 2009; Keedwell et al., 2005b; Pizzagalli
et al., 2009). Previous study in non-clinical subjects also found that
trait anhedonia is linked to volumetric reduction in subcortical
regions, especially the caudate (Harvey et al., 2007). The under-
active subcortical/striatal response during reward-related processing
in MDD suggest the primary deficit may be in these regions, and the
findings of reduced caudate and putamen volumes in MDD (Beyer
and Krishnan, 2002) support this interpretation. One explanation for
the increased DLPFC response during reward-related processing is
that MDD patients are more attentive to rewarding stimuli in an
attempt to attain a pleasant mood (Forbes et al., 2009), suggesting
the cortical compensation effect during reward-related processing in
MDD. However, the current meta-analysis did not identify signifi-
cant difference in ventromedial prefrontal activation between MDD

Table 5
Brain activation during monetary rewards processing in MDD (results from 10
studies; FDR corrected po0.05).

Brain region Side BA Site of maximum
ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (105 foci from 14 experimental contrasts)
Caudate L −6 18 4 864 0.016
Caudate L 13 −8 6 8 0.009
Insula R 31 34 −4 16 488 0.016
Caudate R 14 14 10 448 0.012
Precuneus R 20 −72 30 336 0.012
Caudate L −12 −4 20 280 0.009
Thalamus L −10 −12 6 0.009
Thalamus L −12 −10 16 0.009

Areas of increased activation (87 foci from 13 experimental contrasts)
Middle Frontal Gyrus R 8 40 28 38 776 0.016
Cuneus R 18 4 −86 18 608 0.014
Inferior Frontal Gyrus R 47 20 30 −4 560 0.012
Anterior Cingulate R 32 12 32 −8 0.009
Superior Frontal Gyrus L 9 −4 48 32 480 0.015
Middle Frontal Gyrus L 9 −48 14 30 336 0.011
Inferior Parietal Lobule L 40 −44 −50 50 272 0.010
Inferior Parietal Lobule L 40 −40 −52 50 0.010

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 4. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during monetary reward anticipation and
decreased (blue) regional activation during monetary reward outcome in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 6
ALE results of monetary reward anticipation from 6 studies and outcome from 5 studies in MDD (FDR corrected po0.05).

Brain region Side BA Site of maximum ALE Volume (mm3) Maximum ALE value

x y z

Areas of decreased activation during reward anticipation (37 foci from 6 experimental contrasts)
Caudate L −16 16 4 288 0.009

Areas of increased activation during reward anticipation (34 foci from 5 experimental contrasts)
Middle Frontal Gyrus L 9 −48 14 30 352 0.011
Anterior Cingulate R 32 12 32 −8 242 0.009
Frontal Lobe R 47 18 30 −4 0.008
Middle Frontal Gyrus R 8 36 24 40 242 0.009

Areas of decreased activation during reward outcome (52 foci from 5 experimental contrasts)
Caudate R 14 14 10 328 0.011

Areas of increased activation during reward outcome (18 foci from 5 experimental contrasts)
No significant ALE clusters have been identified

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z), Talairach coordinate.
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4. Discussion

In the current meta-analysis study, we showed concordance
across 22 fMRI studies and revealed common and distinct patterns
of brain activation by different aspects of reward-related

processing in MDD. First, we pooled all coordinates from different
experimental contrasts and observed a general reward network in
the MDD brain. Second, we distinguished the brain activation
patterns between positive stimuli and monetary rewards as well
as between monetary reward anticipation and outcome.

Our global ALE analyses showed that frontostriatal regions
included the caudate, putamen, thalamus, insula, anterior cingu-
late, middle and superior frontal gyrus, which may be involved in
the common reward network in MDD. These brain regions have
long been conceived as the major players in reward processing
because they are the main projection areas of two distinct
dopaminergic pathways, the nigrostriatal and mesocortical path-
ways (Dunlop and Nemeroff, 2007). However, it remains unknown
how dopamine neurons distinctively modulate activity in these
brain regions. The current meta-analysis results revealed a con-
sistent pattern of brain activation in MDD, characterized by an
abnormal cooperation between subcortical, limbic and cortical
regions during reward processing. Compared with healthy con-
trols, MDD patients showed a decreased activity in subcortical and
limbic areas, including the caudate, putamen, thalamus, insula,
cerebellum and anterior cingulate. Conversely, increased activity
has been demonstrated in dorsolateral prefrontal cortex (DLPFC)
and occipital areas, including the middle frontal gyrus, superior
frontal gyrus, cuneus and lingual gyrus in MDD. These brain
activation patterns are consistent with previous findings (Dunn
et al., 2002; Forbes et al., 2009; Keedwell et al., 2005b) and suggest
a reciprocal connection between the subcortical, limbic and
cortical regions in response to reward in MDD. This activation
pattern in the MDD brain have important implications for the
neurobiological mechanisms that underlie anhedonia, as previous
findings found that anhedonia severity in MDD is positively and
negatively correlated with prefrontal cortex and striatal activity,
respectively (Forbes et al., 2009; Keedwell et al., 2005b; Pizzagalli
et al., 2009). Previous study in non-clinical subjects also found that
trait anhedonia is linked to volumetric reduction in subcortical
regions, especially the caudate (Harvey et al., 2007). The under-
active subcortical/striatal response during reward-related processing
in MDD suggest the primary deficit may be in these regions, and the
findings of reduced caudate and putamen volumes in MDD (Beyer
and Krishnan, 2002) support this interpretation. One explanation for
the increased DLPFC response during reward-related processing is
that MDD patients are more attentive to rewarding stimuli in an
attempt to attain a pleasant mood (Forbes et al., 2009), suggesting
the cortical compensation effect during reward-related processing in
MDD. However, the current meta-analysis did not identify signifi-
cant difference in ventromedial prefrontal activation between MDD

Table 5
Brain activation during monetary rewards processing in MDD (results from 10
studies; FDR corrected po0.05).

Brain region Side BA Site of maximum
ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (105 foci from 14 experimental contrasts)
Caudate L −6 18 4 864 0.016
Caudate L 13 −8 6 8 0.009
Insula R 31 34 −4 16 488 0.016
Caudate R 14 14 10 448 0.012
Precuneus R 20 −72 30 336 0.012
Caudate L −12 −4 20 280 0.009
Thalamus L −10 −12 6 0.009
Thalamus L −12 −10 16 0.009

Areas of increased activation (87 foci from 13 experimental contrasts)
Middle Frontal Gyrus R 8 40 28 38 776 0.016
Cuneus R 18 4 −86 18 608 0.014
Inferior Frontal Gyrus R 47 20 30 −4 560 0.012
Anterior Cingulate R 32 12 32 −8 0.009
Superior Frontal Gyrus L 9 −4 48 32 480 0.015
Middle Frontal Gyrus L 9 −48 14 30 336 0.011
Inferior Parietal Lobule L 40 −44 −50 50 272 0.010
Inferior Parietal Lobule L 40 −40 −52 50 0.010

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 4. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during monetary reward anticipation and
decreased (blue) regional activation during monetary reward outcome in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 6
ALE results of monetary reward anticipation from 6 studies and outcome from 5 studies in MDD (FDR corrected po0.05).

Brain region Side BA Site of maximum ALE Volume (mm3) Maximum ALE value

x y z

Areas of decreased activation during reward anticipation (37 foci from 6 experimental contrasts)
Caudate L −16 16 4 288 0.009

Areas of increased activation during reward anticipation (34 foci from 5 experimental contrasts)
Middle Frontal Gyrus L 9 −48 14 30 352 0.011
Anterior Cingulate R 32 12 32 −8 242 0.009
Frontal Lobe R 47 18 30 −4 0.008
Middle Frontal Gyrus R 8 36 24 40 242 0.009

Areas of decreased activation during reward outcome (52 foci from 5 experimental contrasts)
Caudate R 14 14 10 328 0.011

Areas of increased activation during reward outcome (18 foci from 5 experimental contrasts)
No significant ALE clusters have been identified

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z), Talairach coordinate.
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4. Discussion

In the current meta-analysis study, we showed concordance
across 22 fMRI studies and revealed common and distinct patterns
of brain activation by different aspects of reward-related

processing in MDD. First, we pooled all coordinates from different
experimental contrasts and observed a general reward network in
the MDD brain. Second, we distinguished the brain activation
patterns between positive stimuli and monetary rewards as well
as between monetary reward anticipation and outcome.

Our global ALE analyses showed that frontostriatal regions
included the caudate, putamen, thalamus, insula, anterior cingu-
late, middle and superior frontal gyrus, which may be involved in
the common reward network in MDD. These brain regions have
long been conceived as the major players in reward processing
because they are the main projection areas of two distinct
dopaminergic pathways, the nigrostriatal and mesocortical path-
ways (Dunlop and Nemeroff, 2007). However, it remains unknown
how dopamine neurons distinctively modulate activity in these
brain regions. The current meta-analysis results revealed a con-
sistent pattern of brain activation in MDD, characterized by an
abnormal cooperation between subcortical, limbic and cortical
regions during reward processing. Compared with healthy con-
trols, MDD patients showed a decreased activity in subcortical and
limbic areas, including the caudate, putamen, thalamus, insula,
cerebellum and anterior cingulate. Conversely, increased activity
has been demonstrated in dorsolateral prefrontal cortex (DLPFC)
and occipital areas, including the middle frontal gyrus, superior
frontal gyrus, cuneus and lingual gyrus in MDD. These brain
activation patterns are consistent with previous findings (Dunn
et al., 2002; Forbes et al., 2009; Keedwell et al., 2005b) and suggest
a reciprocal connection between the subcortical, limbic and
cortical regions in response to reward in MDD. This activation
pattern in the MDD brain have important implications for the
neurobiological mechanisms that underlie anhedonia, as previous
findings found that anhedonia severity in MDD is positively and
negatively correlated with prefrontal cortex and striatal activity,
respectively (Forbes et al., 2009; Keedwell et al., 2005b; Pizzagalli
et al., 2009). Previous study in non-clinical subjects also found that
trait anhedonia is linked to volumetric reduction in subcortical
regions, especially the caudate (Harvey et al., 2007). The under-
active subcortical/striatal response during reward-related processing
in MDD suggest the primary deficit may be in these regions, and the
findings of reduced caudate and putamen volumes in MDD (Beyer
and Krishnan, 2002) support this interpretation. One explanation for
the increased DLPFC response during reward-related processing is
that MDD patients are more attentive to rewarding stimuli in an
attempt to attain a pleasant mood (Forbes et al., 2009), suggesting
the cortical compensation effect during reward-related processing in
MDD. However, the current meta-analysis did not identify signifi-
cant difference in ventromedial prefrontal activation between MDD

Table 5
Brain activation during monetary rewards processing in MDD (results from 10
studies; FDR corrected po0.05).

Brain region Side BA Site of maximum
ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (105 foci from 14 experimental contrasts)
Caudate L −6 18 4 864 0.016
Caudate L 13 −8 6 8 0.009
Insula R 31 34 −4 16 488 0.016
Caudate R 14 14 10 448 0.012
Precuneus R 20 −72 30 336 0.012
Caudate L −12 −4 20 280 0.009
Thalamus L −10 −12 6 0.009
Thalamus L −12 −10 16 0.009

Areas of increased activation (87 foci from 13 experimental contrasts)
Middle Frontal Gyrus R 8 40 28 38 776 0.016
Cuneus R 18 4 −86 18 608 0.014
Inferior Frontal Gyrus R 47 20 30 −4 560 0.012
Anterior Cingulate R 32 12 32 −8 0.009
Superior Frontal Gyrus L 9 −4 48 32 480 0.015
Middle Frontal Gyrus L 9 −48 14 30 336 0.011
Inferior Parietal Lobule L 40 −44 −50 50 272 0.010
Inferior Parietal Lobule L 40 −40 −52 50 0.010

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 4. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during monetary reward anticipation and
decreased (blue) regional activation during monetary reward outcome in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 6
ALE results of monetary reward anticipation from 6 studies and outcome from 5 studies in MDD (FDR corrected po0.05).

Brain region Side BA Site of maximum ALE Volume (mm3) Maximum ALE value

x y z

Areas of decreased activation during reward anticipation (37 foci from 6 experimental contrasts)
Caudate L −16 16 4 288 0.009

Areas of increased activation during reward anticipation (34 foci from 5 experimental contrasts)
Middle Frontal Gyrus L 9 −48 14 30 352 0.011
Anterior Cingulate R 32 12 32 −8 242 0.009
Frontal Lobe R 47 18 30 −4 0.008
Middle Frontal Gyrus R 8 36 24 40 242 0.009

Areas of decreased activation during reward outcome (52 foci from 5 experimental contrasts)
Caudate R 14 14 10 328 0.011

Areas of increased activation during reward outcome (18 foci from 5 experimental contrasts)
No significant ALE clusters have been identified

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z), Talairach coordinate.

W.-N. Zhang et al. / Journal of Affective Disorders 151 (2013) 531–539536



Decisions in Depression Quentin Huys, TNU/PUKComputational Psychiatry Course, UCL, May 28th 2014

Zhang et al., 2013

Reward tasks in MDD

‣ Meta-analysis of reward processing tasks in fMRI w/ MDD

• no NAcc, no VTA
• partial overlap with PET

• Thal
• Caudate
• pgACC variable - response

4. Discussion

In the current meta-analysis study, we showed concordance
across 22 fMRI studies and revealed common and distinct patterns
of brain activation by different aspects of reward-related

processing in MDD. First, we pooled all coordinates from different
experimental contrasts and observed a general reward network in
the MDD brain. Second, we distinguished the brain activation
patterns between positive stimuli and monetary rewards as well
as between monetary reward anticipation and outcome.

Our global ALE analyses showed that frontostriatal regions
included the caudate, putamen, thalamus, insula, anterior cingu-
late, middle and superior frontal gyrus, which may be involved in
the common reward network in MDD. These brain regions have
long been conceived as the major players in reward processing
because they are the main projection areas of two distinct
dopaminergic pathways, the nigrostriatal and mesocortical path-
ways (Dunlop and Nemeroff, 2007). However, it remains unknown
how dopamine neurons distinctively modulate activity in these
brain regions. The current meta-analysis results revealed a con-
sistent pattern of brain activation in MDD, characterized by an
abnormal cooperation between subcortical, limbic and cortical
regions during reward processing. Compared with healthy con-
trols, MDD patients showed a decreased activity in subcortical and
limbic areas, including the caudate, putamen, thalamus, insula,
cerebellum and anterior cingulate. Conversely, increased activity
has been demonstrated in dorsolateral prefrontal cortex (DLPFC)
and occipital areas, including the middle frontal gyrus, superior
frontal gyrus, cuneus and lingual gyrus in MDD. These brain
activation patterns are consistent with previous findings (Dunn
et al., 2002; Forbes et al., 2009; Keedwell et al., 2005b) and suggest
a reciprocal connection between the subcortical, limbic and
cortical regions in response to reward in MDD. This activation
pattern in the MDD brain have important implications for the
neurobiological mechanisms that underlie anhedonia, as previous
findings found that anhedonia severity in MDD is positively and
negatively correlated with prefrontal cortex and striatal activity,
respectively (Forbes et al., 2009; Keedwell et al., 2005b; Pizzagalli
et al., 2009). Previous study in non-clinical subjects also found that
trait anhedonia is linked to volumetric reduction in subcortical
regions, especially the caudate (Harvey et al., 2007). The under-
active subcortical/striatal response during reward-related processing
in MDD suggest the primary deficit may be in these regions, and the
findings of reduced caudate and putamen volumes in MDD (Beyer
and Krishnan, 2002) support this interpretation. One explanation for
the increased DLPFC response during reward-related processing is
that MDD patients are more attentive to rewarding stimuli in an
attempt to attain a pleasant mood (Forbes et al., 2009), suggesting
the cortical compensation effect during reward-related processing in
MDD. However, the current meta-analysis did not identify signifi-
cant difference in ventromedial prefrontal activation between MDD

Table 5
Brain activation during monetary rewards processing in MDD (results from 10
studies; FDR corrected po0.05).

Brain region Side BA Site of maximum
ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (105 foci from 14 experimental contrasts)
Caudate L −6 18 4 864 0.016
Caudate L 13 −8 6 8 0.009
Insula R 31 34 −4 16 488 0.016
Caudate R 14 14 10 448 0.012
Precuneus R 20 −72 30 336 0.012
Caudate L −12 −4 20 280 0.009
Thalamus L −10 −12 6 0.009
Thalamus L −12 −10 16 0.009

Areas of increased activation (87 foci from 13 experimental contrasts)
Middle Frontal Gyrus R 8 40 28 38 776 0.016
Cuneus R 18 4 −86 18 608 0.014
Inferior Frontal Gyrus R 47 20 30 −4 560 0.012
Anterior Cingulate R 32 12 32 −8 0.009
Superior Frontal Gyrus L 9 −4 48 32 480 0.015
Middle Frontal Gyrus L 9 −48 14 30 336 0.011
Inferior Parietal Lobule L 40 −44 −50 50 272 0.010
Inferior Parietal Lobule L 40 −40 −52 50 0.010

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 4. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during monetary reward anticipation and
decreased (blue) regional activation during monetary reward outcome in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 6
ALE results of monetary reward anticipation from 6 studies and outcome from 5 studies in MDD (FDR corrected po0.05).

Brain region Side BA Site of maximum ALE Volume (mm3) Maximum ALE value

x y z

Areas of decreased activation during reward anticipation (37 foci from 6 experimental contrasts)
Caudate L −16 16 4 288 0.009

Areas of increased activation during reward anticipation (34 foci from 5 experimental contrasts)
Middle Frontal Gyrus L 9 −48 14 30 352 0.011
Anterior Cingulate R 32 12 32 −8 242 0.009
Frontal Lobe R 47 18 30 −4 0.008
Middle Frontal Gyrus R 8 36 24 40 242 0.009

Areas of decreased activation during reward outcome (52 foci from 5 experimental contrasts)
Caudate R 14 14 10 328 0.011

Areas of increased activation during reward outcome (18 foci from 5 experimental contrasts)
No significant ALE clusters have been identified

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z), Talairach coordinate.

W.-N. Zhang et al. / Journal of Affective Disorders 151 (2013) 531–539536

4. Discussion

In the current meta-analysis study, we showed concordance
across 22 fMRI studies and revealed common and distinct patterns
of brain activation by different aspects of reward-related

processing in MDD. First, we pooled all coordinates from different
experimental contrasts and observed a general reward network in
the MDD brain. Second, we distinguished the brain activation
patterns between positive stimuli and monetary rewards as well
as between monetary reward anticipation and outcome.

Our global ALE analyses showed that frontostriatal regions
included the caudate, putamen, thalamus, insula, anterior cingu-
late, middle and superior frontal gyrus, which may be involved in
the common reward network in MDD. These brain regions have
long been conceived as the major players in reward processing
because they are the main projection areas of two distinct
dopaminergic pathways, the nigrostriatal and mesocortical path-
ways (Dunlop and Nemeroff, 2007). However, it remains unknown
how dopamine neurons distinctively modulate activity in these
brain regions. The current meta-analysis results revealed a con-
sistent pattern of brain activation in MDD, characterized by an
abnormal cooperation between subcortical, limbic and cortical
regions during reward processing. Compared with healthy con-
trols, MDD patients showed a decreased activity in subcortical and
limbic areas, including the caudate, putamen, thalamus, insula,
cerebellum and anterior cingulate. Conversely, increased activity
has been demonstrated in dorsolateral prefrontal cortex (DLPFC)
and occipital areas, including the middle frontal gyrus, superior
frontal gyrus, cuneus and lingual gyrus in MDD. These brain
activation patterns are consistent with previous findings (Dunn
et al., 2002; Forbes et al., 2009; Keedwell et al., 2005b) and suggest
a reciprocal connection between the subcortical, limbic and
cortical regions in response to reward in MDD. This activation
pattern in the MDD brain have important implications for the
neurobiological mechanisms that underlie anhedonia, as previous
findings found that anhedonia severity in MDD is positively and
negatively correlated with prefrontal cortex and striatal activity,
respectively (Forbes et al., 2009; Keedwell et al., 2005b; Pizzagalli
et al., 2009). Previous study in non-clinical subjects also found that
trait anhedonia is linked to volumetric reduction in subcortical
regions, especially the caudate (Harvey et al., 2007). The under-
active subcortical/striatal response during reward-related processing
in MDD suggest the primary deficit may be in these regions, and the
findings of reduced caudate and putamen volumes in MDD (Beyer
and Krishnan, 2002) support this interpretation. One explanation for
the increased DLPFC response during reward-related processing is
that MDD patients are more attentive to rewarding stimuli in an
attempt to attain a pleasant mood (Forbes et al., 2009), suggesting
the cortical compensation effect during reward-related processing in
MDD. However, the current meta-analysis did not identify signifi-
cant difference in ventromedial prefrontal activation between MDD

Table 5
Brain activation during monetary rewards processing in MDD (results from 10
studies; FDR corrected po0.05).

Brain region Side BA Site of maximum
ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (105 foci from 14 experimental contrasts)
Caudate L −6 18 4 864 0.016
Caudate L 13 −8 6 8 0.009
Insula R 31 34 −4 16 488 0.016
Caudate R 14 14 10 448 0.012
Precuneus R 20 −72 30 336 0.012
Caudate L −12 −4 20 280 0.009
Thalamus L −10 −12 6 0.009
Thalamus L −12 −10 16 0.009

Areas of increased activation (87 foci from 13 experimental contrasts)
Middle Frontal Gyrus R 8 40 28 38 776 0.016
Cuneus R 18 4 −86 18 608 0.014
Inferior Frontal Gyrus R 47 20 30 −4 560 0.012
Anterior Cingulate R 32 12 32 −8 0.009
Superior Frontal Gyrus L 9 −4 48 32 480 0.015
Middle Frontal Gyrus L 9 −48 14 30 336 0.011
Inferior Parietal Lobule L 40 −44 −50 50 272 0.010
Inferior Parietal Lobule L 40 −40 −52 50 0.010

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 4. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during monetary reward anticipation and
decreased (blue) regional activation during monetary reward outcome in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 6
ALE results of monetary reward anticipation from 6 studies and outcome from 5 studies in MDD (FDR corrected po0.05).

Brain region Side BA Site of maximum ALE Volume (mm3) Maximum ALE value

x y z

Areas of decreased activation during reward anticipation (37 foci from 6 experimental contrasts)
Caudate L −16 16 4 288 0.009

Areas of increased activation during reward anticipation (34 foci from 5 experimental contrasts)
Middle Frontal Gyrus L 9 −48 14 30 352 0.011
Anterior Cingulate R 32 12 32 −8 242 0.009
Frontal Lobe R 47 18 30 −4 0.008
Middle Frontal Gyrus R 8 36 24 40 242 0.009

Areas of decreased activation during reward outcome (52 foci from 5 experimental contrasts)
Caudate R 14 14 10 328 0.011

Areas of increased activation during reward outcome (18 foci from 5 experimental contrasts)
No significant ALE clusters have been identified

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z), Talairach coordinate.
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4. Discussion

In the current meta-analysis study, we showed concordance
across 22 fMRI studies and revealed common and distinct patterns
of brain activation by different aspects of reward-related

processing in MDD. First, we pooled all coordinates from different
experimental contrasts and observed a general reward network in
the MDD brain. Second, we distinguished the brain activation
patterns between positive stimuli and monetary rewards as well
as between monetary reward anticipation and outcome.

Our global ALE analyses showed that frontostriatal regions
included the caudate, putamen, thalamus, insula, anterior cingu-
late, middle and superior frontal gyrus, which may be involved in
the common reward network in MDD. These brain regions have
long been conceived as the major players in reward processing
because they are the main projection areas of two distinct
dopaminergic pathways, the nigrostriatal and mesocortical path-
ways (Dunlop and Nemeroff, 2007). However, it remains unknown
how dopamine neurons distinctively modulate activity in these
brain regions. The current meta-analysis results revealed a con-
sistent pattern of brain activation in MDD, characterized by an
abnormal cooperation between subcortical, limbic and cortical
regions during reward processing. Compared with healthy con-
trols, MDD patients showed a decreased activity in subcortical and
limbic areas, including the caudate, putamen, thalamus, insula,
cerebellum and anterior cingulate. Conversely, increased activity
has been demonstrated in dorsolateral prefrontal cortex (DLPFC)
and occipital areas, including the middle frontal gyrus, superior
frontal gyrus, cuneus and lingual gyrus in MDD. These brain
activation patterns are consistent with previous findings (Dunn
et al., 2002; Forbes et al., 2009; Keedwell et al., 2005b) and suggest
a reciprocal connection between the subcortical, limbic and
cortical regions in response to reward in MDD. This activation
pattern in the MDD brain have important implications for the
neurobiological mechanisms that underlie anhedonia, as previous
findings found that anhedonia severity in MDD is positively and
negatively correlated with prefrontal cortex and striatal activity,
respectively (Forbes et al., 2009; Keedwell et al., 2005b; Pizzagalli
et al., 2009). Previous study in non-clinical subjects also found that
trait anhedonia is linked to volumetric reduction in subcortical
regions, especially the caudate (Harvey et al., 2007). The under-
active subcortical/striatal response during reward-related processing
in MDD suggest the primary deficit may be in these regions, and the
findings of reduced caudate and putamen volumes in MDD (Beyer
and Krishnan, 2002) support this interpretation. One explanation for
the increased DLPFC response during reward-related processing is
that MDD patients are more attentive to rewarding stimuli in an
attempt to attain a pleasant mood (Forbes et al., 2009), suggesting
the cortical compensation effect during reward-related processing in
MDD. However, the current meta-analysis did not identify signifi-
cant difference in ventromedial prefrontal activation between MDD

Table 5
Brain activation during monetary rewards processing in MDD (results from 10
studies; FDR corrected po0.05).

Brain region Side BA Site of maximum
ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (105 foci from 14 experimental contrasts)
Caudate L −6 18 4 864 0.016
Caudate L 13 −8 6 8 0.009
Insula R 31 34 −4 16 488 0.016
Caudate R 14 14 10 448 0.012
Precuneus R 20 −72 30 336 0.012
Caudate L −12 −4 20 280 0.009
Thalamus L −10 −12 6 0.009
Thalamus L −12 −10 16 0.009

Areas of increased activation (87 foci from 13 experimental contrasts)
Middle Frontal Gyrus R 8 40 28 38 776 0.016
Cuneus R 18 4 −86 18 608 0.014
Inferior Frontal Gyrus R 47 20 30 −4 560 0.012
Anterior Cingulate R 32 12 32 −8 0.009
Superior Frontal Gyrus L 9 −4 48 32 480 0.015
Middle Frontal Gyrus L 9 −48 14 30 336 0.011
Inferior Parietal Lobule L 40 −44 −50 50 272 0.010
Inferior Parietal Lobule L 40 −40 −52 50 0.010

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 4. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during monetary reward anticipation and
decreased (blue) regional activation during monetary reward outcome in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 6
ALE results of monetary reward anticipation from 6 studies and outcome from 5 studies in MDD (FDR corrected po0.05).

Brain region Side BA Site of maximum ALE Volume (mm3) Maximum ALE value

x y z

Areas of decreased activation during reward anticipation (37 foci from 6 experimental contrasts)
Caudate L −16 16 4 288 0.009

Areas of increased activation during reward anticipation (34 foci from 5 experimental contrasts)
Middle Frontal Gyrus L 9 −48 14 30 352 0.011
Anterior Cingulate R 32 12 32 −8 242 0.009
Frontal Lobe R 47 18 30 −4 0.008
Middle Frontal Gyrus R 8 36 24 40 242 0.009

Areas of decreased activation during reward outcome (52 foci from 5 experimental contrasts)
Caudate R 14 14 10 328 0.011

Areas of increased activation during reward outcome (18 foci from 5 experimental contrasts)
No significant ALE clusters have been identified

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z), Talairach coordinate.
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4. Discussion

In the current meta-analysis study, we showed concordance
across 22 fMRI studies and revealed common and distinct patterns
of brain activation by different aspects of reward-related

processing in MDD. First, we pooled all coordinates from different
experimental contrasts and observed a general reward network in
the MDD brain. Second, we distinguished the brain activation
patterns between positive stimuli and monetary rewards as well
as between monetary reward anticipation and outcome.

Our global ALE analyses showed that frontostriatal regions
included the caudate, putamen, thalamus, insula, anterior cingu-
late, middle and superior frontal gyrus, which may be involved in
the common reward network in MDD. These brain regions have
long been conceived as the major players in reward processing
because they are the main projection areas of two distinct
dopaminergic pathways, the nigrostriatal and mesocortical path-
ways (Dunlop and Nemeroff, 2007). However, it remains unknown
how dopamine neurons distinctively modulate activity in these
brain regions. The current meta-analysis results revealed a con-
sistent pattern of brain activation in MDD, characterized by an
abnormal cooperation between subcortical, limbic and cortical
regions during reward processing. Compared with healthy con-
trols, MDD patients showed a decreased activity in subcortical and
limbic areas, including the caudate, putamen, thalamus, insula,
cerebellum and anterior cingulate. Conversely, increased activity
has been demonstrated in dorsolateral prefrontal cortex (DLPFC)
and occipital areas, including the middle frontal gyrus, superior
frontal gyrus, cuneus and lingual gyrus in MDD. These brain
activation patterns are consistent with previous findings (Dunn
et al., 2002; Forbes et al., 2009; Keedwell et al., 2005b) and suggest
a reciprocal connection between the subcortical, limbic and
cortical regions in response to reward in MDD. This activation
pattern in the MDD brain have important implications for the
neurobiological mechanisms that underlie anhedonia, as previous
findings found that anhedonia severity in MDD is positively and
negatively correlated with prefrontal cortex and striatal activity,
respectively (Forbes et al., 2009; Keedwell et al., 2005b; Pizzagalli
et al., 2009). Previous study in non-clinical subjects also found that
trait anhedonia is linked to volumetric reduction in subcortical
regions, especially the caudate (Harvey et al., 2007). The under-
active subcortical/striatal response during reward-related processing
in MDD suggest the primary deficit may be in these regions, and the
findings of reduced caudate and putamen volumes in MDD (Beyer
and Krishnan, 2002) support this interpretation. One explanation for
the increased DLPFC response during reward-related processing is
that MDD patients are more attentive to rewarding stimuli in an
attempt to attain a pleasant mood (Forbes et al., 2009), suggesting
the cortical compensation effect during reward-related processing in
MDD. However, the current meta-analysis did not identify signifi-
cant difference in ventromedial prefrontal activation between MDD

Table 5
Brain activation during monetary rewards processing in MDD (results from 10
studies; FDR corrected po0.05).

Brain region Side BA Site of maximum
ALE

Volume
(mm3)

Maximum
ALE value

x y z

Areas of decreased activation (105 foci from 14 experimental contrasts)
Caudate L −6 18 4 864 0.016
Caudate L 13 −8 6 8 0.009
Insula R 31 34 −4 16 488 0.016
Caudate R 14 14 10 448 0.012
Precuneus R 20 −72 30 336 0.012
Caudate L −12 −4 20 280 0.009
Thalamus L −10 −12 6 0.009
Thalamus L −12 −10 16 0.009

Areas of increased activation (87 foci from 13 experimental contrasts)
Middle Frontal Gyrus R 8 40 28 38 776 0.016
Cuneus R 18 4 −86 18 608 0.014
Inferior Frontal Gyrus R 47 20 30 −4 560 0.012
Anterior Cingulate R 32 12 32 −8 0.009
Superior Frontal Gyrus L 9 −4 48 32 480 0.015
Middle Frontal Gyrus L 9 −48 14 30 336 0.011
Inferior Parietal Lobule L 40 −44 −50 50 272 0.010
Inferior Parietal Lobule L 40 −40 −52 50 0.010

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z),
Talairach coordinate.

Fig. 4. Activation likelihood estimation (ALE) maps representing decreased (green)
and increased (red) regional activation during monetary reward anticipation and
decreased (blue) regional activation during monetary reward outcome in MDD
patients compared with healthy controls. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 6
ALE results of monetary reward anticipation from 6 studies and outcome from 5 studies in MDD (FDR corrected po0.05).

Brain region Side BA Site of maximum ALE Volume (mm3) Maximum ALE value

x y z

Areas of decreased activation during reward anticipation (37 foci from 6 experimental contrasts)
Caudate L −16 16 4 288 0.009

Areas of increased activation during reward anticipation (34 foci from 5 experimental contrasts)
Middle Frontal Gyrus L 9 −48 14 30 352 0.011
Anterior Cingulate R 32 12 32 −8 242 0.009
Frontal Lobe R 47 18 30 −4 0.008
Middle Frontal Gyrus R 8 36 24 40 242 0.009

Areas of decreased activation during reward outcome (52 foci from 5 experimental contrasts)
Caudate R 14 14 10 328 0.011

Areas of increased activation during reward outcome (18 foci from 5 experimental contrasts)
No significant ALE clusters have been identified

ALE, activation likelihood estimation; BA, Brodmann area; L, left; R, right; (x y z), Talairach coordinate.
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additional behavioral studies (Supplementary Behavioral Studies 1  
and 2). The difference was also significant when updates were calcu-
lated as the percentages of the initial estimate, (t18 = 4.7, P < 0.001; 
Supplementary Fig. 1b).

One obvious explanation for these results is that a greater weighting 
given to desirable information simply reflects differential memory for 
desirable compared with undesirable information. This was not the 
case. After the scanning session, participants were asked to indicate 
the actual probability (as previously presented) of each event occur-
ring to an average person in the same socio-cultural environment. 
Memory errors were calculated as the absolute difference between the 
actual probability previously presented and the participants’ recollec-
tion of that statistical number. Participants remembered information 
presented to them equally well, irrespective of whether it was desir-
able or undesirable (t18 = 0.75, P > 0.4; Supplementary Fig. 1c and 
Supplementary Behavioral Studies 1 and 2).

Furthermore, post-scanning questionnaire scores showed that any 
differential updating across valence was not explained by differences 
in emotional arousal, extent of negative valence, familiarity or past 
experience with the adverse life event (Supplementary Results). 
Specifically, the difference in absolute update for events for which 
participants received desirable and undesirable information remained 
significant after entering all of these scores as covariates (F1,13 = 9.7, 
P < 0.01). Thus, differential update could not be explained by differ-
ences in the degree of adversity of the events, by familiarity or by past 
experience with the events.

Notably, positively biased updating was not a result of differences in 
the underlying true probabilities (base rates) of the events. The difference 

in update for events in which participants received desirable and unde-
sirable information remained significant even after entering the true 
probabilities of the events as covariates (F1,17 = 6.04, P < 0.05). In other 
words, how common or rare the occurrence of an event is had no bearing 
on selective updating. Neither were there differences in the number of 
trials (t18 = 0.02, P > 0.9), the magnitude of the initial estimation errors 
(t18 = 1.85, P > 0.05) or reaction times (t18 = 1.04, P > 0.3) when partici-
pants received desirable or undesirable information. Finally, asymmetric 
updating was not explained by a differential processing of high and low 
percentages, as this was controlled for by asking participants to estimate 
their likelihood of encountering the adverse event on half of the trials 
and to estimate their likelihood of not encountering the adverse event 
on the other half of the trials (Supplementary Results).

Formal models suggest that learning is mediated by a predic-
tion error signal that quantifies a difference between expectation 
and outcome7,21,22. We hypothesized that an analogous mechanism 
underpinned belief update in our task. We formulated the difference 
between participants’ initial estimations and the information pro-
vided in terms of estimation errors (that is, estimation error =  
estimation – probability presented). Indeed, estimation errors pre-
dicted subsequent updates on an individual level (mean beta from 
individual linear regressions relating estimation errors to update = 
0.53, P < 0.0005). However, the strength of this association was valence 
dependent, being greater for information that offered an opportunity 
to adopt a more optimistic outlook (beta = 0.72) than for informa-
tion that called for a more pessimistic outlook (beta = 0.33, t18 = 5.8,  
P < 0.0005; Fig. 2b and Supplementary Fig. 1d). Notably, this dif-
ference remained significant after controlling for the true underlying 
probabilities of the events by including them as a factor to the regres-
sion analysis (t18 = 2.6, P < 0.02).
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Figure 1 Task design. (a) On each trial, participants were presented with a short description of 1 of 80 adverse life events and asked to estimate how 
likely this event was to occur to them. They were then presented with the average probability of that event occurring to a person similar to themselves, 
living in the same socio-cultural environment. For each event, an estimation error term was calculated as the difference between the participant’s 
estimation and the information provided. The second session was the same as the first session. For each event, an update term was calculated as the 
difference between the participant’s first and second estimations. (b,c) Examples of trials for which the participant’s estimate was higher (b) or lower 
(c) than the average probability. Here, for illustration purposes, the blue and red frames denote the participant’s response (either an overestimation 
or underestimation, respectively). The blue and red text denote information that calls for an adjustment in an optimistic (desirable, b) or pessimistic 
(undesirable, c) direction, respectively.
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Figure 2 Behaviorally observed bias. (a) After receiving (desirable) 
information that presented an opportunity to adopt a more optimistic 
outlook, participants updated their estimations to a greater extent than 
after receiving (undesirable) information that called for a more  
pessimistic estimate. This asymmetric updates was observed in 15 out  
of 19 participants. For group means, see Supplementary Figure 1a.  
(b) Betas indicating the association between updates and estimation errors  
on an individual basis revealed that estimation errors predicted updates 
to a greater extent when participants received desirable information than 
when they received undesirable information. This asymmetry was observed 
in all 19 participants. For group means, see Supplementary Figure 1d.
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desirability (desirable/undesirable) by group (MDD/
healthy) interaction of absolute mean update scores
(F1,35 =6.9, p=0.013, η2p=0.17; Fig. 2a; Table 3). This
interaction was characterized by an asymmetry in
belief updating for healthy participants but not for
MDD patients. Specifically, healthy participants up-
dated their beliefs to a greater extent in response to
desirable, compared with undesirable, information
(t18=3.0, p=0.008). No difference in updating was
evident between desirable and undesirable trials in
MDD patients (t17=–0.11, p>0.9). The significant inter-
action was further characterized by reduced updating
in response to desirable information of MDD patients
relative to healthy controls (t35=–2.2, p=0.033), with
no significant difference for updating in response
to undesirable information (t35=1.4, p>0.1). The
main effect of desirability was significant (F1,35=7.4,
p=0.010, ηp2 =0.17). The main effect of group was not
significant (F1,35=0.73, p>0.3, ηp2 =0.02).

Additional analyses: updating behavior

To exclude the possibility that the observed difference
in updating between MDD patients and healthy con-
trols was driven by differences in estimation errors
(first estimations minus probabilities presented), we
performed an additional ANOVA on scaled absolute
mean update scores (i.e. we accounted for differences
in mean estimation errors by dividing absolute mean
update scores for each participant and condition by
the respective absolute mean estimation errors). The
desirability by group interaction of scaled absolute
mean update scores was significant (interaction desir-
ability by group: F1,35=6.0, p=0.020, ηp

2 =0.15; main

effect desirability: F1,35 =0.67, p>0.4, ηp
2 =0.02; main

effect group: F1,35=0.53, p>0.4).
In our previous study on healthy participants, we

analyzed the association between estimation errors
and updates because formal learning models suggest
that updates rely on error signals (i.e. the differences
between expectations and outcomes) (Sharot et al.
2011). The strength of the association between esti-
mation errors and updates is indicative of an optimistic
bias in healthy individuals. Specifically, for desirable
information estimation errors are more closely tied to
updates than for undesirable information. Given
these previous results in healthy individuals, we
expected, as for updates, a desirability by group inter-
action of the strength of the association between esti-
mation errors and updates. For each participant we
calculated the correlation between estimation errors
and updates separately for desirable and undesirable
trials. There was a significant desirability by group
interaction (mean Fisher-transformed Pearson corre-
lation coefficients revealed an interaction of desirability
by group: F1,35 =4.19, p=0.048, ηp

2 =0.11; main effect
desirability: F1,35=26.9, p=0.001, ηp2 =0.43; main effect
group: F1,35=2.96, p=0.094, ηp

2 =0.08; Table 3). This
further suggests that belief updating shows a less
optimistic pattern in MDD patients compared with
healthy controls.

Relationship between differential updating and
MDD symptoms

Next, we sought to test whether the update bias (i.e.
the difference between updates for desirable versus
undesirable information) was related to depressive
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Fig. 2. Updating behavior. (a) In the healthy group absolute mean updates were greater on trials where participants received
desirable information than on trials where they received undesirable information. This bias was absent in the major
depressive disorder (MDD) group. (b) Relationship between Beck Depression Inventory (BDI) scores and update bias
(desirable minus undesirable) in MDD patients. Error bars indicate standard error of the mean.
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(i) The average number of times a given fractal was shown
before a decision was requested was increased from 4 to 10;

(ii) Instead of being interleaved, the fractals were now presented
in blocks.

A total of 51 new participants (28 males and 23 females, age
range: 17–46 years old) participated in this version of the
experiment. One subject (male) was post-hoc excluded from
further analysis, because he did not achieve a 50% performance.
In line with our hypothesis, we found that under those conditions,
the difference of performance between optimistic and pessimistic
subjects disappeared (Figure 2).

No correlation was found between the LOT-R score of
individual subjects and the mean of their prior (r = 0.009,
p = 0.95; a correlation significantly different from that of
experiment 1: Fisher’s Z = 2.26, p = 0.02; achieved power: 12
b= 0.87 assuming the effect size is the same as in experiment 1).
The shape of the individual priors extracted from the subjects’
performance was always close to a non-informative (i.e. Jeffrey’s)
prior (a= b= 0.5). In fact, in this control experiment, contrary to
the main experiment, model comparison (BIC) shows that the
performance of every single subject was better described by the
simpler model in which the prior is chosen to be fixed and

non-informative rather than by a prior with flexible a and b (vs.
45% of the subjects for experiment 1). This suggests that, in this
case, subjects were able to correctly take into account the evidence
and override their prior expectations: they now behave in
a way indistinguishable from that of having unbiased prior
beliefs.

Furthermore, the reinforcement learning models again failed to
account for the data better than the Bayesian models, while
supporting similar conclusions: the LOT-R score correlated
neither with the learning rates ez or e{ nor with the initial value
V0 (all p.0.1). Table 2 and 3 present the group averages of the
best-fitting parameters for all the models.

In view of these results and so as to test whether the dependency
of the bias with level of uncertainty could also be observed in the
same group of participants (vs. between two different groups), we
also re-analyzed the data of experiment 1. We compared
performances (% choices) for the fractals that were ‘‘over-
observed’’ (observed more than 4 times) compared to the fractals
that were ‘‘under-observed’’ (less than 4 times). We tested whether
optimists and pessimists differed in their ‘‘under-observed’’ and
‘‘over-observed’’ biases using two sample t-tests. Consistent with
our hypothesis, we found that the differences in performances
between optimists and pessimists was statistically significant for

Figure 1. a) Cartoon of the task: subjects are presented with a sequence of stimuli (here: O1, O2, O1) followed by a decision screen
(D1). Here the subject needs to choose between the yellow fractal and the square for which the reward probability is given by the number of blue
dots (6 dots, indicating a probability of 60%). Inset: Example of a longer sequence of interleaved observation screens and decision screens. b)
Performance of the subjects (% trials in which they chose the fractal stimulus) as a function of the difference between the observed reward rate of the
fractal being considered and the reward probability of the square. Compared to pessimistic people (red, LOT-R#mean LOT-R), optimistic people
(blue, LOT-R.mean LOT-R) tend to overestimate the probability of reward associated with the uncertain fractal stimulus. Errors bars denote standard
deviation. c) Correlation between subjects’ LOT-R scores and the mean of their prior distribution p(c) that the fractal stimulus will lead to a reward
(r = 0.438, p = 0.001). d) Examples of the prior distributions that were extracted for subjects 10 (pessimistic, LOT-R = 3) and 11 (optimistic, LOT-R = 22)
based on their task performance.
doi:10.1371/journal.pcbi.1003605.g001
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and override their prior expectations: they now behave in
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best-fitting parameters for all the models.
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Figure 1. a) Cartoon of the task: subjects are presented with a sequence of stimuli (here: O1, O2, O1) followed by a decision screen
(D1). Here the subject needs to choose between the yellow fractal and the square for which the reward probability is given by the number of blue
dots (6 dots, indicating a probability of 60%). Inset: Example of a longer sequence of interleaved observation screens and decision screens. b)
Performance of the subjects (% trials in which they chose the fractal stimulus) as a function of the difference between the observed reward rate of the
fractal being considered and the reward probability of the square. Compared to pessimistic people (red, LOT-R#mean LOT-R), optimistic people
(blue, LOT-R.mean LOT-R) tend to overestimate the probability of reward associated with the uncertain fractal stimulus. Errors bars denote standard
deviation. c) Correlation between subjects’ LOT-R scores and the mean of their prior distribution p(c) that the fractal stimulus will lead to a reward
(r = 0.438, p = 0.001). d) Examples of the prior distributions that were extracted for subjects 10 (pessimistic, LOT-R = 3) and 11 (optimistic, LOT-R = 22)
based on their task performance.
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additional behavioral studies (Supplementary Behavioral Studies 1  
and 2). The difference was also significant when updates were calcu-
lated as the percentages of the initial estimate, (t18 = 4.7, P < 0.001; 
Supplementary Fig. 1b).

One obvious explanation for these results is that a greater weighting 
given to desirable information simply reflects differential memory for 
desirable compared with undesirable information. This was not the 
case. After the scanning session, participants were asked to indicate 
the actual probability (as previously presented) of each event occur-
ring to an average person in the same socio-cultural environment. 
Memory errors were calculated as the absolute difference between the 
actual probability previously presented and the participants’ recollec-
tion of that statistical number. Participants remembered information 
presented to them equally well, irrespective of whether it was desir-
able or undesirable (t18 = 0.75, P > 0.4; Supplementary Fig. 1c and 
Supplementary Behavioral Studies 1 and 2).

Furthermore, post-scanning questionnaire scores showed that any 
differential updating across valence was not explained by differences 
in emotional arousal, extent of negative valence, familiarity or past 
experience with the adverse life event (Supplementary Results). 
Specifically, the difference in absolute update for events for which 
participants received desirable and undesirable information remained 
significant after entering all of these scores as covariates (F1,13 = 9.7, 
P < 0.01). Thus, differential update could not be explained by differ-
ences in the degree of adversity of the events, by familiarity or by past 
experience with the events.

Notably, positively biased updating was not a result of differences in 
the underlying true probabilities (base rates) of the events. The difference 

in update for events in which participants received desirable and unde-
sirable information remained significant even after entering the true 
probabilities of the events as covariates (F1,17 = 6.04, P < 0.05). In other 
words, how common or rare the occurrence of an event is had no bearing 
on selective updating. Neither were there differences in the number of 
trials (t18 = 0.02, P > 0.9), the magnitude of the initial estimation errors 
(t18 = 1.85, P > 0.05) or reaction times (t18 = 1.04, P > 0.3) when partici-
pants received desirable or undesirable information. Finally, asymmetric 
updating was not explained by a differential processing of high and low 
percentages, as this was controlled for by asking participants to estimate 
their likelihood of encountering the adverse event on half of the trials 
and to estimate their likelihood of not encountering the adverse event 
on the other half of the trials (Supplementary Results).

Formal models suggest that learning is mediated by a predic-
tion error signal that quantifies a difference between expectation 
and outcome7,21,22. We hypothesized that an analogous mechanism 
underpinned belief update in our task. We formulated the difference 
between participants’ initial estimations and the information pro-
vided in terms of estimation errors (that is, estimation error =  
estimation – probability presented). Indeed, estimation errors pre-
dicted subsequent updates on an individual level (mean beta from 
individual linear regressions relating estimation errors to update = 
0.53, P < 0.0005). However, the strength of this association was valence 
dependent, being greater for information that offered an opportunity 
to adopt a more optimistic outlook (beta = 0.72) than for informa-
tion that called for a more pessimistic outlook (beta = 0.33, t18 = 5.8,  
P < 0.0005; Fig. 2b and Supplementary Fig. 1d). Notably, this dif-
ference remained significant after controlling for the true underlying 
probabilities of the events by including them as a factor to the regres-
sion analysis (t18 = 2.6, P < 0.02).
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Figure 1 Task design. (a) On each trial, participants were presented with a short description of 1 of 80 adverse life events and asked to estimate how 
likely this event was to occur to them. They were then presented with the average probability of that event occurring to a person similar to themselves, 
living in the same socio-cultural environment. For each event, an estimation error term was calculated as the difference between the participant’s 
estimation and the information provided. The second session was the same as the first session. For each event, an update term was calculated as the 
difference between the participant’s first and second estimations. (b,c) Examples of trials for which the participant’s estimate was higher (b) or lower 
(c) than the average probability. Here, for illustration purposes, the blue and red frames denote the participant’s response (either an overestimation 
or underestimation, respectively). The blue and red text denote information that calls for an adjustment in an optimistic (desirable, b) or pessimistic 
(undesirable, c) direction, respectively.
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Figure 2 Behaviorally observed bias. (a) After receiving (desirable) 
information that presented an opportunity to adopt a more optimistic 
outlook, participants updated their estimations to a greater extent than 
after receiving (undesirable) information that called for a more  
pessimistic estimate. This asymmetric updates was observed in 15 out  
of 19 participants. For group means, see Supplementary Figure 1a.  
(b) Betas indicating the association between updates and estimation errors  
on an individual basis revealed that estimation errors predicted updates 
to a greater extent when participants received desirable information than 
when they received undesirable information. This asymmetry was observed 
in all 19 participants. For group means, see Supplementary Figure 1d.
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desirability (desirable/undesirable) by group (MDD/
healthy) interaction of absolute mean update scores
(F1,35 =6.9, p=0.013, η2p=0.17; Fig. 2a; Table 3). This
interaction was characterized by an asymmetry in
belief updating for healthy participants but not for
MDD patients. Specifically, healthy participants up-
dated their beliefs to a greater extent in response to
desirable, compared with undesirable, information
(t18=3.0, p=0.008). No difference in updating was
evident between desirable and undesirable trials in
MDD patients (t17=–0.11, p>0.9). The significant inter-
action was further characterized by reduced updating
in response to desirable information of MDD patients
relative to healthy controls (t35=–2.2, p=0.033), with
no significant difference for updating in response
to undesirable information (t35=1.4, p>0.1). The
main effect of desirability was significant (F1,35=7.4,
p=0.010, ηp2 =0.17). The main effect of group was not
significant (F1,35=0.73, p>0.3, ηp2 =0.02).

Additional analyses: updating behavior

To exclude the possibility that the observed difference
in updating between MDD patients and healthy con-
trols was driven by differences in estimation errors
(first estimations minus probabilities presented), we
performed an additional ANOVA on scaled absolute
mean update scores (i.e. we accounted for differences
in mean estimation errors by dividing absolute mean
update scores for each participant and condition by
the respective absolute mean estimation errors). The
desirability by group interaction of scaled absolute
mean update scores was significant (interaction desir-
ability by group: F1,35=6.0, p=0.020, ηp

2 =0.15; main

effect desirability: F1,35 =0.67, p>0.4, ηp
2 =0.02; main

effect group: F1,35=0.53, p>0.4).
In our previous study on healthy participants, we

analyzed the association between estimation errors
and updates because formal learning models suggest
that updates rely on error signals (i.e. the differences
between expectations and outcomes) (Sharot et al.
2011). The strength of the association between esti-
mation errors and updates is indicative of an optimistic
bias in healthy individuals. Specifically, for desirable
information estimation errors are more closely tied to
updates than for undesirable information. Given
these previous results in healthy individuals, we
expected, as for updates, a desirability by group inter-
action of the strength of the association between esti-
mation errors and updates. For each participant we
calculated the correlation between estimation errors
and updates separately for desirable and undesirable
trials. There was a significant desirability by group
interaction (mean Fisher-transformed Pearson corre-
lation coefficients revealed an interaction of desirability
by group: F1,35 =4.19, p=0.048, ηp

2 =0.11; main effect
desirability: F1,35=26.9, p=0.001, ηp2 =0.43; main effect
group: F1,35=2.96, p=0.094, ηp

2 =0.08; Table 3). This
further suggests that belief updating shows a less
optimistic pattern in MDD patients compared with
healthy controls.

Relationship between differential updating and
MDD symptoms

Next, we sought to test whether the update bias (i.e.
the difference between updates for desirable versus
undesirable information) was related to depressive
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Fig. 2. Updating behavior. (a) In the healthy group absolute mean updates were greater on trials where participants received
desirable information than on trials where they received undesirable information. This bias was absent in the major
depressive disorder (MDD) group. (b) Relationship between Beck Depression Inventory (BDI) scores and update bias
(desirable minus undesirable) in MDD patients. Error bars indicate standard error of the mean.
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(i) The average number of times a given fractal was shown
before a decision was requested was increased from 4 to 10;

(ii) Instead of being interleaved, the fractals were now presented
in blocks.

A total of 51 new participants (28 males and 23 females, age
range: 17–46 years old) participated in this version of the
experiment. One subject (male) was post-hoc excluded from
further analysis, because he did not achieve a 50% performance.
In line with our hypothesis, we found that under those conditions,
the difference of performance between optimistic and pessimistic
subjects disappeared (Figure 2).

No correlation was found between the LOT-R score of
individual subjects and the mean of their prior (r = 0.009,
p = 0.95; a correlation significantly different from that of
experiment 1: Fisher’s Z = 2.26, p = 0.02; achieved power: 12
b= 0.87 assuming the effect size is the same as in experiment 1).
The shape of the individual priors extracted from the subjects’
performance was always close to a non-informative (i.e. Jeffrey’s)
prior (a= b= 0.5). In fact, in this control experiment, contrary to
the main experiment, model comparison (BIC) shows that the
performance of every single subject was better described by the
simpler model in which the prior is chosen to be fixed and

non-informative rather than by a prior with flexible a and b (vs.
45% of the subjects for experiment 1). This suggests that, in this
case, subjects were able to correctly take into account the evidence
and override their prior expectations: they now behave in
a way indistinguishable from that of having unbiased prior
beliefs.

Furthermore, the reinforcement learning models again failed to
account for the data better than the Bayesian models, while
supporting similar conclusions: the LOT-R score correlated
neither with the learning rates ez or e{ nor with the initial value
V0 (all p.0.1). Table 2 and 3 present the group averages of the
best-fitting parameters for all the models.

In view of these results and so as to test whether the dependency
of the bias with level of uncertainty could also be observed in the
same group of participants (vs. between two different groups), we
also re-analyzed the data of experiment 1. We compared
performances (% choices) for the fractals that were ‘‘over-
observed’’ (observed more than 4 times) compared to the fractals
that were ‘‘under-observed’’ (less than 4 times). We tested whether
optimists and pessimists differed in their ‘‘under-observed’’ and
‘‘over-observed’’ biases using two sample t-tests. Consistent with
our hypothesis, we found that the differences in performances
between optimists and pessimists was statistically significant for

Figure 1. a) Cartoon of the task: subjects are presented with a sequence of stimuli (here: O1, O2, O1) followed by a decision screen
(D1). Here the subject needs to choose between the yellow fractal and the square for which the reward probability is given by the number of blue
dots (6 dots, indicating a probability of 60%). Inset: Example of a longer sequence of interleaved observation screens and decision screens. b)
Performance of the subjects (% trials in which they chose the fractal stimulus) as a function of the difference between the observed reward rate of the
fractal being considered and the reward probability of the square. Compared to pessimistic people (red, LOT-R#mean LOT-R), optimistic people
(blue, LOT-R.mean LOT-R) tend to overestimate the probability of reward associated with the uncertain fractal stimulus. Errors bars denote standard
deviation. c) Correlation between subjects’ LOT-R scores and the mean of their prior distribution p(c) that the fractal stimulus will lead to a reward
(r = 0.438, p = 0.001). d) Examples of the prior distributions that were extracted for subjects 10 (pessimistic, LOT-R = 3) and 11 (optimistic, LOT-R = 22)
based on their task performance.
doi:10.1371/journal.pcbi.1003605.g001
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Second, in our experiment, participants don’t seem to be biased
in the learning process itself. Optimists and pessimists differ in
their initial biases but not in how they accumulate new
information. Moreover, fitting the data with reinforcement models
showed that they learned similarly from positive prediction errors
(‘‘good news’’) and negative prediction errors (‘‘bad news’’).
Studies looking at updating of beliefs related to one’s personal
qualities or future life events [6–9], on the other hand, have
typically found that people are likely to discount new information
that is worse than their current beliefs, and as such appeared to be
‘‘non-Bayesian’’ learners. For example, Eil and Rao (2011) find
that participants tended to discard negative information (‘‘bad
news’’) when processing personal information regarding their IQ
or Beauty, whereas ‘‘good news’’ led to a much tighter adherence
to Bayesian updating of their beliefs [7]. Wisfall and Zafar (2011)
also conclude that college students in their study are not Bayesian
updaters when they have to form and update their beliefs about
their future earnings [9]. Similarly, in a task where participants
have to estimate the likelihood of a negative future life event, such

as divorce or cancer, Sharot et al (2011) show that participants
updated their beliefs more in response to information that was
better than expected compared to information that was worse [6].

There are many important differences between the current
paradigm and those studies, which makes the comparison difficult.
As stated above, a crucial difference is whether the quantity to be
estimated concerns the self or a neutral stimulus. This can lead to
large differences in motivation in the learning process: when
information is personally relevant, participants have a motive to
disregard negative information so that they can keep a rosy view of
the future. In our task, on the other hand, there is no intrinsic
advantage of keeping a biased estimate for the probability of
rewards associated with the fractals. Consistent with this idea, Eil
and Rao found that participants conformed Bayesian rationality in
their control (neutral) condition [7]. Mobius et al. provide a
theoretical framework that can possibly unify all these results: they
suggest that the updating asymmetry itself can be explained by
Bayesian principles in a model where agents derive utility from
their beliefs. This model includes the fact that believing that one

Figure 2. Reduced uncertainty experiment. a) Performance of the subjects (percentage of trials in which they chose the fractal stimulus) as a
function of the difference between the observed reward rate of the fractal being considered and the reward probability of the square. Pessimistic
(red, LOT-R#mean LOT-R) and optimistic people (blue, LOT-R.mean LOT-R) behave similarly. Errors bars denote standard deviation. b) Correlation
between subjects’ LOT-R scores and the mean of their prior distribution p(c) that the fractal stimulus will lead to a reward (r = 0.009, p = 0.95).
doi:10.1371/journal.pcbi.1003605.g002

Table 2. Best-fitting parameters for the Bayesian model summarized per experiment and averaged for the entire group of subjects
and per subgroup (optimists and pessimists).

Group LOT-R Bayesian Model Sig.

a/(a+b) c

Experiment 1 Mean 14.70 (4.42) 0.42 (0.23) 7.88 (3.93)

Optimists (N = 31) 17.30 (2.36) 0.47 (0.21) 8.01 (4.09) */*/n.s

Pessimists (N = 20) 10.60 (3.69) 0.33 (0.25) 7.75 (3.78) */*/n.s

Experiment 2 Mean 15.65 (4.27) 0.49 (0.37) 4.03 (1.64)

Optimists (N = 26) 18.96 (2.30) 0.50 (0.40) 3.82 (1.69) */n.s./n.s

Pessimists (N = 21) 12.33 (4.02) 0.48 (0.38) 4.18 (1.61) */n.s./n.s

Experiment 3 Mean 15.44 (3.60) 0.56 (0.32) 6.71 (5.30)

Optimists (N = 30) 18.32 (3.13) 0.56 (0.37) 6.76 (4.62) */n.s./n.s

Pessimists (N = 20) 12.55 (3.87) 0.55 (0.31) 6.67 (5.40) */n.s./n.s

Each column presents the mean value, with the standard deviation between brackets. Significance of the differences is shown on the right of the table: an asterisk in the
corresponding column (left to right: LOT-R; a/(a+b) which defines where the prior is centered; c is the softmax decision parameter) indicates a p value less than 0.05 for
a t-test between optimists and pessimists.
doi:10.1371/journal.pcbi.1003605.t002

Optimism as a Prior Belief about Future Reward

PLOS Computational Biology | www.ploscompbiol.org 5 May 2014 | Volume 10 | Issue 5 | e1003605
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So far

‣ No primary changes (pain, hedonic taste, sucrose)	


‣ Reduced emotional responses +<-	


‣ Attention & memory biased towards negative	



• at conceptual level	


• if allow for elaboration	


• negative conceptual information sticks around longer, 

positive dissipates away	



‣ Learning from reinforcement / fMRI reward/loss	


• overall unclear whether learning is impaired or results can 

be explained by insensitivity to outcomes	


• caudate and ACC appear most robustly involved	



‣ “Interpretations”
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Decision-making in depression

‣ Emotional components	


‣ Cognitive components	


‣ Neuromodulatory components
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Westbrook et al., 2011

Cognitive biases

‣ Extreme thinking	


• dichotomous - black/white	


• unrealistic expectations - unless perfect it’s useless	



‣ Selective attention	


• disqualifying the positive	


• over-generalization	



‣ Relying on intuition	


• jumping to conclusions	


• emotional reasoning	



‣ Self-reproach	


• self-blame, self-criticism	


• taking things personally
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Attributional style

‣ Hopeless attributions are a risk factor for 
developing depression
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Alloy et al., 1999, 

were conducted in person, when possible; otherwise, interviews
were conducted via telephone. Interviews were tape-recorded,
providing an opportunity for independent tape reviews by other in-
terviewers. This allowed for the assessment of interrater reliability.

Operational definition of prodromal, acute, and residual
phases and symptoms. In this study, the acute phase was
marked by meeting diagnostic criteria for a DSM–IV major de-
pressive episode or RDC criteria for a major or minor episode of
depression, and ended when these diagnostic criteria were no
longer met. Consistent with prior investigations, a symptom was
identified as prodromal if it appeared at any time before the acute
phase and remained consistently present into the acute phase.
Accordingly, the prodromal phase was operationally defined as the
period of time before the acute phase during which at least one
symptom was continuously present. A symptom that was present
at any time during the acute phase and continued beyond the
acute phase was identified as a residual symptom. The residual
phase was operationally defined as the period of time after the
acute phase during which at least one symptom from the acute
phase remained.

For 14 episodes of depression analyzed in this study, residual
symptoms remained consistently into the next episode. In such
cases, the residual symptom(s) that consistently remained into the
subsequent episode were considered to also represent prodromal
symptoms of the next episode, and the halfway point between
episodes was designated as the end of the residual phase for
Episode 1 and the beginning of the prodromal phase for Episode 2.
This was admittedly an imprecise method for distinguishing resid-
ual versus prodromal symptoms and phases in these cases. How-
ever, it is noteworthy that this happened in only a small subsample
of participants (14 episodes out of the larger sample of 331
episodes), so we do not believe that these symptoms significantly
alter any of our analyses given the much larger overall sample size.

Results

Table 3 provided the frequency of appearance of each SADS
symptom in the prodromal and residual phases across the sample
of 331 episodes of depression.

Initial Analyses

To support the existence and relevance of the prodromal phase
of a depressive episode, the number of SADS-C symptoms present
immediately before and leading into the acute phase of a depres-
sive episode for 60 CVD participants who experienced a depres-
sive episode was compared, using a t test, with the number of
slight or clinically significant SADS-C symptoms present during
the corresponding period of time for the 60 matched participants
without a depressive episode. Table 2 provides the demographic
and cognitive risk characteristics of the 60 depressed CVD partic-
ipants and the 60 matched, nondepressed participants.

Congruent with the hypothesis, depressed participants had a
significantly greater number of symptoms during the prodromal
period than nondepressed, matched participants (M ! 3.46 vs. 1.40
symptoms), t(118) ! "2.043, p # .043. Furthermore, we con-
ducted chi-square analyses to identify symptoms significantly
more likely to be present during the prodromal period among the
depressed participants than among the nondepressed participants.

To adjust for multiple testing, only results with p # .01 were
regarded as significant. These analyses identified seven symptoms:
depressed mood, $2(1, N ! 120) ! 6.992, p # .008; decreased
interest in or pleasure from activities, $2(1, N ! 120) ! 6.602, p #
.01; decreased concentration, $2(1, N ! 120) ! 6.755, p # .009;
hopelessness, $2(1, N ! 120) ! 8.818, p # .003; worrying/
brooding, $2(1, N ! 120) ! 7.500, p # .006; decreased self-
esteem, $2(1, N ! 120) ! 8.100, p # .004; and irritability, $2(1,
N ! 120) ! 6.600, p # .01.

Hypothesis 1

To test the hypothesis that individuals would display similar
prodromal and residual symptom profiles for a given episode of
depression, the prodromal and residual symptom profiles for each
individual in the study, for each of 331 episodes of depression
experienced, were compared by calculating Cohen’s kappa (%;
Cohen, 1960). Cohen’s kappa, a measure of homogeneity or agree-
ment across rating periods that adjusts for the magnitude of agree-
ment expected by chance, was calculated on the basis of the
presence or absence of the 29 SADS-C depression symptoms in
each episode’s prodromal and residual phases. Such an analytic
strategy has been used previously in studies of the concordance of
symptoms present during episodes of depression (e.g., Young et
al., 1990). Specifically, to assess the concordance of prodromal
and residual symptom occurrence for a given episode, the presence

Table 3
Frequency of Symptom Presentation in the Prodromal and
Residual Phases (N ! 331 Episodes)

Symptom
Prodromal
frequency

Residual
frequency

Depressed mood 95 79
Decreased appetite 42 40
Weight loss 13 12
Increased appetite 10 12
Weight gain 20 17
Initial insomnia 29 30
Middle insomnia 13 10
Early waking 11 14
Hypersomnia 23 22
Decreased energy 38 35
Decreased interest or pleasure 82 75
Self-blame 51 55
Decreased concentration 78 75
Indecision 6 8
Suicidality 6 5
Psychomotor agitation 6 5
Psychomotor retardation 10 7
Crying more frequently 34 31
Inability to cry 4 2
Hopelessness 195 201
Worrying/Brooding 104 118
Decreased self-esteem 195 199
Irritability 85 72
Dependency 45 46
Self-pity 24 28
Somatic complaints 5 4
Decreased effectiveness 38 37
Helplessness 35 28
Decreased initiation of voluntary

responses 19 23

463PRODROMAL SYMPTOMS OF DEPRESSION

Iacoviello et al., 2010
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Haeffel et al., 2007, Haeffel 2011

Implicit vs explicit attributions

‣ Acute consequence	


• implicit: IAT self-worth	


• explicit: CSQ

implicit and explicit measures (e.g. Bosson, Swann, & Pennebaker, 2000; Devine, 1989; Greenwald &
Farnham, 2000) and suggests that the measures are tapping distinct constructs.

Study 2: Longitudinal

Method

Participants
Participants were 261 unselected undergraduates from the Introductory to Psychology participant pool at

the University of Wisconsin-Madison. Participants were recruited through a volunteer folder sign-up
procedure and were given extra credit points for their participation. A total of 251 (167 women, 84 men)
participants (mean age ¼ 18.67) completed both the T1 and T2 assessments. There were no significant
differences on any T1 measures between participants who completed both assessments and those who did not
complete the T2 assessment (n ¼ 10).

Materials
The measures used in this study were the same as those used in Study 1 with two exceptions: (1) we did not

include the Distress Scale, and (2) we included a measure of stressful life events—the Acute Life Events
Questionnaire.

Acute Life Events Questionnaire (ALEQ). A modified Life Events Questionnaire (Needles & Abramson,
1990) was used to assess naturally occurring acute stressful life events important to college students. Items
assessed a broad range of life events from school/achievement to interpersonal/romantic. Participants were
instructed to indicate which of the negative life events had occurred to them over the previous 5 weeks (i.e., the
time since their first assessment). To aid accurate recall, participants were given calendars with the 5-week
interval highlighted. The calendar included the dates of school-related activities and holidays to create
memory ‘‘anchors’’ that would help students determine whether particular life events occurred during the
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Fig. 1. General distress as a function of self-worth IAT score (high vs. low) and condition (negative vs. neutral).

G.J. Haeffel et al. / Behaviour Research and Therapy 45 (2007) 1155–11671160
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‣ Chronic consequence	


• @ 5 weeks only CSQ 

survives to predict BDI 
response to acute life 
stressor
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Questionnaire.
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‣ Chronic consequence	


• @ 5 weeks only CSQ 

survives to predict BDI 
response to acute life 
stressor

Results

Hypothesis 1: Primary Analyses

We hypothesized that the relationship between cognitive
vulnerability and event-specific negative inferences for a

poor midterm grade would significantly strengthen over the

prospective interval. To test this hypothesis, we first exam-
ined the bivariate correlation of cognitive vulnerability

(CSQ achievement subscale score) and event-specific neg-

ative inferences (PIQ score) at three time points—day 1, day
3, and day 7. As can be seen in Fig. 2, results were consistent

with hypotheses. The correlation between cognitive vul-

nerability and event-specific negative inferences score grew
from .57 on day 1 to .72 on day 7. As expected, the increase

in magnitude of the correlation coefficient from day 1 to day

7 was statistically significant, Z = -2.26, P = .02 (coeffi-
cients were compared using the statistical method recom-

mended by Meng et al. 1992).1 This pattern of results was

found for both men and women.
To more precisely determine how the association

between cognitive vulnerability and event-specific infer-

ences changed over time, we categorized participants
(using median split) into high-vulnerable and low-vulner-

able groups as determined by their baseline CSQ

achievement scale score. We then graphed the PIQ scores
for the two groups over the prospective interval. Consistent

with predictions and confirming our initial analysis, results
showed that event-specific inferences generated by high

vulnerable individuals grew more negative over time

whereas the event-specific inferences of low vulnerable
individuals became less negative over time (see Fig. 3).

Hypothesis 1: Secondary Analyses

We used a hierarchical multiple regression analysis (Cohen

et al. 2003) to further corroborate the initial results. Cog-
nitive vulnerability (CSQ achievement subscale score)

served as the dependent variable. The independent vari-

ables were event-specific negative inference (PIQ) scores
at the three time points. The three event-specific negative

inferences scores (day 1, day 3, and day 7) were stepped

into the regression equation to determine whether their
relationship with cognitive vulnerability increased incre-

mentally over time. Consistent with hypotheses, results

showed a statistically significant increase in the shared
variance between cognitive vulnerability and event-specific

negative inferences at each day of the prospective interval,

change in R2 from day 1 to day 3 = .24, P = .001; change
in R2 from day 3 to day 7 = .12, P = .008 (day 1

R2 = .20; day 3 R2 = .44; day 7 R2 = .57). The results

held if gender and baseline level of depressive symptoms
were used as covariates.

Taken together, analyses show that an individual’s

event-specific inferences for a poor midterm grade change
over time to be more consistent with his or her cognitive

vulnerability level. However, it is important to rule out the
possibility that depressive symptoms, as opposed to cog-

nitive vulnerability level, accounted for the changes in

event-specific negative inferences over time. We used
hierarchical multiple regression procedures (Cohen et al.

2003) to rule-out this alternative hypothesis. The dependent

variable was level of event-specific negative inferences at
day 7 (day 7 PIQ). Level of event-specific negative

Fig. 2 Correlation between cognitive vulnerability (CSQ achieve-
ment subscale score) and event-specific negative inferences (PIQ
score) as a function of time

Fig. 3 Event-specific inference score as a function of cognitive
vulnerability level (high versus low CSQ achievement subscale score)

1 Meng’s approach is used for a single sample of participants where
each correlation is between a common variable (in this case, the CSQ
at baseline) and two different variables (in this case, the PIQ at time 1
and PIQ at time 7).

Cogn Ther Res (2011) 35:285–292 289

123

‣ Evolution over time
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assessed a broad range of life events from school/achievement to interpersonal/romantic. Participants were
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‣ Chronic consequence	


• @ 5 weeks only CSQ 

survives to predict BDI 
response to acute life 
stressor

• -> explicit interpretations determine long-term outcome	


• -> both implicit and explicit determine immediate outcome

Results

Hypothesis 1: Primary Analyses

We hypothesized that the relationship between cognitive
vulnerability and event-specific negative inferences for a

poor midterm grade would significantly strengthen over the

prospective interval. To test this hypothesis, we first exam-
ined the bivariate correlation of cognitive vulnerability

(CSQ achievement subscale score) and event-specific neg-

ative inferences (PIQ score) at three time points—day 1, day
3, and day 7. As can be seen in Fig. 2, results were consistent

with hypotheses. The correlation between cognitive vul-

nerability and event-specific negative inferences score grew
from .57 on day 1 to .72 on day 7. As expected, the increase

in magnitude of the correlation coefficient from day 1 to day

7 was statistically significant, Z = -2.26, P = .02 (coeffi-
cients were compared using the statistical method recom-

mended by Meng et al. 1992).1 This pattern of results was

found for both men and women.
To more precisely determine how the association

between cognitive vulnerability and event-specific infer-

ences changed over time, we categorized participants
(using median split) into high-vulnerable and low-vulner-

able groups as determined by their baseline CSQ

achievement scale score. We then graphed the PIQ scores
for the two groups over the prospective interval. Consistent

with predictions and confirming our initial analysis, results
showed that event-specific inferences generated by high

vulnerable individuals grew more negative over time

whereas the event-specific inferences of low vulnerable
individuals became less negative over time (see Fig. 3).

Hypothesis 1: Secondary Analyses

We used a hierarchical multiple regression analysis (Cohen

et al. 2003) to further corroborate the initial results. Cog-
nitive vulnerability (CSQ achievement subscale score)

served as the dependent variable. The independent vari-

ables were event-specific negative inference (PIQ) scores
at the three time points. The three event-specific negative

inferences scores (day 1, day 3, and day 7) were stepped

into the regression equation to determine whether their
relationship with cognitive vulnerability increased incre-

mentally over time. Consistent with hypotheses, results

showed a statistically significant increase in the shared
variance between cognitive vulnerability and event-specific

negative inferences at each day of the prospective interval,

change in R2 from day 1 to day 3 = .24, P = .001; change
in R2 from day 3 to day 7 = .12, P = .008 (day 1

R2 = .20; day 3 R2 = .44; day 7 R2 = .57). The results

held if gender and baseline level of depressive symptoms
were used as covariates.

Taken together, analyses show that an individual’s

event-specific inferences for a poor midterm grade change
over time to be more consistent with his or her cognitive

vulnerability level. However, it is important to rule out the
possibility that depressive symptoms, as opposed to cog-

nitive vulnerability level, accounted for the changes in

event-specific negative inferences over time. We used
hierarchical multiple regression procedures (Cohen et al.

2003) to rule-out this alternative hypothesis. The dependent

variable was level of event-specific negative inferences at
day 7 (day 7 PIQ). Level of event-specific negative

Fig. 2 Correlation between cognitive vulnerability (CSQ achieve-
ment subscale score) and event-specific negative inferences (PIQ
score) as a function of time

Fig. 3 Event-specific inference score as a function of cognitive
vulnerability level (high versus low CSQ achievement subscale score)

1 Meng’s approach is used for a single sample of participants where
each correlation is between a common variable (in this case, the CSQ
at baseline) and two different variables (in this case, the PIQ at time 1
and PIQ at time 7).
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Gross, 2002

Emotion regulation

‣ Interpretation precedes emotion

Our emotional responses often dovetail nicely with the de-
mands of our varying life circumstances. At such times, our emo-
tions serve us well ~Tooby & Cosmides, 1990!. However, emotional
responses can also mislead us, particularly when contemporary
physical and social environments differ dramatically from those
that shaped our emotions over the millennia ~Gross, 1999a!. At
such times, our emotional responses may do far more harm than
good. When our emotions seem to be ill-matched to a given
situation, we frequently try to regulate our emotional responses so
that they better serve our goals.

Emotion Regulation
Emotion regulation refers to the processes by which we influence
which emotions we have, when we have them, and how we
experience and express them ~Gross, 1998b!. Because emotions
are multicomponential processes that unfold over time, emotion
regulation involves changes in “emotion dynamics” ~Thompson,
1990!, or the latency, rise time, magnitude, duration, and offset of
responses in behavioral, experiential, or physiological domains.
Emotion regulation also involves changes in how response com-
ponents are interrelated as the emotion unfolds, such as when
increases in physiological responding occur in the absence of overt
behavior.

Three aspects of this conception of emotion regulation deserve
comment. First, although individuals often try to decrease negative
emotion, there is more to emotion regulation than this. Individuals
increase, maintain, and decrease negative and positive emotions
~Parrott, 1993!. Second, many examples of emotion regulation are
conscious, such as deciding to change an upsetting topic, or biting
one’s lip when angry. However, emotion regulation may also occur
without conscious awareness, such as when one exaggerates one’s
joy upon receiving an unattractive present ~Cole, 1986!, or when
one quickly shifts attention away from something upsetting ~Boden
& Baumeister, 1997!. Third, emotion regulation is neither inher-
ently good nor bad. The same strategies that permit medical pro-

fessionals to operate successfully ~Smith & Kleinman, 1989! may
also neutralize empathic distress in torturers ~Bandura, 1977!.

A Process Model of Emotion Regulation
One particularly vexing problem in studying emotion regulation is
finding a way of organizing the potentially limitless number of
emotion regulation strategies. Our approach has been to develop a
process model of emotion regulation that shows how specific
strategies can be differentiated along the timeline of the unfolding
emotional response ~Gross, 1998b; 2001!. The fundamental claim
of this model is that emotion regulation strategies differ in when
they have their primary impact on the emotion-generative process,
as shown in Figure 1.

At the broadest level, we can draw a distinction between
antecedent- and response-focused emotion regulation strategies.
Antecedent-focused strategies refer to things we do before the
emotion response tendencies have become fully activated and have
changed our behavior and peripheral physiological responding. An
example of antecedent-focused regulation is seeing a job interview
as an opportunity to learn more about the company, rather than as
a pass–fail test. Response-focused strategies refer to things we do
once an emotion is already underway, after the response tendencies
have been generated. An example of response-focused regulation
is keeping one’s anxiety from showing as one leaves a child at
kindergarten for the first time.

Five more specific families of emotion regulation strategies can
be located within this broad scheme ~for a more detailed discussion
of these regulation strategies, see Gross, 1998b!. The first of these
strategies is situation selection, denoted in Figure 1 by the solid
line toward situation one ~S1! rather than situation two ~S2!.
Situation selection refers to approaching or avoiding certain peo-
ple, places, or things so as to regulate emotion. For example, you
may decide to have dinner with a friend who always makes you
laugh the night before a big exam ~S1!, rather than going to the
last-minute study session with other nervous students ~S2!. Often,

Figure 1. A process model of emotion regulation. According to this model, emotion may be regulated at five points in the emotion
generative process: ~1! selection of the situation; ~2!modification of the situation; ~3! deployment of attention; ~4! change of cognitions;
and ~5! modulation of experiential, behavioral, or physiological responses. The first four of these are antecedent focused, the fifth is
response focused. The number of response options shown at each of these five points is arbitrary, and the heavy line indicates the
particular option selected in the example given in the text. Two specific emotion regulation strategies—reappraisal and suppression—
are the primary focus of this review. Adapted from Gross ~2001!.
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Types of emotion regulation

disliked; their peers felt relatively neutral about them. In the
domain of social support, however, the cost of using suppression
was apparent: lesser social support across all forms of social
support. This effect was strongest for emotional support.

Study 5: Implications for Well-Being
Although laboratory studies can document the acute conse-

quences of regulation, they cannot address whether these transient
consequences have a cumulative impact on adaptation. Studies 3
and 4 suggested that individual differences in the use of reappraisal
and suppression are meaningfully related to emotion experience
and expression, as well as to important interpersonal outcomes.
Study 5 tested whether the habitual use of reappraisal and of
suppression differ in their longer term cumulative impact on
well-being.
On the basis of our model, as well as on our experimental and

correlational findings to this point, we expected that reappraisal
would promote psychological well-being. After all, one of the key
ingredients in reappraisal is diminishing the negative emotional
impact of adversity, and to the extent that depressive symptoms are
either triggered or exacerbated by overwhelmingly negative re-
sponses to challenges or losses, reappraisal should exert a protec-
tive effect against depressive symptoms. Furthermore, in light of
the positive emotional and social outcomes associated with reap-
praisal, reappraisers should have greater life satisfaction and
higher self-esteem. Given their affective and social successes in
the face of emotional challenges, we expected reappraisers to be
generally more optimistic and to have a greater sense of efficacy
with respect to their immediate environments.
The chronic use of suppression should be associated with more

adverse outcomes. In general, self-experience discrepancies that
characterize suppressors have been linked to adjustment problems
(Sheldon et al., 1997). Suppressors also feel more negative emo-
tion, cope less effectively, ruminate more, and have less social
support, all factors known to increase risk for depressive symp-
toms (Nolen-Hoeksema & Morrow, 1991). We therefore expected
suppression to be related to increased levels of depressive symp-
toms. Suppressors’ avoidance and lack of close social relationships
also suggests less life satisfaction, lower self-esteem, and a less
optimistic attitude about the future. In terms of Ryff’s (1989)
domains of positive well-being, we expected suppressors to show
lower levels of well-being across the board, and, in light of
Study 4, we expected particular difficulties in the domain of
positive relations with others. Finally, because many different
factors influence an individual’s adjustment, we expected relations
between individual differences in emotion regulation and adjust-
ment to be modest in size.

Method

Participants
Participants were drawn from Sample C (see Study 1), Sample E (see

Study 2), and Sample F, which consisted of 210 undergraduates (73%
women; mean age ! 21 years).

Measures
Given the overlap among measures of distress among relatively healthy

individuals, we focused on depressive symptoms and prioritized replication

across three instruments: the Beck Depression Inventory (BDI; Beck,
Ward, Mendelsohn, Mock, & Erbaugh, 1961), the Center for Epidemio-
logical Studies Depression Scale (CES-D; Radloff, 1977), and the Self-
Rating Depression Scale (Zung, 1965). The five-item Satisfaction With
Life scale (Diener, Emmons, Larsen & Griffin, 1985) had an alpha of .82.
The Rosenberg (1965) Self-Esteem scale includes 10 items (! ! .92).
Optimism was assessed using the eight-item Life Orientation Test (Scheier
& Carver, 1985; ! ! .85). To assess the six major facets of positive
well-being, we used the six scales developed by Ryff and Keyes (1995), all
of which include 14 items. Alphas ranged from .82 to .91.

Results and Discussion

As shown in Table 6, individuals who habitually use reappraisal
showed fewer symptoms of depression, and this finding held
across all three measures. Moreover, reappraisal was correlated
positively with every indicator of positive functioning. Thus, re-
appraisers were more satisfied with their lives, more optimistic,
and had better self-esteem. In terms of Ryff’s (1989) domains of
well-being, they also had higher levels of environmental mastery,
personal growth, self-acceptance, and a clearer purpose in life. The
relation between reappraisal and environmental mastery (" ! .41)
was the largest of these effects; the way reappraisers take charge of
their emotional reactions appears connected to a more global sense
that they are in charge of their environments. Notwithstanding
their greater sense of autonomy, reappraisers also scored higher on
positive relations with others, consistent with findings concerning
social functioning from Study 4.
Suppression showed the predicted negative associations with

well-being. More specifically, individuals who typically suppress
reported more depressive symptoms on all three measures, felt less
satisfied with life, had lower self-esteem, and were less optimistic.
They also scored lower on each of the Ryff and Keyes (1995)
well-being scales. Consistent with Study 4, the link with interper-
sonal aspects of well-being was particularly strong (" ! ".46).

Table 6
Longer Term Implications of Reappraisal and Suppression for
Well-Being (Study 5)

Emotion regulation strategy

Reappraisal Suppression

DepressionF
BDI ".23* .25*
CES-D ".25* .23*
Zung ".29* .27*

Life satisfactionE .30* ".34*
Self-esteemE .30* ".39*
OptimismC .25* ".25*
Well-beingF
Environmental mastery .41* ".23*
Autonomy .29* ".22*
Personal growth .27* ".28*
Purpose in life .25* ".34*
Self-acceptance .35* ".38*
Positive relations with others .23* ".46*

Note. Standardized beta coefficients. Capital superscripts (e.g., C, E)
indicate which sample was used. BDI ! Beck Depression Inventory;
CES-D ! Center for Epidemiological Studies Depression Scale; Zung !
Zung Depression Scale.
* p # .05.
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‣ Habitual suppression vs reappraisal - alters amygdala 
reactivity to aversive IAPS images

According to theories about the default mode MFC network, areas
involved in monitoring internal events of an emotional nature
(Gusnard et al., 2001) (ventral portion) and areas active when
performing purely cognitive tasks (Posner and Rothbart, 1998) (dorsal
portion) appear to be in opposing balance: when the one is active, the
other is deactivated (Drevets and Raichle, 1998). Active emotion
regulation has been shown to result in activation of the ventromedial
prefrontal cortex near our MFC site when effectively decreasing
negative affect (Urry et al., 2006) or when successfully using self-
focused reappraisal (Ochsner et al., 2004). Thus, ventral MFC activation
may be interpreted as a neural correlate of emotion regulation taking
place. The fact that reappraisal is an antecedent regulation strategy,
usually applied before an emotion emerges (i.e. when expecting it) and

suppression is a response-focused strategy, applied later on in themidst
of the emotional situation, may help to interpret our findings of
differential oMFC activation: the decreased activation of the MFC when
coping with expectation of negative stimuli can be interpreted as a
correlate of the response-focused nature of the habitual strategy of
suppression, which may not necessarily lead to active regulation when
expecting emotional stimuli. This lack of antecedent-focused emotion
regulation may result in the suggested lower success at minimizing
future negative affective experiences in subjects habitually using the
strategy of expressive suppression (Gross and John, 2003). Meanwhile,
subjects in the R group may automatically engage in their habitual
emotion-regulation strategy, reappraisal, during expectation resulting
in sustained MFC activity.

Fig. 4. First eigenvariate time courses within the right functional sublenticular extended amygdala (SLEA) ROI as found for the correlation of depression scores as measured with the
ADS (German version of the CES-D) and the contrast images for ‘Expectation of negative vs. neutral emotional stimuli’. Time courses for expectation and presentation of negative
(blue), positive (red) and neutral (orange) events are presented. A lag of 6 s of the hemodynamic response was assumed when depicting the task (yellow: expectation phase,
Expect.; grey: presentation of emotional or neutral pictures, Present.) relative to the time courses. Expectation phases (cue and blank) and picture presentation had a duration of 4
scans (7920 ms) each. Cues were presented for 1 s or 0.505 scans at the beginning of the expectation period. ⇑, *: significant differences (paired t-tests, Pb0.05) between 1st
eigenvariate values per scan for neutral events when comparing the reappraisal and the suppression groups. Below: whole brain between-group comparison map
(SuppressionNReappraisal) for the contrast ‘Presentation of neutral stimuli’ thresholded at Pb0.001 at the voxel and at Pb0.05 at the cluster level.

111B. Abler et al. / Psychiatry Research: Neuroimaging 183 (2010) 105–113
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depressed group in the ignore face conditions, while in the
attend conditions, the control group showed less deactivation
than the depressed group.

Error Analysis. We looked for group differences in the
contrast of correct-trial processing versus error-trial processing.
An area in the dorsal cingulate region (BA 32 and 24, Talairach
z ! 33–45) showed significantly increased activation for error
versus correct trials, but this effect did not differ by group. Only
one area, in the pregenual cingulate, showed an interaction
between trial type and group. In this region, both groups
showed deactivation for correct trials and both increased
activation (lost deactivation) on errors; however, the de-
pressed group increased activation more sharply than the
control subjects.

Posterror Analysis. All correct trials were classified as either
postcorrect (following a correct trial) or posterror (following an
error trial). We found two areas in right and left DLPFC (Figure 4 and
Table 3) that showed significant group differences in the contrast of
postcorrect versus posterror processing. Both areas showed the
same pattern. Both control subjects and depressed patients showed
a modest deactivation on postcorrect trials. However, for the
posterror trials, the control subjects increased activation significantly
(into the positive range), consistent with recruiting stronger cogni-
tive control, while the depressed patients did not change.

Correlational Analyses. We conducted correlational analy-
ses to look for similarities in fear-related activation between right
DLPFC and left amygdala. We found a significant negative
correlation between activity in these regions only in the de-
pressed patients and then only in the attend condition, not in the
ignore condition, r ! ".726, p ! .000.

Figure 1. Example of a stimulus screen used in the emotional conflict task.

Figure 2. Areas in the left amygdala (A) and right dorsolateral prefrontal
cortex (B) showing a significant three-way interaction of attention # emo-
tion # group. Graphs show percent change in signal magnitude for the
fear-minus-neutral contrast in each region. Error bars show standard errors
of the mean.

Figure 3. Areas in the subgenual anterior cingulate (A) and superior rostral
anterior cingulate (C) show significant group differences across all condi-
tions. Areas in pregenual cingulate (B) show significant differences in a
group # attention interaction, where control subjects had less deactivation
in the attend-to-faces conditions (left side of graph), while depressed pa-
tients had less deactivation in the ignore-faces conditions (right side of
graph). Graphs show percent change in signal magnitude for each region.
Error bars show standard errors of the mean.

Figure 4. Areas in left (A) and right (B) dorsolateral prefrontal cortex showing
significant group differences in the posterror effect: interaction of trial type
(postcorrect versus posterror) # group. Graphs show percent change in signal
magnitude for each region. Error bars show standard errors of the mean.

C.L. Fales et al. BIOL PSYCHIATRY 2008;63:377–384 381

www.sobp.org/journal
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versus correct trials, but this effect did not differ by group. Only
one area, in the pregenual cingulate, showed an interaction
between trial type and group. In this region, both groups
showed deactivation for correct trials and both increased
activation (lost deactivation) on errors; however, the de-
pressed group increased activation more sharply than the
control subjects.

Posterror Analysis. All correct trials were classified as either
postcorrect (following a correct trial) or posterror (following an
error trial). We found two areas in right and left DLPFC (Figure 4 and
Table 3) that showed significant group differences in the contrast of
postcorrect versus posterror processing. Both areas showed the
same pattern. Both control subjects and depressed patients showed
a modest deactivation on postcorrect trials. However, for the
posterror trials, the control subjects increased activation significantly
(into the positive range), consistent with recruiting stronger cogni-
tive control, while the depressed patients did not change.

Correlational Analyses. We conducted correlational analy-
ses to look for similarities in fear-related activation between right
DLPFC and left amygdala. We found a significant negative
correlation between activity in these regions only in the de-
pressed patients and then only in the attend condition, not in the
ignore condition, r ! ".726, p ! .000.

Figure 1. Example of a stimulus screen used in the emotional conflict task.

Figure 2. Areas in the left amygdala (A) and right dorsolateral prefrontal
cortex (B) showing a significant three-way interaction of attention # emo-
tion # group. Graphs show percent change in signal magnitude for the
fear-minus-neutral contrast in each region. Error bars show standard errors
of the mean.

Figure 3. Areas in the subgenual anterior cingulate (A) and superior rostral
anterior cingulate (C) show significant group differences across all condi-
tions. Areas in pregenual cingulate (B) show significant differences in a
group # attention interaction, where control subjects had less deactivation
in the attend-to-faces conditions (left side of graph), while depressed pa-
tients had less deactivation in the ignore-faces conditions (right side of
graph). Graphs show percent change in signal magnitude for each region.
Error bars show standard errors of the mean.

Figure 4. Areas in left (A) and right (B) dorsolateral prefrontal cortex showing
significant group differences in the posterror effect: interaction of trial type
(postcorrect versus posterror) # group. Graphs show percent change in signal
magnitude for each region. Error bars show standard errors of the mean.
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than the depressed group.

Error Analysis. We looked for group differences in the
contrast of correct-trial processing versus error-trial processing.
An area in the dorsal cingulate region (BA 32 and 24, Talairach
z ! 33–45) showed significantly increased activation for error
versus correct trials, but this effect did not differ by group. Only
one area, in the pregenual cingulate, showed an interaction
between trial type and group. In this region, both groups
showed deactivation for correct trials and both increased
activation (lost deactivation) on errors; however, the de-
pressed group increased activation more sharply than the
control subjects.

Posterror Analysis. All correct trials were classified as either
postcorrect (following a correct trial) or posterror (following an
error trial). We found two areas in right and left DLPFC (Figure 4 and
Table 3) that showed significant group differences in the contrast of
postcorrect versus posterror processing. Both areas showed the
same pattern. Both control subjects and depressed patients showed
a modest deactivation on postcorrect trials. However, for the
posterror trials, the control subjects increased activation significantly
(into the positive range), consistent with recruiting stronger cogni-
tive control, while the depressed patients did not change.

Correlational Analyses. We conducted correlational analy-
ses to look for similarities in fear-related activation between right
DLPFC and left amygdala. We found a significant negative
correlation between activity in these regions only in the de-
pressed patients and then only in the attend condition, not in the
ignore condition, r ! ".726, p ! .000.
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of the mean.
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anterior cingulate (C) show significant group differences across all condi-
tions. Areas in pregenual cingulate (B) show significant differences in a
group # attention interaction, where control subjects had less deactivation
in the attend-to-faces conditions (left side of graph), while depressed pa-
tients had less deactivation in the ignore-faces conditions (right side of
graph). Graphs show percent change in signal magnitude for each region.
Error bars show standard errors of the mean.

Figure 4. Areas in left (A) and right (B) dorsolateral prefrontal cortex showing
significant group differences in the posterror effect: interaction of trial type
(postcorrect versus posterror) # group. Graphs show percent change in signal
magnitude for each region. Error bars show standard errors of the mean.
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Table 3

Mean Pretreatment, Postreatment, and 6-Month Follow- Up Scores for BDI and HRSDfor Four

Samples of Participants in Each Treatment Condition

Depression
and

measure

Total sample (n= 149)
BDI

Pre
Post
6 months

HRSD
Pre
Posf
6 months

Maximum completers
(n = 129)

BDI
Pre
Post
6 months

HRSD
Pre
Post*
6 months

Completers (n = 137)
BDI

Pre
Post
6-month

follow-up
HRSD

Pre
Post'
6-month

follow-up
Dropouts(n = 12)

BDI
Pre
Post

HRSD
Pre
Postd

n

56
56
50

56
53
50

48
48
44

48
47
44

50
50

46

50
49

46

6
6

6
4

BA

M(SD)

29.3(6.6)
9.1 (7.9)
8.5(7.6)

17.4(3.9)
6.4(4.6)
6.6(4.8)

29.3(7.2)
8.5 (7.9)
8.3(7.8)

17.3(3.8)
6.5 (4.8)
6.7(4.9)

29.2(7.1)
8.4(7.8)

8.2(7.6)

17.4(3.7)
6.5(4.7)

6.5 (4.9)

30.3(6.2)
14.5(7.9)

18.7(5.3)
6.2(4.5)

n

43
43
39

43
40
39

37
37
37

37
37
37

39
39

38

39
38

38

4
4

4
2

AT

M(SD)

29.1(6.6)
10.6 (9.3)
9.3(8.2)

19.1(3.9)
6.9 (5.8)
7.7(6.1)

29.2 (7.0)
9.1(8.7)
9.1(8.4)

19.1(4.1)
6.4(5.6)
7.6(6.3)

29.0(6.9)
9.3 (8.6)

9.2(8.3)

19.1 (4.0)
6.4(5.5)

7.7(6.2)

29.5 (3.4)
23.8(2.2)

19.3(3.6)
15.0(8.5)

n

50
50
47

50
48
47

44
44
43

44
44
43

48
48

47

48
47

47

2
2

2
1

CT

M(SD)

29.8 (6.3)
10.1(9.6)
10.3(8.6)

19.1 (4.4)
7.2(6.7)
6.4(5.1)

28.9(5.9)
9.7 (9.2)

10.4(8.7)

18.6(3.3)
6.8(5.7)
6.2 (4.8)

29.5 (6.2)
9.3(9.0)

10.3(8.6)

18.9(4.2)
6.7(5.7)

6.4(5.1)

36.0(7.1)
27.5(7.8)

24.0(8.5)
32.0 (.0)

F(2,

F(2,
F(2,

F(2,

F(2,
F(2,

F(2,
F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

Fπ)andp

148) < l,ns
145) < l.ns
132) < l.ns

148) = 3.5,/><.05
138)<l,ns
132)<l,ns

126)<l,ns
128)<l,ns
120)<l,ns

126) = 2. 72, ns
125)<l,ns
120)<l,ns

134) < l,m
1 34) < 1 , ns

127) < 1, ns

134) = 3.2,p<.05
131)< 1,BJ

127) < l.ns

F(2,9)= 1.04,™
F(2,

F(2,

F(2,

9) = 3.48, ns

9) = .79, ns
4) = 3.6, ns

Note. BDI = Beck Depression Inventory, HRSD = Hamilton Rating Scale for Depression; BA = behav-
ioral activation; AT = automatic thoughts; CT = cognitive-behavioral therapy; Pre = pretreatment; Post =
posttreatment.
* Eight participants of the complete sample were unavailable for posttest and are therefore missing HRSD
scores. BDI scores were taken from the final therapy session. b One participant in the completer sample
was unavailable for posttest and, therefore, did not have an HRSD score. c Two participants in the partial
completer sample were unavailable for posttest and therefore did not have HRSD scores. d Five partici-
pants of the complete sample were unavailable for posttest and are therefore missing HRSD scores.

ences between treatment conditions, F(2, 132) < 1, ns. As Ta-

ble 5 indicates, the treatments were also equivalent in the ulti-

mate impact of therapy: this conclusion is derived from

ANCOVAs in which follow-up scores served as dependent vari-

ables and pretest scores served as covariates. Thus, the three

treatments did not differ either in the overall impact of therapy

through the 6-month follow-up or in changes in depressive

symptoms over the first 6 months after posttest.

Table 5 shows the percentage of participants in each condi-

tion who had recovered during the course of therapy and re-

lapsed by the time of the 6-month follow-up, based on the LIFE

interview. Relapse was defined as meeting criteria for major de-

pression, and we used three different definitions of recovery: 8

consecutive weeks of not meeting criteria for major depression,

ending therapy with a BDI score of 8 or less, and ending therapy

with an HRSD score of 7 or less. Contingency table analyses

indicated that, regardless of how recovery was defined, groups

did not differ significantly in relapse rates.

We also compared the recovered participants in all three

treatment conditions on the number of "well weeks" during the

follow-up period, again using three criteria for recovery. A well

week was denned as a week when there were no or minimal
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10.4(8.7)

18.6(3.3)
6.8(5.7)
6.2 (4.8)

29.5 (6.2)
9.3(9.0)

10.3(8.6)

18.9(4.2)
6.7(5.7)

6.4(5.1)

36.0(7.1)
27.5(7.8)

24.0(8.5)
32.0 (.0)

F(2,

F(2,
F(2,

F(2,

F(2,
F(2,

F(2,
F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

Fπ)andp

148) < l,ns
145) < l.ns
132) < l.ns

148) = 3.5,/><.05
138)<l,ns
132)<l,ns

126)<l,ns
128)<l,ns
120)<l,ns

126) = 2. 72, ns
125)<l,ns
120)<l,ns

134) < l,m
1 34) < 1 , ns

127) < 1, ns

134) = 3.2,p<.05
131)< 1,BJ

127) < l.ns

F(2,9)= 1.04,™
F(2,

F(2,

F(2,

9) = 3.48, ns

9) = .79, ns
4) = 3.6, ns

Note. BDI = Beck Depression Inventory, HRSD = Hamilton Rating Scale for Depression; BA = behav-
ioral activation; AT = automatic thoughts; CT = cognitive-behavioral therapy; Pre = pretreatment; Post =
posttreatment.
* Eight participants of the complete sample were unavailable for posttest and are therefore missing HRSD
scores. BDI scores were taken from the final therapy session. b One participant in the completer sample
was unavailable for posttest and, therefore, did not have an HRSD score. c Two participants in the partial
completer sample were unavailable for posttest and therefore did not have HRSD scores. d Five partici-
pants of the complete sample were unavailable for posttest and are therefore missing HRSD scores.

ences between treatment conditions, F(2, 132) < 1, ns. As Ta-

ble 5 indicates, the treatments were also equivalent in the ulti-

mate impact of therapy: this conclusion is derived from

ANCOVAs in which follow-up scores served as dependent vari-

ables and pretest scores served as covariates. Thus, the three

treatments did not differ either in the overall impact of therapy

through the 6-month follow-up or in changes in depressive

symptoms over the first 6 months after posttest.

Table 5 shows the percentage of participants in each condi-

tion who had recovered during the course of therapy and re-

lapsed by the time of the 6-month follow-up, based on the LIFE

interview. Relapse was defined as meeting criteria for major de-

pression, and we used three different definitions of recovery: 8

consecutive weeks of not meeting criteria for major depression,

ending therapy with a BDI score of 8 or less, and ending therapy

with an HRSD score of 7 or less. Contingency table analyses

indicated that, regardless of how recovery was defined, groups

did not differ significantly in relapse rates.

We also compared the recovered participants in all three

treatment conditions on the number of "well weeks" during the

follow-up period, again using three criteria for recovery. A well

week was denned as a week when there were no or minimal
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Table 3

Mean Pretreatment, Postreatment, and 6-Month Follow- Up Scores for BDI and HRSDfor Four

Samples of Participants in Each Treatment Condition

Depression
and

measure

Total sample (n= 149)
BDI

Pre
Post
6 months

HRSD
Pre
Posf
6 months

Maximum completers
(n = 129)

BDI
Pre
Post
6 months

HRSD
Pre
Post*
6 months

Completers (n = 137)
BDI

Pre
Post
6-month

follow-up
HRSD

Pre
Post'
6-month

follow-up
Dropouts(n = 12)

BDI
Pre
Post

HRSD
Pre
Postd

n

56
56
50

56
53
50

48
48
44

48
47
44

50
50

46

50
49

46

6
6

6
4

BA

M(SD)

29.3(6.6)
9.1 (7.9)
8.5(7.6)

17.4(3.9)
6.4(4.6)
6.6(4.8)

29.3(7.2)
8.5 (7.9)
8.3(7.8)

17.3(3.8)
6.5 (4.8)
6.7(4.9)

29.2(7.1)
8.4(7.8)

8.2(7.6)

17.4(3.7)
6.5(4.7)

6.5 (4.9)

30.3(6.2)
14.5(7.9)

18.7(5.3)
6.2(4.5)

n

43
43
39

43
40
39

37
37
37

37
37
37

39
39

38

39
38

38

4
4

4
2

AT

M(SD)

29.1(6.6)
10.6 (9.3)
9.3(8.2)

19.1(3.9)
6.9 (5.8)
7.7(6.1)

29.2 (7.0)
9.1(8.7)
9.1(8.4)

19.1(4.1)
6.4(5.6)
7.6(6.3)

29.0(6.9)
9.3 (8.6)

9.2(8.3)

19.1 (4.0)
6.4(5.5)

7.7(6.2)

29.5 (3.4)
23.8(2.2)

19.3(3.6)
15.0(8.5)

n

50
50
47

50
48
47

44
44
43

44
44
43

48
48

47

48
47

47

2
2

2
1

CT

M(SD)

29.8 (6.3)
10.1(9.6)
10.3(8.6)

19.1 (4.4)
7.2(6.7)
6.4(5.1)

28.9(5.9)
9.7 (9.2)

10.4(8.7)

18.6(3.3)
6.8(5.7)
6.2 (4.8)

29.5 (6.2)
9.3(9.0)

10.3(8.6)

18.9(4.2)
6.7(5.7)

6.4(5.1)

36.0(7.1)
27.5(7.8)

24.0(8.5)
32.0 (.0)

F(2,

F(2,
F(2,

F(2,

F(2,
F(2,

F(2,
F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

F(2,

Fπ)andp

148) < l,ns
145) < l.ns
132) < l.ns

148) = 3.5,/><.05
138)<l,ns
132)<l,ns

126)<l,ns
128)<l,ns
120)<l,ns

126) = 2. 72, ns
125)<l,ns
120)<l,ns

134) < l,m
1 34) < 1 , ns

127) < 1, ns

134) = 3.2,p<.05
131)< 1,BJ

127) < l.ns

F(2,9)= 1.04,™
F(2,

F(2,

F(2,

9) = 3.48, ns

9) = .79, ns
4) = 3.6, ns

Note. BDI = Beck Depression Inventory, HRSD = Hamilton Rating Scale for Depression; BA = behav-
ioral activation; AT = automatic thoughts; CT = cognitive-behavioral therapy; Pre = pretreatment; Post =
posttreatment.
* Eight participants of the complete sample were unavailable for posttest and are therefore missing HRSD
scores. BDI scores were taken from the final therapy session. b One participant in the completer sample
was unavailable for posttest and, therefore, did not have an HRSD score. c Two participants in the partial
completer sample were unavailable for posttest and therefore did not have HRSD scores. d Five partici-
pants of the complete sample were unavailable for posttest and are therefore missing HRSD scores.

ences between treatment conditions, F(2, 132) < 1, ns. As Ta-

ble 5 indicates, the treatments were also equivalent in the ulti-

mate impact of therapy: this conclusion is derived from

ANCOVAs in which follow-up scores served as dependent vari-

ables and pretest scores served as covariates. Thus, the three

treatments did not differ either in the overall impact of therapy

through the 6-month follow-up or in changes in depressive

symptoms over the first 6 months after posttest.

Table 5 shows the percentage of participants in each condi-

tion who had recovered during the course of therapy and re-

lapsed by the time of the 6-month follow-up, based on the LIFE

interview. Relapse was defined as meeting criteria for major de-

pression, and we used three different definitions of recovery: 8

consecutive weeks of not meeting criteria for major depression,

ending therapy with a BDI score of 8 or less, and ending therapy

with an HRSD score of 7 or less. Contingency table analyses

indicated that, regardless of how recovery was defined, groups

did not differ significantly in relapse rates.

We also compared the recovered participants in all three

treatment conditions on the number of "well weeks" during the

follow-up period, again using three criteria for recovery. A well

week was denned as a week when there were no or minimal
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Table 6
Mean Number of Well Weeks During 6-Month Follow- Up by Condition

M (and SD)

Status BA AT CT

Fully recovered
Recovered (BDI < 9)
Recovered (HRSD < 8)

22.2(5.2)
22.1 (5.6)
23.3(3.4)

20.5 (7.3)
20.6(7.8)
19.4(8.7)

19.8(7.8)
18.2(9.6)
20.4(9.4)

F(2,97) =
F(2,69) =
F(2, 73) =

1.2, M

l.6,ns
2.5, ns

Note. Fully recovered included those participants who were either symptom-free or minimally symptom-
atic for at least 8 consecutive weeks on the Longitudinal Interval Follow-Up Evaluation 11 (LIFE) interview.
Recovered (BDI < 9) included those participants who were either symptom-free or minimally symptomatic
for at least 2 weeks directly before posttest and who also had scores of less than 9 on the Beck Depression
Inventory (BDI) at posttest. Recovered (HRSD < 8) included those participants who were either symptom-
free or minimally symptomatic for at least 2 weeks directly before posttest and who also had scores of less
than 8 on the Hamilton Rating Scale for Depression (HRSD). Well weeks are defined as weeks in which a 1
(no depressive symptoms) or a 2 (minimally symptomatic) was coded on the LIFE interview. BA = behav-
ioral activation; AT = automatic thoughts; CT = cognitive-behavioral therapy.

nificantly related to later change in the EASQ or the PES in
either of the treatment conditions.

Discussion

We found no evidence in this study that CT is any more
effective than either of its components. When one examines the
means and standard deviations on our outcome measures, the
null findings are unlikely to be attributable to inadequate power.
The outcomes were quite comparable across treatment condi-
tions and across outcome measures. Given the fact that our cri-
teria for recovery were more stringent than in many previous
studies, it is hard to compare the outcomes of this and other
studies. However, our recovery rates were comparable with
those of the TDCRP; despite a more severely depressed sample
in this treatment study than in the TDCRP (as evidenced by
higher mean BDI scores), the magnitude of change for partici-
pants in this study was comparable with those of previous CT
studies.

Table 7
Correlations Between Early Mechanism Change and Late
Depression Change in Each Treatment

Mechanism measure BA CT

EASQ
Uncontrollable
Internal
Stable
Global

PES
Frequency
Pleasure

DAS

-.01
.27
.45**"
.38*

.17
-.26

.26

.21

.14

.03

.22

-.29*
-.25
-.02

Note. BA = behavioral activation; CT = cognitive-behavioral therapy;
EASQ = Expanded Attributional Style Questionnaire; PES = Pleasant
Events Schedule; DAS = Dysfunctional Attitudes Scale.
• Probability levels are one-tailed where the relationship was predicted
and two-tailed where it was unexpected.
*/><.05. **p<.01.

The finding that BA alone is equal in efficacy to more com-
plete versions of CT is important for both the theory and treat-
ment of depression. We have ruled out threats to the internal
validity of this study, and to the results given earlier, suggesting
that these are valid findings: Our competence ratings showed
that the therapists were performing CT within the range typi-
cally viewed by experts as competent; also, the absence of supe-
riority for CT is not accounted for by unwanted overlap be-
tween treatments. The adherence ratings suggest that the treat-
ments were quite discriminable and that the therapists did an
excellent job of sticking to the treatment protocols. Thus, de-
spite the fact that the treatments were distinct, the outcomes
were indistinguishable, at least in the short term.

Furthermore, the treatments were not significantly different
at follow-up. The parametric analyses included the entire sam-
ple, thus preserving random assignment. With these analyses,
there were no overall differences between groups at the time of
the 6-month follow-up, and groups did not change differentially
during the follow-up period. All groups maintained their treat-
ment gains for the most part during the short follow-up period.
When relapse rates were examined, either parametrically in
terms of the number of well weeks or nonparametrically in
terms of the proportion of participants who had relapsed, CT
once again failed to outperform component treatments.

Thus, participants with depression who received BA alone did
as well as those who were additionally taught coping skills to
counter depressive thinking. Furthermore, both component
groups improved as much as those who received interventions
aimed at modifying cognitive structures, specifically underlying
assumptions, and core schema. These findings run contrary to
hypotheses generated by the cognitive model of depression put
forth by Beck and his associates (1979), who proposed that direct
efforts aimed at modifying negative schema are necessary to max-
imize treatment outcome and prevent relapse. These results are all
the more surprising, given that they run counter to the allegiance
effect (Robinson, Berman, & Neimeyer, 1990), which is quite
commonly related to outcome in psychotherapy research. All of
the therapists expected CT to be the most effective treatment, and
morale was low whenever a case was assigned to BA. Moreover,
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H ¼ "
X

o

po logðpoÞ:

We will consider there to be more control when an action
leads more deterministically to one outcome (having low
entropy) than if it leads to many different outcomes with
similar probabilities (and thus has high entropy). In terms
of the vending machine, there is more control if we always
receive the same chocolate bar when we press the same
button, than if we receive many different ones. For conve-
nience, we use the number of possible outcomes (the out-
come set size) as a suitable proxy for the entropy (see
Supplementary material Section 1).

Achievable outcomes: The entropy measure considers ac-
tions in isolation. This leads to anomalies when multiple
actions are possible, for instance assigning a high level of
control when all available actions deterministically lead

to the same outcome (Fig. 1B, left). For the vending ma-
chine, this corresponds to all buttons yielding the same
chocolate bar (even for chocophobic subjects). We thus ex-
tend the notion of control to take into account whether any
possible outcome can be reliably achieved. Combining this
with the previous measure, an agent is said to have more
control if all its actions (i) have low outcome entropy and
(ii) lead to different outcomes. Fig. 1B illustrates this no-
tion. This notion of control is close to the standard engi-
neering notion (Moore, 1981, see, for instance).

Achievable rewards: The two previous notions are agnos-
tic between different possible outcomes. However, con-
sider the case that subjects have one predominant need
and there are actions available leading deterministically
to all outcomes other than those satisfying that need. For
example, we might want a particular chocolate bar from
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Fig. 1. Notions of control. These plots show probability distributions over outcomes given choices of action. (A): Entropy. There is less control if an action
randomly produces many outcomes with similar probability (left) than if only few outcomes are likely (right). (B): Fraction of controllably achievable
outcomes. If there is more than one action, the relationship between the outcomes of the different actions is important. In these bar charts, each column
represents the outcome distribution of one action. There are four actions, each with four outcomes. Consider the leftmost bar chart. All actions preferentially
lead to one and the same outcome, like a vending machine which produces the same chocolate bar most of the time, whichever button is pressed. For the
middle bar chart, each action tends to lead to a different outcome. The rightmost bar chart shows a case in between, where the vending machine reliably
yields only three out of the four outcomes advertised. Outcome 3 does occur, but no action action preferentially produces it over other outcomes. Control is
commensurate with the dependability with which all outcomes in an environment can be achieved. (C): Fraction of controllably achievable
reinforcement. There is most control if specifically affectively salient outcomes are under behavioral control. The red bar represents the reinforcement
associated with each outcome. In the left case, all reinforcement is associated with the most likely outcome for all actions. All vending machine buttons tend
to yield the one chocolate bar we desire. In the middle bar chart, there is one button which preferentially yields the desired bar, the others tend to yield
outcomes associated with no reward. There is extensive control over rewards in both these cases. However, if the reinforcement is as indicated by the red
bar in the right bar chart, then all but the reward-carrying outcome can be reliably evoked; the one chocolate bar that is desired is most likely produced by
an action that yields all possible outcomes randomly. In this case there is little controllably achievable reward. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article).
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3.3. Controllably achievable rewards

We have so far described two aspects of outcome distri-
butions that are important in relation to control: outcome
entropy, which relates more to ideas in psychology, and
outcome achievability, which is closer the notion of con-
trollability in engineering. One last, important, ingredient
is reinforcement. Arguably, it is not the crude number of
controllable outcomes that matters; but rather only con-
trol over those outcomes associated with most reinforce-
ment. In animal models, control tends to be defined in
terms of the availability of an action to achieve a desirable
goal. Similarly, helplessness in humans is typically charac-
terised in terms of high level rewards in interpersonal rela-
tionships or at work (Beck et al., 1979; Peterson et al.,
1993; Williams, 1992).

We therefore turn to our third and final notion of con-
trol, that of the fraction of controllably achievable rein-
forcements within an environment (Fig. 1C). Again, in a
highly abstracted environmental model, we use the vari-
able v (Supplementary material Eq. (20)) to characterize
the fraction of reinforcements that are available via con-
trollably achievable outcomes. For example, for the case
in Fig. 5 (matrices in Eq. (2), v ¼ 0:24, as only 0.3 of the to-
tal reinforcement is available via a controllably achievable
outcome (the action/ button 1 in matrix M), and the extent
of control is C11 ¼ 0:8.

This notion of controllability again inherits the main
properties of the previous notions. However, its focus on
reinforcement gives it greater psychological refinement.
Fig. 6 shows the effect of v and the reinforcement structure
on the predictive distribution. In this case, each of jAj ¼ 5
actions has already been taken three times, always leading
to outcome o ¼ a for action a (Fig. 6A), i.e. there is ample

evidence of perfect control. Fig. 6D and E are obtained with
the reward structure in panel B, where all outcomes carry
some reward, though not equal amounts. In panel D, v ¼ 1,
and thus only matrices M that have one unit entry in each
column, and correspondingly low entropy outcome proba-
bility vectors ca, are allowed to contribute to the predic-
tions. Overall, a very low entropy predictive distribution
is recovered for all actions, as all actions carry rewards.
However, when v is set to zero, the predictive distribution
changes. Now, to the extent that actions lead to rewarding
outcomes, the prior suggests that they will not do so with
low entropy. Thus, since all actions lead to some reward,
the entropies of their outcome distributions are all in-
creased. However, this effect is most pronounced for the
action leading to the largest reward, here action 1. Fig. 6F
shows a more extreme version of this when action 1 is
the only action leading to a reinforced outcome. Now all
actions are predicted to lead to outcomes deterministically,
apart from the one action which produces rewards. Thus,
the notion of controllable reward fraction allows us to cap-
ture the aspect of helplessness that is directed towards
reinforcements.

4. Learned helplessness

We next consider how reward-sensitive control can ac-
count for the main features of LH. The standard experimen-
tal setup is presented in Fig. 7 with master, yoked and
control subjects. Shock-based helplessness training pro-
ceeds in one environment, with shocks for master and
yoked rats starting at unpredictable times and stopping
when the master performs a particular escape action, no
matter what the yoked rats do. We assume that subjects
extract from this a distribution over the degree of control-
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Fig. 6. Reinforcement-sensitive control. (A): For each action a, outcome o ¼ a was observed 3 times. (B): Reward fractions for each outcome as used in
figures D and E. Here, all outcomes, and thus all actions, carry sizeable reinforcements. (C): Reward fractions as used in panel F. One outcome carries all the
reward. (D–F): Inferred action-outcome matrices. Because the tree is constructed from repeated choices, these are also inferred transition matrices. (D):
With the assumption that a large fraction of the rewards in panel B is controllably achievable (v ¼ 1), low entropy predictive distributions pðnDþ1jN;vÞ are
recovered for all actions. (E): However, when v ¼ 0, the predictive distributions all have a high entropy, and to a greater extent when the reward of the
outcome associated with the action is higher. The rewards here are still those from panel B. (F): The more extreme reward distribution of panel C, combined
with v ¼ 0, results in a predictive distribution that has low entropy for the actions that do not lead to rewards, but a high entropy for the one action that
leads to the only reward available in this environment. Throughout, r ¼ 0:05. Smaller r accentuates the effect further. See Supplementary material Eq. (21)
for the definition of r.
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shock strength will not increase the probability that the
master rats choose to escape, but it will increase the prob-
ability that the inescapably shocked animals will do so,
since these animals are still influenced by the actual Q
values.

5. Discussion

Simply put, by making rewards exploitable and punish-
ments avoidable, control renders the world more pleasant,
more colorful, and more worth exploring. This holds for all
three notions of control we presented. The different no-
tions are increasingly powerful and subsume each other:
the fraction of achievable outcomes relies on the notion
of outcome entropy, and the notion of achievable rewards
in turn adds a critical extra feature to straight
achievability.

To focus on the concepts, we used rather impoverished
and arbitrary mathematical formulations. For example, at
times we wrote outcome distributions as a mixture of a
uniform and a delta function (and, partly because of this,
replaced the Shannon entropy with a measure of the out-
put set size). We also considered the case of only a single
state. Clearly, these are very drastic reductions. However,
the machine learning and Bayesian reinforcement learning
literatures contain methods such as correlated Dirichlet
processes that could be used to express similar underlying

notions about the priors pðcÞ over more general decision
problems with substantially greater flexibility, conciseness
and elegance (Dearden, Friedman, & Russell, 1998; Dear-
den, Friedman, & Andre, 1999; Friedman & Singer, 1999;
Huys, Vogelstein, & Dayan, 2009; Strens, 2000).

Even in our simple formulation, significant differences
were apparent between the different notions of controlla-
bility. In particular, the results on generalization suggest
that, unlike the other notions, outcome entropy by itself
is not a quantity that is worth inferring and projecting into
a new environment. Of course, it may be a simply com-
puted proxy for quantities which are more useful in re-
stricted classes of environment. Certainly an important
avenue of future research will be the creation and use of
specific behavioral tests to differentiate and enrich the var-
ious notions.

5.1. Learned helplessness

We presented a qualitative interpretation of LH through
a quantity we defined as the fraction of controllably
achievable reinforcement that an environment affords.
The generalization of this quantity to new environments
can account for an acquired escape deficit in yoked ani-
mals; it accounts for the sensitivity of the escape deficit
to the shock size used in the escape condition; and it rep-
licates the finding that the escape deficit persists against
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Fig. 8. Learned helplessness after acute severe shock. LH was simulated by first inferring distributions over v in one environment and then using this as a
prior over v in a second environment. In the first environment, all but outcome 4 were negative, in the second environment, all but outcome 1 were
negative. (A): posterior distribution over controllably achievable reinforcement v pðvjNISÞ given 80 observations NIS in a low-control (v ¼ 0:1) environment
in which inescapable shocks (IS) are presented. The distribution is concentrated on low values. (B): posterior distribution pðvjNESÞ given 80 observations NES

in a high-control (v ¼ 0:9) environment in which escapable shocks (ES) are presented. (C) and (D): Predictive distributions over outcomes for each action in
the test environment. For each action a in the test environment, outcome o ¼ a was observed 20 times, providing very strong evidence for full control.
However, given the low-control prior over v from panel A, the predictive distributions have high entropy. By comparison, given the high-control prior from
panel B, the predictive distributions have low entropy. (E): Q values of the four actions in the test environment (correcting back from the comparison to the
worst possible outcome). The best action (action 1) has smaller expected reward after exposure to uncontrollable reinforcement (solid line) than after
exposure to controllable reinforcement (dashed line). The difference between the actions is attenuated by exposure to uncontrollable rewards. (F):
Increasing the size of the punishment in the test environment has more drastic effects on the advantage of action 1 over the other actions after exposure to
controllable than uncontrollable reinforcers. Dark bars show difference between the Q value of action 1 and action 2 after ES, light bars after IS. (G) and (H):
If the Q values are used to derive a probabilistic policy via a softmax function, preference for action 1 (white bar) over other actions (light grey to dark grey
bars) increases faster with increasing reinforcer strength after controllable (H) than uncontrollable (G) reinforcement.
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Hopelessness and uncontrollability?
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We will consider there to be more control when an action
leads more deterministically to one outcome (having low
entropy) than if it leads to many different outcomes with
similar probabilities (and thus has high entropy). In terms
of the vending machine, there is more control if we always
receive the same chocolate bar when we press the same
button, than if we receive many different ones. For conve-
nience, we use the number of possible outcomes (the out-
come set size) as a suitable proxy for the entropy (see
Supplementary material Section 1).

Achievable outcomes: The entropy measure considers ac-
tions in isolation. This leads to anomalies when multiple
actions are possible, for instance assigning a high level of
control when all available actions deterministically lead

to the same outcome (Fig. 1B, left). For the vending ma-
chine, this corresponds to all buttons yielding the same
chocolate bar (even for chocophobic subjects). We thus ex-
tend the notion of control to take into account whether any
possible outcome can be reliably achieved. Combining this
with the previous measure, an agent is said to have more
control if all its actions (i) have low outcome entropy and
(ii) lead to different outcomes. Fig. 1B illustrates this no-
tion. This notion of control is close to the standard engi-
neering notion (Moore, 1981, see, for instance).

Achievable rewards: The two previous notions are agnos-
tic between different possible outcomes. However, con-
sider the case that subjects have one predominant need
and there are actions available leading deterministically
to all outcomes other than those satisfying that need. For
example, we might want a particular chocolate bar from
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Fig. 1. Notions of control. These plots show probability distributions over outcomes given choices of action. (A): Entropy. There is less control if an action
randomly produces many outcomes with similar probability (left) than if only few outcomes are likely (right). (B): Fraction of controllably achievable
outcomes. If there is more than one action, the relationship between the outcomes of the different actions is important. In these bar charts, each column
represents the outcome distribution of one action. There are four actions, each with four outcomes. Consider the leftmost bar chart. All actions preferentially
lead to one and the same outcome, like a vending machine which produces the same chocolate bar most of the time, whichever button is pressed. For the
middle bar chart, each action tends to lead to a different outcome. The rightmost bar chart shows a case in between, where the vending machine reliably
yields only three out of the four outcomes advertised. Outcome 3 does occur, but no action action preferentially produces it over other outcomes. Control is
commensurate with the dependability with which all outcomes in an environment can be achieved. (C): Fraction of controllably achievable
reinforcement. There is most control if specifically affectively salient outcomes are under behavioral control. The red bar represents the reinforcement
associated with each outcome. In the left case, all reinforcement is associated with the most likely outcome for all actions. All vending machine buttons tend
to yield the one chocolate bar we desire. In the middle bar chart, there is one button which preferentially yields the desired bar, the others tend to yield
outcomes associated with no reward. There is extensive control over rewards in both these cases. However, if the reinforcement is as indicated by the red
bar in the right bar chart, then all but the reward-carrying outcome can be reliably evoked; the one chocolate bar that is desired is most likely produced by
an action that yields all possible outcomes randomly. In this case there is little controllably achievable reward. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article).
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‣ Bellman equation	


!

!

‣ Dirichlet prior 	


• on entropy of each machine a

Choice probability as function of prior belief

Q(a, s) =

X

s0

T a
s,s0 [Ra

s,s0 + argmax

a0
Q(a, s0

)]

T a
s,s0 = P (r|Nt, a,↵)
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‣ Bellman equation	


!

!

‣ Dirichlet prior 	


• on entropy of each machine a	



!

!

‣ Value of each machine by evaluating tree weighted 
by belief-dependent outcome probabilities

Choice probability as function of prior belief

Q(a, s) =

X

s0

T a
s,s0 [Ra

s,s0 + argmax

a0
Q(a, s0

)]

T a
s,s0 = P (r|Nt, a,↵)

Qt(a|Nt, �) =
�

r

p(r|Nt, a,�)[r + argmax
a�

Qt(a�|Nt+1(r), �)]
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Casino Task

Imagine you are in a Casino.	


With lots and lots of rooms.
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Casino Task

In each room, you can choose between	


slot machines.	



!

You will go through 100 different rooms.	


!

In each room, you get to choose	


8 times. 

Huys et al., 2008
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Anhedonia or helplessness?

p(a|Nt,↵,�) =
e�Q(a;Nt,↵)

P
a0 e�Q(a0;Nt,↵)

Anhedonia? Helplessness?

↵ = ✓�BDA + ✓0
↵BHS + · · ·

� = ✓0
�BDA + ✓↵BHS + · · ·

−0.4

−0.2

0

θα θβ
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Helplessness as normative generalisation

Figure 1: Hierarchical Bayesian model of state-
transitions and controllability. ✓s,a are the transition
probabilities for taking action a in state s (level I). The
second level, abstracts away from particular actions and
represents the general outcome tendency �s of situation
s and its controllability ↵s. The third level abstracts
away from any particular state and represents how con-
trollable the world is in general (c) and how much states
di↵er with respect to controllability (�2

c ).

Methods

In a novel situation s, a rational agent may have to learn
how likely each of the available actions a1, · · · , am is to
lead into each of the potential successor states s1, · · · , sn.
In the absence of knowledge about the particular situa-
tion s, the agent can bring experience in other situations
s

0 to bear on the problem, i.e. it can use its knowl-
edge about one part of the transition matrix to inform
its belief about others. Hierarchical Bayesian formula-
tions provide a normative framework for such general-
izations [11,14]. In this section, we present such a model
of state-transition probabilities with three levels of hi-
erarchy (see Figures 1 and 2). At the lowest level are
the probabilities that taking action a in state s will lead
to state s

0. At the second level, the model represents
the typical outcome probabilities of actions in any one
particular situation s and how di↵erent the outcomes of
di↵erent actions tend to be. The more actions are be-
lieved to have similar outcomes, the less control there
is. At the third and most abstract level, the model rep-
resents knowledge about how controllable situations are
in general. In this model beliefs about the world’s con-
trollability acts as an over-hypothesis that shapes how
the agent learns state-transition probabilities (cf. [14]).
Concretely, the agent’s belief about the state St+1 result-
ing from taking action a in state s is a multinomial distri-
bution (Equation 1). The agent assumes that the transi-
tion probabilities ✓a,s of the actions a available in state
s are all drawn from the same distribution: a Dirichlet
distribution with the state-specific mean vector �s and

8a, s : St+1|St = s,At = a ⇠ Multinomial (✓a,s) (1)

8a, s : ✓a,s ⇠ Dirichlet (↵s · �s) (2)

8s : � log(↵s) ⇠ N
�
c,�

2
c

�
(3)

8s : �s ⇠ Dirichlet (1) (4)

c ⇠ N (µ,�2
µ) (5)

�

2
c ⇠ InvGamma(↵�,��) (6)

Figure 2: The functional dependencies of the graphical
model in Figure 1.

a second parameter ↵s that determines the controllabil-
ity of situation s (Equation 2). If ↵s goes to 1, then
the agent becomes sure that the transition probabilities
✓a1,s, · · · ,✓aN ,s are independent of the agent’s action a.
This means that the situation is uncontrollable (corre-
sponding to the second notion of controllability in [13]).
Values of ↵s close to zero corresponds to the belief that
the transition probabilities ✓a1,s, · · · ,✓aN ,s for di↵erent
actions are uninformative about each other and hence
can di↵er. To allow for the transfer of knowledge be-
tween states, a further level is needed: in addition to its
belief about the controllability ↵s of individual situations
s, the agent also has a belief about how controllable situ-
ations are in general. This belief is described by a normal
distribution on � log(↵s) (Equation 3). The parameter
c = E[� log(↵)] expresses how controllable situations are
on average, and �

2
c expresses how much controllability

varies from situation to situation.

The average controllability c and the variability of con-
trol �2

c are unknown properties of the world that have
to be learned from experience. We describe the agent’s
prior beliefs about these quantities by a normal distri-
bution on c (Equation 5) and an Inverse-Gamma distri-
bution on �

2
c (Equation 6). In this model helplessness

results from a probabilistic belief that one’s control over
the world is low on average (low c) and varies very little
across situations (low �

2
c ).

Assuming that this hierarchical Bayesian model cap-
tures the subjects’ internal representation of transition
probabilities and control, we can examine how they infer
the controllability c of the world in general from the ob-
servations o = {(s1, a1, s2) , · · · , (st�1, at�1, st)} of the
state transitions (s1, s2), · · · , (st�1, st) and their actions
a1, · · · , at. In addition, we can simulate the weaker
generalization on the situation-specific controllability ↵s

and transition-tendency �s by computing P (↵s,�s|o).
Finally, we can investigate how this generalization is
shaped by abstract beliefs about control (P (c,�2

c )).

Simulations The e↵ects of controllable and uncontrol-
lable shocks were modelled by simulating the learning
process taking place during the shocks as Bayesian in-
ference on c and �

2
c . The naive subjects’ belief about

controllability was modelled by a probability distribu-
tion with E[↵] = 10 and Var[↵] = 100; the variance of
the prior beliefs was 100 for c and 0.1 for �2

c . To model
the observations resulting from controllable (oc) versus
uncontrollable shocks (o¬c), we assumed one observation
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Figure 5: The left panel shows empirical data acquired
by [17] as shown in [1]. The plots on right show our
simulations of the experiment.

learn the probability P (St+1 = s2|St = s1, At = ai) that
an action ai terminates the shock (an alternative model
might consider treating di↵erent numbers of lever presses
as separate actions). The subjects’ internal representa-
tion of transition probabilities was modelled as the hi-
erarchical Bayesian model shown in Figure 1. The rat’s
decision making was simulated by a sampling algorithm
to produce behaviour akin to probability-matching [18].
Specifically, we assumed that the rat simulates five out-
comes ui,j = r(s, ai, s0j), s

0
j ⇠ P (St+1|St = s,At = ai)

of each action ai and chooses the action ai for which
the average utility 1

5

P5
j=1 ui,j was largest, and ties were

broken at random. Under these assumptions, the learn-
ing dynamics shown in Figure 4 capture the qualitative
e↵ects of uncontrollable shocks on the probability to es-
cape shock and the time required to do so [17]: yoked
subjects failed to escape more often than naive subjects
(Figure 5, left panel), and when they succeeded to escape
it took them longer (Figure 5, right panel). Furthermore,
our model accounts for the mastery e↵ect that rats who
had been exposed to controllable shocks prior to the task,
escaped faster than rats with no prior exposure to shock.

As outlined in the introduction, learned helplessness
impairs not only the ability to learn from punishments
but also from rewards. To assess whether our model
captures this e↵ect, we simulated the experiment by [6].
In the experiment’s appetitive choice task, rats were re-
warded with food for going into one of two chambers
after they had been trained to prefer the other cham-
ber. We modelled this task as a sequence of decisions,
observations, and belief updates as described above. As
Figure 6 shows our model captures that uncontrollable
shocks reduced the probability that a rat would first seek
out the chamber in which a reward would be delivered.
Thus this apparently anhedonic behaviour can be ex-
plained purely in terms of impaired associative learning
due the generalization that the world is uncontrollable.

Next, we asked whether our model can account for
the finding that the e↵ect of learned helplessness is most
pronounced in tasks that are complex and require per-
sistence. To answer this question, we simulated decision

Figure 6: Simulation of the appetitive choice distinction
task by [6]. Our simulation captures that yoked rats
performed worse than naive rats across all 10 blocks of
the experiment.

Figure 7: Simulation of the experiment by [19]. Dashed
lines are model predictions; diamonds are data points.
The three columns correspond to the experimental con-
ditions requiring 1, 2, or 3 lever presses.

making and learning in the experiment by [19]. In this
experiment, yoked rats did learn to escape response when
one or two, but not when three lever presses were re-
quired. In Figure 7, we show that the model can quanti-
tatively capture the increasing penetrance of inescapable
shock exposure with increasing escape response require-
ments.

Discussion

Our results indicate that a normative account of gener-
alization of action-outcome contingencies is su�cient to
produce a wide range of phenomena observed in learned
helplessness experiments. The account captures (i) how
helplessness is induced by uncontrollable stressors and
why it transfers to novel situations, (ii) why control-
lable stress fails to induce helplessness, (iii) that helpless-
ness results from impaired learning that di↵erent actions
have di↵erent e↵ects, (iv) mastery e↵ects, (v) impaired
reward seeking, and (vi) the interaction between help-
lessness and task requirements. This suggests that the
generalization of experienced control may be su�cient
to account for many learned helplessness e↵ects.

Note that our model explains helplessness as the con-
sequence of rational learning and generalization (cf.
[11, 14]) from uncontrollable stress. Mirroring the fact
that learned helplessness induces depression-like states
in healthy animals and a↵ects healthy humans, this sug-

Lieder, Goodman and Huys, 2013
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our model accounts for the mastery e↵ect that rats who
had been exposed to controllable shocks prior to the task,
escaped faster than rats with no prior exposure to shock.
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impairs not only the ability to learn from punishments
but also from rewards. To assess whether our model
captures this e↵ect, we simulated the experiment by [6].
In the experiment’s appetitive choice task, rats were re-
warded with food for going into one of two chambers
after they had been trained to prefer the other cham-
ber. We modelled this task as a sequence of decisions,
observations, and belief updates as described above. As
Figure 6 shows our model captures that uncontrollable
shocks reduced the probability that a rat would first seek
out the chamber in which a reward would be delivered.
Thus this apparently anhedonic behaviour can be ex-
plained purely in terms of impaired associative learning
due the generalization that the world is uncontrollable.

Next, we asked whether our model can account for
the finding that the e↵ect of learned helplessness is most
pronounced in tasks that are complex and require per-
sistence. To answer this question, we simulated decision

Figure 6: Simulation of the appetitive choice distinction
task by [6]. Our simulation captures that yoked rats
performed worse than naive rats across all 10 blocks of
the experiment.

Figure 7: Simulation of the experiment by [19]. Dashed
lines are model predictions; diamonds are data points.
The three columns correspond to the experimental con-
ditions requiring 1, 2, or 3 lever presses.

making and learning in the experiment by [19]. In this
experiment, yoked rats did learn to escape response when
one or two, but not when three lever presses were re-
quired. In Figure 7, we show that the model can quanti-
tatively capture the increasing penetrance of inescapable
shock exposure with increasing escape response require-
ments.
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Our results indicate that a normative account of gener-
alization of action-outcome contingencies is su�cient to
produce a wide range of phenomena observed in learned
helplessness experiments. The account captures (i) how
helplessness is induced by uncontrollable stressors and
why it transfers to novel situations, (ii) why control-
lable stress fails to induce helplessness, (iii) that helpless-
ness results from impaired learning that di↵erent actions
have di↵erent e↵ects, (iv) mastery e↵ects, (v) impaired
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lessness and task requirements. This suggests that the
generalization of experienced control may be su�cient
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learn the probability P (St+1 = s2|St = s1, At = ai) that
an action ai terminates the shock (an alternative model
might consider treating di↵erent numbers of lever presses
as separate actions). The subjects’ internal representa-
tion of transition probabilities was modelled as the hi-
erarchical Bayesian model shown in Figure 1. The rat’s
decision making was simulated by a sampling algorithm
to produce behaviour akin to probability-matching [18].
Specifically, we assumed that the rat simulates five out-
comes ui,j = r(s, ai, s0j), s

0
j ⇠ P (St+1|St = s,At = ai)

of each action ai and chooses the action ai for which
the average utility 1

5

P5
j=1 ui,j was largest, and ties were

broken at random. Under these assumptions, the learn-
ing dynamics shown in Figure 4 capture the qualitative
e↵ects of uncontrollable shocks on the probability to es-
cape shock and the time required to do so [17]: yoked
subjects failed to escape more often than naive subjects
(Figure 5, left panel), and when they succeeded to escape
it took them longer (Figure 5, right panel). Furthermore,
our model accounts for the mastery e↵ect that rats who
had been exposed to controllable shocks prior to the task,
escaped faster than rats with no prior exposure to shock.

As outlined in the introduction, learned helplessness
impairs not only the ability to learn from punishments
but also from rewards. To assess whether our model
captures this e↵ect, we simulated the experiment by [6].
In the experiment’s appetitive choice task, rats were re-
warded with food for going into one of two chambers
after they had been trained to prefer the other cham-
ber. We modelled this task as a sequence of decisions,
observations, and belief updates as described above. As
Figure 6 shows our model captures that uncontrollable
shocks reduced the probability that a rat would first seek
out the chamber in which a reward would be delivered.
Thus this apparently anhedonic behaviour can be ex-
plained purely in terms of impaired associative learning
due the generalization that the world is uncontrollable.

Next, we asked whether our model can account for
the finding that the e↵ect of learned helplessness is most
pronounced in tasks that are complex and require per-
sistence. To answer this question, we simulated decision

Figure 6: Simulation of the appetitive choice distinction
task by [6]. Our simulation captures that yoked rats
performed worse than naive rats across all 10 blocks of
the experiment.

Figure 7: Simulation of the experiment by [19]. Dashed
lines are model predictions; diamonds are data points.
The three columns correspond to the experimental con-
ditions requiring 1, 2, or 3 lever presses.

making and learning in the experiment by [19]. In this
experiment, yoked rats did learn to escape response when
one or two, but not when three lever presses were re-
quired. In Figure 7, we show that the model can quanti-
tatively capture the increasing penetrance of inescapable
shock exposure with increasing escape response require-
ments.

Discussion

Our results indicate that a normative account of gener-
alization of action-outcome contingencies is su�cient to
produce a wide range of phenomena observed in learned
helplessness experiments. The account captures (i) how
helplessness is induced by uncontrollable stressors and
why it transfers to novel situations, (ii) why control-
lable stress fails to induce helplessness, (iii) that helpless-
ness results from impaired learning that di↵erent actions
have di↵erent e↵ects, (iv) mastery e↵ects, (v) impaired
reward seeking, and (vi) the interaction between help-
lessness and task requirements. This suggests that the
generalization of experienced control may be su�cient
to account for many learned helplessness e↵ects.

Note that our model explains helplessness as the con-
sequence of rational learning and generalization (cf.
[11, 14]) from uncontrollable stress. Mirroring the fact
that learned helplessness induces depression-like states
in healthy animals and a↵ects healthy humans, this sug-

per second during 64 shocks lasting 60 seconds each. For
controllable shocks there was one action (a1) that would
always terminate the shock (s1 ! s2) and four actions
that did not (s1 ! s1), whereas there was no such action
for uncontrollable shocks.

Learning after exposure to shocks was modelled as
Bayesian inference on ↵,� given c = E[c|o¬c] and �

2
c =

E[�2
c |o¬c] for uncontrollable shocks versus c = E[c|oc]

and �

2
c = E[�2

c |oc] for controllable shocks.
Inference was performed using Markov chain

Monte-Carlo (MCMC) methods. To sample from
P (↵,�, c,�2

c |o), we used a Metropolis-Hastings
algorithm with Gaussian random-walk proposals
on c and � log(↵). The proposal for �t+1 was
Dirichlet(10n · �t) where n is the number of states,
and the proposal for �

2
c,t+1 was an Inverse-Gamma

distribution with mean �

2
c,t and variance 1. 50 Markov

chains were run for 51000 iterations with a burn-in
period of 1000 iterations. P (↵,�|c,�2

c ,o) was com-
puted in the same way. The posterior expectation
of ✓ was computed using Monte-Carlo integration:
E[✓|o, c,�2

c ] =
R
E[✓|↵,�,o] · p(↵,�|o, c,�2

c )d↵d� ⇡
1
m⌃m

i=1E[✓|↵i,�i,o] with ↵i,�i ⇠ P (↵,�|o, c,�2
c ).

Results

As a first step in assessing whether generalization can
account for the di↵erential e↵ects of controllable ver-
sus uncontrollable stress, we simulated Bayesian learning
from these experiences according to the model shown in
Figure 1. Figure 3A shows the simulated changes in
perceived controllability induced by the escapable and
inescapable shocks administered in the learned help-
lessness paradigm [15]. After inescapable shocks, the
subjects’ perceived control c was reduced, whereas con-
trollable shocks increased it. Furthermore, control-
lable shocks increased the estimated variability of con-
trol across situations, whereas no such change was ob-
served after inescapable shocks (Figure 3B). Thus, the
two kinds of shocks have opposite e↵ects on the subjects’
high-level beliefs about controllability.

We next asked whether the beliefs induced by uncon-
trollable shocks were su�cient to impair escape learn-
ing in a di↵erent task, and whether the beliefs induced
by controllable shocks have the opposite (mastery) ef-
fect. We modelled these beliefs by the inferred mean
and variance of c for escapable and inescapable shocks
and simulated learning in the shuttle-box escape task.
As a first step, we simulated learning from given obser-
vations with one action that did (a1) and four actions
that did not cancel the shock (a2, · · · , a5). Concretely,
we simulated how strongly naive subjects, subjects who
had experienced inescapable shocks (yoked), and sub-
jects who had experienced escapable shocks (masters)
would believe that action a1 cancels the shock after hav-
ing taken action a1 for 0, 1, 2, 4, 8, 16 or 32 times and
each of the four other actions 8 times. Figure 4 shows
that yoked subjects (red) acquired the escape response
more slowly than naive subjects (blue): more evidence
was required before they believed that the action was ef-
ficient in terminating the shock. Furthermore, the model

Figure 3: A: Expected controllability learned from con-
trollable or uncontrollable electric shocks. The values
on the x-axis are the change �c relative to the con-
trollability expected by naive subjects and height of the
bars shows how strongly the simulated agent beliefs in
the corresponding value of c. B: Variance of controlla-
bility learned from controllable and uncontrollable elec-
tric shocks. The values on the x-axis are the change
�c relative to the variability expected by naive subjects
and height of the bars shows how strongly the simulated
agent beliefs in the corresponding value of �2

c .

Figure 4: Simulated e↵ects of controllable and uncon-
trollable shocks on the speed of learning that action 1
terminates the shock.

also captured mastery e↵ects, whereby prior exposure to
controllable shocks leads to faster learning (green; [16]).

To more quantitatively relate the learning dynamics
shown in Figure 4 to empirical data, we simulated learn-
ing and decision making in the fixed-ratio operant con-
ditioning task of [17]. In this task, rats have to learn
to press a lever, but only every third lever press termi-
nates the shock. This task was modelled as sequential-
decision making. To do so, we partitioned the 60 sec-
onds of each trial in [17]’s experiment into 30 bins, each
2 seconds long, and simulated one decision, one observa-
tion, and one belief update for every bin. The simulated
choices were to stay still (a0), to push the lever (a1),
or to perform a di↵erent action (a2). The reward for
staying still and receiving the shock was modelled as -1
(r(s1, a0, s1) = �1). Moving and receiving a shock was
assumed to incur a small additional cost (r(s1, a2, s1) =
�1.2). If the action stopped the shock, it was assumed
to incur only the cost of movement (r(s1, a0, s2) = 0 and
r(s1, ai, s2) = �0.2 for i 2 {1, 2}). We assumed that rats

Figure 5: The left panel shows empirical data acquired
by [17] as shown in [1]. The plots on right show our
simulations of the experiment.

learn the probability P (St+1 = s2|St = s1, At = ai) that
an action ai terminates the shock (an alternative model
might consider treating di↵erent numbers of lever presses
as separate actions). The subjects’ internal representa-
tion of transition probabilities was modelled as the hi-
erarchical Bayesian model shown in Figure 1. The rat’s
decision making was simulated by a sampling algorithm
to produce behaviour akin to probability-matching [18].
Specifically, we assumed that the rat simulates five out-
comes ui,j = r(s, ai, s0j), s

0
j ⇠ P (St+1|St = s,At = ai)

of each action ai and chooses the action ai for which
the average utility 1

5

P5
j=1 ui,j was largest, and ties were

broken at random. Under these assumptions, the learn-
ing dynamics shown in Figure 4 capture the qualitative
e↵ects of uncontrollable shocks on the probability to es-
cape shock and the time required to do so [17]: yoked
subjects failed to escape more often than naive subjects
(Figure 5, left panel), and when they succeeded to escape
it took them longer (Figure 5, right panel). Furthermore,
our model accounts for the mastery e↵ect that rats who
had been exposed to controllable shocks prior to the task,
escaped faster than rats with no prior exposure to shock.

As outlined in the introduction, learned helplessness
impairs not only the ability to learn from punishments
but also from rewards. To assess whether our model
captures this e↵ect, we simulated the experiment by [6].
In the experiment’s appetitive choice task, rats were re-
warded with food for going into one of two chambers
after they had been trained to prefer the other cham-
ber. We modelled this task as a sequence of decisions,
observations, and belief updates as described above. As
Figure 6 shows our model captures that uncontrollable
shocks reduced the probability that a rat would first seek
out the chamber in which a reward would be delivered.
Thus this apparently anhedonic behaviour can be ex-
plained purely in terms of impaired associative learning
due the generalization that the world is uncontrollable.

Next, we asked whether our model can account for
the finding that the e↵ect of learned helplessness is most
pronounced in tasks that are complex and require per-
sistence. To answer this question, we simulated decision

Figure 6: Simulation of the appetitive choice distinction
task by [6]. Our simulation captures that yoked rats
performed worse than naive rats across all 10 blocks of
the experiment.

Figure 7: Simulation of the experiment by [19]. Dashed
lines are model predictions; diamonds are data points.
The three columns correspond to the experimental con-
ditions requiring 1, 2, or 3 lever presses.

making and learning in the experiment by [19]. In this
experiment, yoked rats did learn to escape response when
one or two, but not when three lever presses were re-
quired. In Figure 7, we show that the model can quanti-
tatively capture the increasing penetrance of inescapable
shock exposure with increasing escape response require-
ments.

Discussion

Our results indicate that a normative account of gener-
alization of action-outcome contingencies is su�cient to
produce a wide range of phenomena observed in learned
helplessness experiments. The account captures (i) how
helplessness is induced by uncontrollable stressors and
why it transfers to novel situations, (ii) why control-
lable stress fails to induce helplessness, (iii) that helpless-
ness results from impaired learning that di↵erent actions
have di↵erent e↵ects, (iv) mastery e↵ects, (v) impaired
reward seeking, and (vi) the interaction between help-
lessness and task requirements. This suggests that the
generalization of experienced control may be su�cient
to account for many learned helplessness e↵ects.

Note that our model explains helplessness as the con-
sequence of rational learning and generalization (cf.
[11, 14]) from uncontrollable stress. Mirroring the fact
that learned helplessness induces depression-like states
in healthy animals and a↵ects healthy humans, this sug-

Lieder, Goodman and Huys, 2013
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muscimol as in the above experiment before treatment, whereas the 
remaining half received vehicle. Thus, the design was 3 (stress condition) 
× 2  (muscimol versus vehicle) factorial. Rats were sacrificed at 2 h after 
the session, the time of maximal c-Fos expression after IS6.

As in our prior studies, neither IS nor ES treatment altered the 
 number of 5-HT–labeled neurons (data not shown). We determined 
the percentage of 5-HT–labeled neurons expressing c-Fos for the 
 caudal (Fig. 3a) and rostral (Fig. 3b) DRN (coordinates in Methods) by 
 immunohistochemistry. Again, as in our earlier studies, no 5-HT–labeled 
cells expressed c-Fos in HCC rats. This was true for both vehicle- and 
muscimol-injected HCC rats. Thus, HCC rats are not shown, as they are 
at zero with zero standard error, nor are they included in the statistical 
analysis. IS led to much greater c-Fos expression in caudal 5-HT neurons 
than did ES: a difference of approximately 300%. Muscimol abolished 
the difference between IS and ES, largely by increasing c-Fos expression 
in 5-HT  neurons in the ES rats. ANOVA showed significant effects of 
stress condition (F1, 22 = 4.27, P = 0.05) and an interaction between stress 
condition and muscimol (F1,22 = 10.41, P < 0.004). Fisher’s PLSD  post-
hoc comparisons showed that the ES-vehicle group differed from the 
other groups, which did not differ from each other. Thus,  muscimol sig-
nificantly increased c-Fos expression in caudal 5-HT neurons in ES rats, 
whereas the small reduction in IS rats was not statistically reliable. There 
was no effect of stressor controllability or muscimol in rostral DRN.

Extracellular 5-HT in the caudal DRN
We have previously found7 that IS produces much greater 5-HT efflux 
than does equal ES within the caudal DRN, as measured by in vivo 
microdialysis. This 5-HT is released by axon collaterals and perhaps 
from dendrites themselves and is likely to reflect the activity of the 
DRN 5-HT neurons22. Therefore, we used the same experimental 
design as in the above c-Fos experiment and measured extracellular 
levels of 5-HT in the DRN before, during and after the stress session. 
Muscimol injected into the mPFCv had no  detectable effect on 5-HT 
efflux within the DRN (Fig. 4, insert), and so the HCC groups with 

and without muscimol were pooled for simplicity. Measuring extracel-
lular 5-HT levels for the controls and for the groups given IS showed 
that IS produced a sustained increase in 5-HT that persisted during 
the IS session and for the period measured after the session (Fig. 4a). 
As in prior studies, ES (Fig. 4b) produced only a transient increase in 
5-HT, with 5-HT returning to baseline levels by 40 min after the onset 
of the stress session. This rapid reduction in 5-HT if the stressor is 
controllable is notable, as the stressor exposure continued for another 
80 min, but 5-HT now remained at baseline values. Muscimol, which 
had no effect in the IS rats, produced a marked increase in 5-HT 
efflux in the ES rats and elevated 5-HT to levels comparable to those 
observed in the IS rats. ANOVA on the baseline samples taken before 
the start of the stressor did not show any differences (all F values <1.0). 
During the stressor there were significant effects of stress condition 
(F2, 27 = 190.0, P < 0.00001), the interaction between stress condition 
and muscimol (F2, 27 = 4.31, P < 0.03), Time (F4,108 = 10.17, P < 0.0001), 
and the interaction between time, stress condition and muscimol 
(F8,108 = 2.34, P < 0.05). Fisher’s PLSD indicated that the IS-vehicle, 
IS, muscimol, and ES-muscimol groups differed from the other groups 
but did not differ from each other. ANOVA conducted on post-stress 
samples indicated significant effects of shock condition (F2,25 = 4.65, 
P < 0.02). Fisher’s PLSD indicated the same group differences as 
occurred during the stress treatment. Probe placements within the 
DRN are shown in Figure 2b.

Fear conditioning and escape learning
IS potentiates subsequent fear conditioning and interferes with 
escape learning, whereas ES does not 24. Thus, we used the same 3 × 2 
factorial design as above, with behavioral testing conducted 24 h after 
the ES/IS session using our typical procedures. However, we added 
two additional site-specificity control groups. One group was injected 
2.0 mm rostral (ventral orbital cortex (VO), n = 4) and the other 
2.0 mm caudal (cingulate cortex area 2 (Cg2), n = 4) relative to the usual 

Figure 3  Percentage of neurons double-labeled for 5-HT and c-Fos (mean 
± s.e.m). (a) Caudal DRN. (b) Rostral DRN. Gray bars represent rats that 
had received escapable stress; white bars represent rats that had received 
inescapable stress.

Figure 4  5-HT as a percentage of baseline in the DRN. The insert shows 
nonshocked home cage controls that received either muscimol or vehicle 
in the mPFCv (mean ± s.e.m). (a) Groups that received inescapable stress 
(IS) and controls. The open circles represent rats that had received vehicle 
before IS, the filled circles represent rats that had received muscimol 
before IS, and the dotted line represents the controls. (b) Groups that 
received escapable stress (ES) and controls. The open circles represent 
rats that had received vehicle before ES, the closed circles represent rats 
that had received muscimol before ES, and the dotted line represents the 
controls. The gray bar represents the time of stressor exposure in the wheel-
turn boxes.
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So...

‣ Emotional component	


• No primary changes (pain, hedonic taste, sucrose)	


• Negative “emotional” biases & decision-making	



• conceptual -> interpretation?	



‣ Cognitive component	


• Helplessness	


• Goal-directed “interpretations”	



‣ Neuromodulators: 5HT	


!

‣ Cognitive Neuropsychological model: emotional 
biases lead to cognitive biases	


• How? 
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with a validated imputation method.16 Responders to 
treatment were calculated on an intention-to-treat 
basis: the analysis was based on the total number of 
randomly assigned participants, irrespective of how 
the original study investigators analysed the data. To 
carry out a clinically sound analysis, we used a 
conservative approach and imputed outcomes for the 
missing participants assuming that they did not 
respond to treatment.

First, we did pair-wise meta-analyses by synthesising17 

studies that compared the same interventions with a 
random-eff ects model18 to incorporate the assumption 
that diff erent studies assessed diff erent, yet related, 
treatment eff ects.17 We used visual inspection of the 
forest plots to investigate the possibility of statistical 
heterogeneity, and the I2 statistic.19 We did the analyses 
using Stata version 9.

Second, we did a random-eff ects model within a 
Bayesian framework using Markov chain Monte Carlo 
methods in WinBUGS (MRC Biostatistics Unit, 
Cambridge, UK).11 We modelled the binary outcomes in 
every treatment group of every study, and specifi ed the 
relations among the odds ratios (ORs) across studies 
making diff erent comparisons.10 This method combines 
direct and indirect evidence for any given pair of 
treatments. We used p values less than 0·05 and 
95% CIs (according to whether the CI included the null 
value) to assess signifi cance, and looked at a plausible 
range for the magnitude of the population diff erence.20 
We also assessed the probability that each antidepressant 
drug was the most effi  cacious regimen, the second best, 
the third best, and so on, by calculating the OR for each 
drug compared with an arbitrary common control 
group, and counting the proportion of iterations of the 
Markov chain in which each drug had the highest OR, 
the second highest, and so on. We ranked treatments in 
terms of acceptability with the same methods.

A key assumption behind multiple-treatments meta-
analysis is that the analysed network is coherent—ie, 
that direct and indirect evidence on the same 
comparisons do not disagree beyond chance. To 
estimate incoherence, we calculated the ratio of odds 
ratios for indirect versus direct evidence whenever 
indirect estimates could be constructed with a single 
common comparator. We defi ned incoherence as the 
disagreement between direct and indirect evidence with 
a 95% CI excluding 1. 

Finally, we looked at comparative effi  cacy among the 
12 antidepressant drugs. We expressed these using 
fl uoxetine as reference drug, because it was the fi rst 
among these 12 antidepressants to be marketed in 
Europe and the USA, and it has been consistently used 
as reference drug among the diff erent pair-wise 
comparisons. 

We did sensitivity analyses according to the following 
variables: dose (including only studies within the 
therapeutic range) and imputation (including only 
studies without imputation). To investigate the eff ect of 
sponsorship on outcome estimate, we carried out a 
meta-regression analysis.

Role of the funding source
No drug manufacturing company was involved in the 
study design, data collection, data analysis, data 
interpretation, writing of the report, or in the decision to 
submit the report for publication. All authors saw and 

Number 
of trials

Year of publication Country

Earliest Median Latest Europe North 
America

Africa Asia Multiple 
countries

Bupropion 14 1991 2003 2007 1 10 0 0 2

Citalopram 16 1993 2002 2007 4 4 0 1 4

Duloxetine 8 2002 2006 2007 2 5 0 0 1

Escitalopram 19 2000 2005 2007 5 11 0 0 2

Fluoxetine 54 1991 2000 2007 15 13 1 3 6

Fluvoxamine 11 1993 1998 2006 3 2 0 1 2

Milnacipran 6 1994 2000 2003 2 1 0 2 0

Mirtazapine 13 1997 2002 2005 3 3 1 1 5

Paroxetine 32 1993 2001 2007 12 13 1 1 2

Reboxetine 8 1997 2003 2006 2 2 0 0 1

Sertraline 27 1993 2000 2007 10 9 0 2 1

Venlafaxine 28 1994 2002 2007 7 5 0 1 6

The number of studies across countries in this table does not match the number of trials included in the review. 
Missing studies scored as other or not known. *Two three-arm studies comparing fl uoxetine with paroxetine and 
sertraline were included in the systematic review (the total number of arms is 236 and it corresponds to 115 two-arm 
and two three-arm studies).

Table 2: Studies included in the multiple-treatments meta-analysis

Paroxetine

Sertraline

Citalopram

Fluoxetine

Fluvoxamine

Milnacipran

Venlafaxine

Reboxetine

Bupropion

Mirtazapine

Duloxetine

Escitalopram

Figure 2: Network of eligible comparisons for the multiple-treatment meta-analysis for effi  cacy (response rate)
The width of the lines is proportional to the number of trials comparing each pair of treatments, and the size of 
each node is proportional to the number of randomised participants (sample size). The network of eligible 
comparisons for acceptability (dropout rate) analysis is similar.
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with a validated imputation method.16 Responders to 
treatment were calculated on an intention-to-treat 
basis: the analysis was based on the total number of 
randomly assigned participants, irrespective of how 
the original study investigators analysed the data. To 
carry out a clinically sound analysis, we used a 
conservative approach and imputed outcomes for the 
missing participants assuming that they did not 
respond to treatment.

First, we did pair-wise meta-analyses by synthesising17 

studies that compared the same interventions with a 
random-eff ects model18 to incorporate the assumption 
that diff erent studies assessed diff erent, yet related, 
treatment eff ects.17 We used visual inspection of the 
forest plots to investigate the possibility of statistical 
heterogeneity, and the I2 statistic.19 We did the analyses 
using Stata version 9.

Second, we did a random-eff ects model within a 
Bayesian framework using Markov chain Monte Carlo 
methods in WinBUGS (MRC Biostatistics Unit, 
Cambridge, UK).11 We modelled the binary outcomes in 
every treatment group of every study, and specifi ed the 
relations among the odds ratios (ORs) across studies 
making diff erent comparisons.10 This method combines 
direct and indirect evidence for any given pair of 
treatments. We used p values less than 0·05 and 
95% CIs (according to whether the CI included the null 
value) to assess signifi cance, and looked at a plausible 
range for the magnitude of the population diff erence.20 
We also assessed the probability that each antidepressant 
drug was the most effi  cacious regimen, the second best, 
the third best, and so on, by calculating the OR for each 
drug compared with an arbitrary common control 
group, and counting the proportion of iterations of the 
Markov chain in which each drug had the highest OR, 
the second highest, and so on. We ranked treatments in 
terms of acceptability with the same methods.

A key assumption behind multiple-treatments meta-
analysis is that the analysed network is coherent—ie, 
that direct and indirect evidence on the same 
comparisons do not disagree beyond chance. To 
estimate incoherence, we calculated the ratio of odds 
ratios for indirect versus direct evidence whenever 
indirect estimates could be constructed with a single 
common comparator. We defi ned incoherence as the 
disagreement between direct and indirect evidence with 
a 95% CI excluding 1. 

Finally, we looked at comparative effi  cacy among the 
12 antidepressant drugs. We expressed these using 
fl uoxetine as reference drug, because it was the fi rst 
among these 12 antidepressants to be marketed in 
Europe and the USA, and it has been consistently used 
as reference drug among the diff erent pair-wise 
comparisons. 

We did sensitivity analyses according to the following 
variables: dose (including only studies within the 
therapeutic range) and imputation (including only 
studies without imputation). To investigate the eff ect of 
sponsorship on outcome estimate, we carried out a 
meta-regression analysis.

Role of the funding source
No drug manufacturing company was involved in the 
study design, data collection, data analysis, data 
interpretation, writing of the report, or in the decision to 
submit the report for publication. All authors saw and 
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Fluvoxamine

Milnacipran

Venlafaxine

Reboxetine

Bupropion

Mirtazapine

Duloxetine

Escitalopram

Figure 2: Network of eligible comparisons for the multiple-treatment meta-analysis for effi  cacy (response rate)
The width of the lines is proportional to the number of trials comparing each pair of treatments, and the size of 
each node is proportional to the number of randomised participants (sample size). The network of eligible 
comparisons for acceptability (dropout rate) analysis is similar.
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In a meta-regression analysis to assess potential 
sponsorship bias, ORs and fi nal rankings did not 
substantially change. The cumulative probability of 
being among the four best treatments became slightly 
smaller for those drugs in trials which were sponsored 
by the marketing company, with the comparators 
moving up the ranking slightly.

Discussion
Our analysis was based on 117 studies including 
25 928 individuals randomly assigned to 12 diff erent 
new-generation antidepressants. Our fi ndings might 
help to choose among new-generation antidepressants 
for acute treatment of major depression. Some 
antidepressants diff ered both statistically and clinically. 
In terms of response, mirtazapine, escitalopram, 
venlafaxine, and sertraline were more effi  cacious than 
duloxetine, fl uoxetine, fl uvoxamine, paroxetine, and 
reboxetine. In terms of acceptability, escitalopram, 
sertraline, citalopram, and bupropion were better 
tolerated than other new-generation antidepressants. 
These results indicate that two of the most effi  cacious 
treatments (mirtazapine and venlafaxine) might not be 
the best for overall acceptability.

Here, we did not investigate important outcomes, such 
as side-eff ects, toxic eff ects, discontinuation symptoms, 
and social functioning. However, the most important 

clinical implication of the results is that escitalopram and 
sertr aline might be the best choice when starting a 
treatment for moderate to severe major depression 
because they have the best possible balance between 
effi  cacy and acceptability.

We did not do a formal cost-eff ectiveness analysis; 
however, because some new anti depressants are now off  
patent and available in generic form, their acquisition 
cost is reduced. Indeed, only two of the 12 antidepressants 
(escitalopram and duloxetine) are still on patent in the 
USA and in Europe. Sertraline seems to be better than 
escitalo pram because of its lower cost in most countries. 
How ever, in the absence of a full economic model, this 
recom mendation cannot be made unequivocally because 
several other costs are associated with the use of 
antidepressants.138

Reboxetine, fl uvoxamine, paroxetine, and duloxetine 
were the least effi  cacious and acceptable drugs, making 
them less favour able options when prescribing an acute 
treat ment for major depression. Furthermore, in terms of 
acceptability, reboxetine was the least tolerated agent 
among the 12 anti depressants and was signifi cantly less 
eff ective than all the other 11 drugs. Therefore, reboxetine 
should not be used as a routine fi rst-line acute treatment 
for major depression.

Findings from this analysis apply only to acute-phase 
treatment (8 weeks) of depression. Clinicians need to 
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Maier and Watkins, 2005

Serotonin in helplessness

302 L.F. Takase et al. / Behavioural Brain Research 162 (2005) 299–306

Table 1
Effects of inescapable shock on the number of Fos+ cells

Nuclei Cage control Shocks

0 10 50 100

DRN 105.0 ± 8.0 365.5 ± 48.1** 410.2 ± 32.0** 623.3 ± 48.0***,††,§§ 661.7 ± 64.7***,†††,§§
MRN 31.5 ± 7.6 99.3 ± 9.9*** 106.0 ± 16.7*** 137.8 ± 7.2*** 127.8 ± 6.5***
NRM 64.3 ± 18.4 327.5 ± 22.6*** 391.2 ± 32.4*** 470.7 ± 31.3***,†† 461.0 ± 22.3***,††
NRO 38.3 ± 5.9 125.8 ± 15.7*** 120.7 ± 11.1** 135.2 ± 13.8*** 150.5 ± 16.6***
NRP 29.3 ± 4.7 161.2 ± 15.8*** 150.2 ± 21.3*** 162.5 ± 20.0*** 164.7 ± 10.8***
LC 84.0 ± 13.0 390.5 ± 32.4*** 466.7 ± 41.0*** 594.7 ± 52.8***,††,§ 622.3 ± 42.7***,††,§

Values are means±S.E.M.; n= 4 for cage control; n= 6 for 0, 10, 50 and 100 shocks. **p< 0.01; ***p< 0.001 vs. cage contol; ††p< 0.01; †††p< 0.001 vs. 0
shocks; §p< 0.05; §§p< 0.01 vs. 10 shocks; by one-way ANOVA and Newman–Keuls multiple comparison test.

shock groups, only the DRN and LC are significant (at both
shock levels). These latter data may be directly relevant to
the previously described behavioral data in which 0 and 10
shocks did not produce significant increases in shuttle box
latencies during the FR-2 trials, but the 50 and 100 shocks
did produce significant latency increases.

3.4. Double-labeled cells

Table 2 displays the data for the number of double-labeled
cells (FosIR + 5-HT or TH) as a function of the number of
shocks. With very few exceptions, these data parallel the re-
sults presented in Table 1 for FosIR cells. Except for the
MRN and NRP all other conditions displayed an increase
in double-labeled cells for all shock groups (0 through 100)
compared to cage controls. Interestingly, none of the three
medullary groups of serotonergic neurons (NRM, NRO and
NRP) displayed statistically significant differences across
the shock groups, i.e. approximately the same numbers of
double-labeled cells were seen in response to 0, 10, 50 and
100 shocks.
Themost interesting data are found in the LC and theDRN

(many fewer double-labeled cells are found in the MRN, but
the data generally parallel those for the DRN). In both the LC
and DRN the 0 shock condition (restraint only) produced a
very large increase (∼6–10-fold) in activated double-labeled
cells as compared to the cage control condition (Table 2 and
Figs. 2 and 3). Somewhat surprisingly, in neither the LC nor
the DRN did the 10 shock condition significantly increase the

number of double-labeled cells above the 0 shock condition
(only a 20–30% increase was observed). Finally, and most
importantly for the present theoretical framework, the 50 and
100 shock conditions, as compared to both the 0 and 10 shock
conditions, produced significant increases in the number of
double-labeled cells in the LC, DRN and MRN (Table 2 and
Figs. 2 and 3). In none of these three sites were the 100 shocks
significantly more effective than the 50 shocks in activating
double-labeled cells (small increases were observed in all
three sites).

3.5. Correlational analyses

We compared the number of double-labeled cells
(FosIR + 5-HT or FosIR +TH) in each nucleus, at each of
the four shock levels, with the number of double-labeled
cells in all the other nuclei (Table 3). In almost all cases,
the correlations were positive, but in most cases they were
not statistically significant. By far the strongest relationship
(r= 0.79; p< 0.0001) was between the DRN and the MRN
(Fig. 4). This is not surprising since it is known that these
two nuclei are closely linked during early development [7].
The other strong relationship was between the DRN and
the NRM (r= 0.61; p= 0.002). It is noteworthy that there
was a significant correlation (r= 0.42; p= 0.04) between the
DRN and the LC, the two structures of primary interest in
this study (Fig. 5). This result is consistent with the strong
reciprocal anatomical connections between these two sites
[8].

Table 2
Effects of inescapable shock on the number of Fos+ 5-HT cells and Fos+ TH cells.

Nuclei Cage control Shocks

0 10 50 100

DRN 7.8 ± 1.7 76.8 ± 12.6** 98.7 ± 14.0** 155.0 ± 16.6***,††,§ 162.3 ± 17.8***,††,§
MRN 1.8 ± 1.2 7.8 ± 1.8 9.0 ± 1.9 18.7 ± 3.4***,††,§§ 24.0 ± 2.0***,†††,§§§
NRM 1.8 ± 0.5 31.3 ± 2.1** 33.3 ± 4.8∗ 40.2 ± 4.0*** 45.0 ± 11.9**
NRO 0.5 ± 0.3 9.7 ± 1.8∗ 10.5 ± 0.8∗ 9.5 ± 3.0∗ 11.3 ± 2.5∗

NRP 2.3 ± 0.5 9.3 ± 2.5 6.3 ± 2.2 7.2 ± 2.1 8.5 ± 2.2
LC 49.0 ± 15.2 332.3 ± 31.2*** 390.3 ± 32.5*** 506.5 ± 47.9***,††,§ 531.2 ± 41.6***,††,§

Values are means±S.E.M.; n= 4 for cage control; n= 6 for 0, 10, 50 and 100 shocks. ∗p< 0.05; **p< 0.01; ***p< 0.001 vs. cage control; ††p< 0.01; †††p< 0.001
vs. 0 shocks; §p< 0.05; §§p< 0.01; §§§p< 0.001 vs. 10 shocks; by one-way ANOVA and Newman–Keuls multiple comparison test.

if no response had occurred after 30 s, and so group
latencies close to 30 s indicate that most animals failed to
escape. The data are clear in showing that when ISs were
delivered in an environment different from the test shuttle-
box, interference with escape only occurred if testing was
within 48 h of the shocks, whereas there was no diminution
of the effect over time if the shocks were first delivered in
the shuttlebox.

Moreover, differences between these two experimental
procedures are not restricted to the timecourse of inter-
ference with escape. Most importantly for the topic of this
Special Issue, the two paradigms are pharmacologically
distinct. For example, prior work in which testing was given
in an environment distinctly different than the IS environ-
ment has shown that DRN microinjection of the 5-HT1A
agonist 8-OH-DPAT, before either IS or later escape testing,
blocks the effects of IS (Maier et al., 1995b). The rationale
for this experiment will be described below, and here it is

only necessary to understand that intra-DRN administration
of 8-OH-DPAT inhibits DRN 5-HT activity since 5-HT1A
receptors within the DRN function as inhibitory somato-
dendritic autoreceptors (see below). These somatodendritic
5-HT1A receptors are more sensitive to 8-OH-DPAT than
are post-synaptic 5-HT1A receptors, and so are selectively
activated by low doses of systemic 8-OH-DPAT (Kennett
et al., 1987). Fig. 1B shows the results of an experiment in
which a systemic dose of 8-OH-DPAT (60 (mg/kg, sc)
known to selectively activate somatodendritic 5-HT1A
autoreceptors (Kennett et al., 1987) was administered either
before IS or escape testing 24 h later. The design included
three groups that received IS and later escape testing. One
received saline before both IS and testing, one received 8-
OH-DPAT before IS and Saline before testing, and one
received saline before IS and 8-OH-DPAT before testing. A
fourth group was merely restrained on Day 1 and tested on
Day 2, with saline given before both. Restrained 8-OH-

Fig. 1. A. Mean shuttlebox escape latencies for groups (NZ8) given inescapable tailshocks and tested either 24, 48, 72, or 168 h later. The Control was

restrained in the apparatus and tested 24 h later. The Top Panel shows the results for groups that received inescapable shocks in a restraining tube, while the

Bottom Panel shows the results for groups that received inescapable shocks in one side of the shuttlebox. B. Mean shuttlebox escape latencies for groups (NZ
8) given inescapable tailshocks and tested 24 hr later, Different groups received either saline injection (ip) before both treatments, 8-OH-DPAT before

inescapable shock and saline before shuttlebox testing or saline before inescapable shock and 8-OH-DPAT before shuttlebox testing. The Control group

received only saline injections and was restrained on the first day and received shuttlebox testing 24 hr later. The top Panel shows the results for groups that

received inescapable shocks in a restraining tube, while the Bottom Panel shows the results for groups that received inescapable shocks in one side of the
shuttlebox.

S.F. Maier, L.R. Watkins / Neuroscience and Biobehavioral Reviews 29 (2005) 829–841832 Takase et al., 2005
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Behaviour Behaviour

Soubrié (1986) - not anxiety, but behavioural suppression
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Cools et al., 2007

Inhibition with aversive expectations? 
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Crockett et al., 2012

ATD abolishes Pavlovian inhibition in humans
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Huys et al., 2011

PIT 

rmANOVA with factor Time for each drink separately, and an
rmANOVA with factor Drink only to comparing TRP/!LNAA after
ATD and BAL.

Pavlovian conditioning. The threshold for performing above chance at
the query trials (Fig. 1C) was set to at least 14 (of 18) correct (based on a
sign test). Proportion correct choices were also submitted to a drink "
order rmANOVA.

Instrumental training. There were four trial types, consisting of stim-
ulus for which the correct response was as follows: (1) go-approach, (2)
nogo-approach, (3) go-withdrawal, and (4) nogo-withdrawal. We calcu-
lated the proportion of correct responses [p(correct)] for the first and last
10 trials of each trial type, both for the instrumental training and for the
PIT stage. To assess whether participants learned to make the correct
choice during instrumental training, we used a rmANOVA with time
(two levels: first/last trial bin), action context (two levels: approach/with-
drawal), correct choice (two levels: go/nogo), and drink and order.

To assess whether the learned behavior generalized to the PIT stage,
the two level factor Time was changed to include three levels (henceforth
“extended time factor”): the last instrumental, the first PIT, and the last
PIT trial bin. Adequate generalization to the PIT stage implies an absence
of any effect of, or interaction with, the factor time.

A

B

C

D

Figure 1. A, Instrumental training. To center the cursor, participants clicked in a central square. The experiment consisted of a block with exclusively instrumental approach trials (n #
120) and a block with exclusively withdrawal trials (n # 120). In approach trials (top), participants chose whether to move the cursor toward the mushroom and click inside the blue frame
onto the mushroom (go), or do nothing (nogo). In withdrawal trials, they instead moved the cursor away from the mushroom and clicked in the empty blue frame (go) or did nothing
(nogo). Outcomes were presented immediately after go actions, or after 1.5 s. Per block, there were three “good” and three “bad” instrumental stimuli. Participants played each block
ones per testing day. Instrumental stimuli were different for both blocks, but the same for both days. B, Pavlovian conditioning. Participants passively viewed stimuli and heard auditory
tones, followed by wins and losses. There were five fractal/tone combinations. Each combination was displayed 12 times in the first block and another six times in the second block. C,
On Pavlovian query trials, participants chose between two Pavlovian stimuli. No outcomes were presented, but they were counted and added to the total presented at the end of the
experiment. Query trials were administered after every five Pavlovian conditioning trials. D, PIT participants responded to the instrumental stimuli trained during the instrumental
training stage, with Pavlovian stimuli tiling the background. No outcomes were presented, but participants were instructed that their choices counted toward the final total. No explicit
instructions about the contribution of Pavlovian stimuli towards the final total were given.

Table 1. Action outcome contingencies for the different instrumental stimuli

Block
Type of instrumental
stimulus (mushroom) If the following action:

Then the following
outcome (75%/25%):

Approach Go (good) Go (collect) $20/%20
Nogo (avoid) %20/$20

Nogo (bad) Go (collect) %20/$20
Nogo (avoid) $20/%20

Withdrawal Go (bad) Go (throw away) $20/%20
Nogo (collect) %20/$20

Nogo (good) Go (throw away) %20/$20
Nogo (collect) $20/%20

Table 2. Trait characteristics and data from neuropsychological background tests
as a function of order (BAL1st/TRP!1st; SEM)

Questionnaire BAL1st TRP%1st

Barratt-total 59.4 (3.1) 54.3 (4.1)
Barratt-attention 16.1 (1.0) 14.4 (1.1)
Barratt-motor 18.9 (1.1) 17.6 (1.5)
Barratt-nonplanning 24.4 (1.3) 22.2 (1.7)
BIS 18.3 (0.8) 17.0 (0.9)
BAS-total 24.7 (1.1) 28.1 (3.1)
BAS-reward 8.9 (0.5) 9.1 (0.5)
BAS-drive 7.6 (0.5) 7.5 (0.5)
BAS-fun 8.2 (0.3) 8.4 (0.5)
BDI 1.1 (0.35) 1.4 (0.36)
EPQ-psychoticism 2.1 (0.4) 1.2 (0.2)
EPQ-extraversion 10.0 (0.4) 9.3 (0.6)
EPQ-neuroticism 2.2 (0.4) 1.9 (0.3)
EPQ-lie 6.2 (0.6) 6.6 (0.7)
HRSD 0.9 (0.2) 0.9 (0.3)
STAI 30.2 (1.3) 30.5 (1.2)
Kirby-small 0.04 (0.01) 0.05 (0.02)
Kirby-medium 0.03 (0.01) 0.03 (0.02)
Kirby-large 0.02 (0.01) 0.03 (0.02)
SPSRQ-punishment 4.9 (0.7) 4.4 (0.6)
SPSRQ-reward 11.7 (0.8) 10.8 (0.9)
NLV 85.8 (1.4) 85.6 (1.8)
Number cancelation 227.7 (6.2) 207.5 (5.7)
Box completion 79.7 (3.0) 73.5 (3.6)
Digit span 16.2 (0.6) 18.1 (0.6)

Barratt, Barratt Impulsivity Scale; BAS, behavioral activation system score; BDI, Beck Depression Inventory;
BIS, behavioral inhibition system score from the BIS/BAS scale; EPQ, Eysenck Personality Questionnaire; Kirby,
Kirby Questionnaire; NLV, Dutch reading test; SPSRQ, Sensitivity to Punishment and Sensitivity to Reward
Questionnaire; STAI, Spielberger Trait Anxiety Inventory; HRSD, Hamilton Rating Scale for Depression.

18934 • J. Neurosci., November 27, 2013 • 33(48):18932–18939 Geurts et al. • 5-HT and Aversive Pavlovian-Instrumental Transfer
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Geurts, Huys et al., 2014

Conditioned suppression, ATD

due to increased proportion of correct
go responses after TRP! versus BAL
(F(1,21) " 9.2, p " 0.007). There was no
effect of ATD on the proportion of cor-
rect nogo responses (F(1,21) " 0.9, p "
0.773). Thus, the aversive disinhibition
induced by serotonin depletion was
driven by increased proportion of go
choices when go was correct and not
when go was an error.

With respect to the proportion of go
choices, we did not find a significant in-
teraction between action context (ap-
proach versus withdrawal) and CS valence
(cf. Huys et al., 2011) across sessions
(F(1,41) " 0.6, p " 0.43) or after BAL only
(F(1,41) # 0.1, p " 0.95) and no modula-
tion of this interaction by drink (F(1,41) "
1.3, p " 0.27; Table 4).

Order effects
The order effect might raise the concern
that random assignment of participants to
groups failed, resulting in differences be-
tween groups (BAL1st vs TRP! first) in
vulnerability to ATD. Therefore we inves-
tigated whether there was evidence for any
differences between the groups with re-
spect to screening questionnaires and
background neuropsychological tests
(Table 2). The only measure that differed
between the groups and was not affected by
drink or day was the digit span test: partici-
pants who received BAL on day 1 performed
more poorly on the digit span task across
both sessions than participants who re-
ceived TRP! on day 1 (main effect of order,
F(1,41) " 6.4, p " 0.015). However, adding
this measure as a covariate in the omnibus
rmANOVA did not reduce significance of
the interaction between order, drink, and
CS valence [order $ drink $ CS valence
(S%%

P /S!!
P ), F(1,40) " 7.7, p " 0.008], and it

also did not interact with our main finding
of aversive disinhibition (digit span $
drink $ CS valence, F(1,40) " 0.4, p "
0.511).

Mood ratings
Positive affect as measured with the
PANAS immediately before the PIT ex-
periment was significantly affected by
ATD (F(1,37) " 9.7, p " 0.004; Table 5).
Critically, this effect was not related to our main finding, i.e., no
correlation existed between the effects of ATD on positive affect
and the effects of ATD on the inhibiting effect of the aversive
Pavlovian cue (Pearson r(41) " !0.11, p " 0.51). In addition, we
did not find any other main effect of or interaction with ATD on
the other mood ratings (BLV subscales, F(1,43) # 1, p & 0.52,
PANAS negative affect: F(1,37) " 0.3, p " 0.58). Thus, the
finding that ATD modulates the inhibitory impact of an aver-
sive Pavlovian stimulus is unlikely to be mediated by ATD-
related changes in mood.

Discussion
Results show that serotonin depletion attenuates aversive PIT
without affecting appetitive PIT, thus providing evidence for a
selective role of serotonin in tying aversive expectations to behav-
ioral inhibition. This concurs with current theories according to
which serotonin serves as a motivational opponent to dopamine
(Daw et al., 2002; Boureau and Dayan, 2011; Cools et al., 2011).
According to these theories, both serotonin and dopamine have
coordinated effects that serve to couple a motivational axis (ap-
petitive versus aversive processing), and an activational axis (en-

Figure 2. Instrumental learning and generalization to the PIT stage after tryptophan depletion (right graph, TRP!) and after
the balanced amino acid drink (left graph, BAL). The proportion of correct choices [p(correct)] are divided over the four different
types of instrumental stimuli: go-approach, nogo-approach, go-withdrawal, and nogo-withdrawal. Time is represented by bins of
10 trials for each type of stimulus at the beginning (I1) and the end (I2) of the instrumental training and at the beginning (PIT1) and
the end (PIT2) of the PIT stage. Error bars represent SEM.

A B

Figure 3. Behavioral data from the PIT stage as a function of group. Shown are choice data as a function of CS Valence (SP%%

/ SP% / SPn / SP!/ SP!!) after acute tryptophan depletion (TRP!, red line) and after the balanced amino acid drink (BAL, green
line). A, Participants who started with BAL on day 1. B, Participants who started with TRP! on day 1. Error bars represent SEM.

18936 • J. Neurosci., November 27, 2013 • 33(48):18932–18939 Geurts et al. • 5-HT and Aversive Pavlovian-Instrumental Transfer
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Pezawas et al., 2005

5HTTLPR affects Amg-PFC connectivity

eye-whites) are processed in the human brain by distributed interactive
networks18, we hypothesized that the phenotypic expression of the
5-HTTLPR genotype would involve the structure and function of
neural circuitries involved in emotion processing. We used voxel-
based morphometry (VBM), a neuroanatomical MRI technique, to
test for genetic association with the morphology of limbic circuitry,

consistent with neurodevelopmental studies of animals with altered
5-HT function3–5. We then explored the functional relevance of the
observed structural manifestations with an fMRI strategy, focusing on
interactions within distributed mood circuitry important for affect
generation and regulation, to test the hypothesis that 5-HTTLPR
genotype affects development and patterns of neural activation within
this circuitry. Assuming that neural mechanisms of disease suscept-
ibility exist in clinically healthy individuals inheriting risk alleles, we
restricted our study to a large sample of healthy Caucasian subjects
without any lifetime psychiatric diagnosis or treatment, allowing us to
exclude disease-related heterogeneity and environmental confounders.
We studied the effect of a functional variation in the serotonin

transporter gene on limbic circuitry implicated in mood disorders.
We found that s carriers had reduced gray matter volume in
perigenual cingulate and amygdala. During processing of fearful
stimuli, these same regions showed strong functional interactions.
In s carriers this circuit was relatively uncoupled, and the magnitude
of cingulate-amygdala interaction was a strong predictor of variation
in temperamental anxiety, indicating genotype-related alterations
in anatomy and function of a limbic feedback circuit critical for
negative emotion.

RESULTS
Morphometry
First, we performed a structural imaging study using ‘optimized’
VBM19,20, a sophisticated and automated method designed to measure
gray matter volume changes with sufficient sensitivity to detect
genotype effects of single nucleotide polymorphisms21. In comparison
to l/l genotype subjects, s allele carriers showed significantly reduced
volume of the perigenual anterior cingulate cortex (pACC) and
amygdala (Fig. 1, Table 1). Structural volume changes were more
pronounced in the pACC than in amygdala (Fig. 2a), and only pACC
and right amygdala remained significant (Po 0.05) after correction for
multiple testing (however, the appropriateness of correcting for multi-
ple tests with respect to the amygdala is debatable, considering prior
data showing 5-HTTLPR effects on amygdala function15,16). It is
noteworthy that the rostral subgenual portion of the anterior cingulate

cortex (rACC), a structure implicated in
depression22, was the punctum maximum of
observed gray matter volume reductions
in s allele carriers within the whole brain
(Supplementary Figure 1 online).

Covariance of gray matter structures
Given the prior anatomical evidence of inter-
connection between amygdala and pACC23,24,
we determined the degree to which amygdala
volume was related to volume of the pACC
across all subjects by calculating measures of
‘structural covariance’ based on VBM data25:
using the general linear model, we estimated
across the brain the degree to which regional
(amygdala) volume covaried with that of a
target region (pACC), putatively reflecting an
aspect of neuronal ‘wiring’ with that region25.
We found significant positive covariation of
amygdala and pACC volume, again with a
maximum in the rACC and another local
maximum in the more caudal supragenual
portion of the anterior cingulate cortex
(cACC; Fig. 2b, Table 1).
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Figure 1 Thresholded (P o 0.05) statistical maps restricted to the limbic
cortex and amygdala illustrating gray matter volume reductions of s allele
carriers in comparison to l/l genotype (n ¼ 114). (a) Surface projections
display significant volume reductions of bilateral perigenual anterior cingulate
cortex and medial amygdala. Note that peak differences within the whole
brain are found within the subgenual cingulate, a region implicated in the
biology of depression and anxiety. (b) A coronal section through the amygdala
displays significant bilateral volume reductions. (c) Color scales used for
surface (left) and coronal (right) views represent t-scores.

Table 1 Cluster maxima of morphometric analyses (n = 114)

Region Subregion t z Pa xb y z

Morphometry

l/l genotype 4 s carrier

Subgenual anterior cingulate cortexc BA 24 4.01 3.86 o0.001* "3 33 "2

Supragenual anterior cingulate cortex BA 24 2.87 2.81 0.002 0 30 4

Supragenual anterior cingulate cortex BA 32 2.20 2.17 0.015 0 35 13

Left amygdala — 2.39 2.35 0.009 "31 3 "15

Right amygdala — 2.35 2.31 0.010* 18 "2 "22

Structural covariance

Main effect

Subgenual anterior cingulate cortex BA 32 3.16 3.08 0.001* 3 36 "9

Supragenual anterior cingulate cortex BA 32 3.30 3.22 0.001* 3 36 16

l/l genotype 4 s carrier

Subgenual anterior cingulate cortex BA 25 3.11 3.04 0.001* "1 18 "10

Supragenual anterior cingulate cortex BA 32 2.28 2.25 0.010 3 33 22

aUncorrected P-values. bCoordinates have been transformed from MNI space to that of Talairach and Tournoux; * P o 0.05 after
correction for multiple comparisons based on a ROI of the limbic cortex or amygdala; cRegion with the maximal volume
difference within the entire brain (post-hoc analysis); statistics have been thresholded with a t-score value corresponding to
uncorrected P ¼ 0.05.

NATURE NEUROSCIENCE VOLUME 8 [ NUMBER 6 [ JUNE 2005 829

ART ICLES

©
20

05
 N

at
ur

e 
Pu

bl
is

hi
ng

 G
ro

up
  h

ttp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

en
eu

ro
sc

ie
nc

e

Relationship between regional volume and BOLD signal
Since our earlier reports of increased amygdala activation in response
to threatening stimuli included individuals in this VBM analysis15,16,
we tested whether those functional results might be confounded by
these structural changes (Supplementary Table 1). We did not observe
a significant correlation between amygdala or pACC volume and fMRI
blood oxygen level–dependent (BOLD) activation, suggesting that
genotype differences in this functional parameter of amygdala response
are not driven by local structural alterations.

Functional connectivity
The structural evidence that amygdala and pACC volumes were
correlated suggests that they represent a functional circuitry modulated
by genetic variation of the serotonergic system. We thus measured
functional connectivity between these regions using fMRI to acquire
BOLD signal during the perceptual processing of fearful and threaten-
ing facial expressions15. ‘Functional connectivity’ is a measure of
correlated activity, derived from BOLD fMRI data, between a reference
(amygdala) and target region (pACC) used widely in the imaging
community as a simple and robust characterization of aspects of
functional integration25–27. Converging lines of evidence suggest that
this measure reflects anatomically and functionally relevant coupling
within neuronal circuitries25; however, a finding of ‘functional con-
nection’ should not be interpreted as proving the presence of structural
or causal connections, as thismeasure is correlative in nature.We found
in the entire dataset that amygdala and pACC were significantly

‘functionally connected’ (Fig. 3a, Table 2). Notably, amygdala con-
nectivity distinguished two functionally divergent regions within
pACC: rACC, which was positively correlated with the amygdala, and
cACC, which was negatively correlated with it (Fig. 3a). These distinct
zones of functional connectivity within the cingulate cortex (rACC,
cACC) also showed strong positive connectivity with each other,
suggesting that they might form a feedback loop with amygdala
(Supplementary Table 2).

Functional connectivity and structural covariance
These various findings suggest that disruption of amygdala-pACC
feedback circuitry could underlie the earlier observation of increased
amygdala activity in s carriers during the processing of fearful stimuli
(using the same procedure as here)15,16. Therefore, we analyzed the
effect of genotype on functional coupling between amygdala, rACC and
cACC. Short allele carriers showed a highly significant reduction of
amygdala-pACC connectivity in comparison to l/l genotype indivi-
duals (Fig. 3b, Table 2), particularly prominently in rACC (Fig. 4a).
Within the cingulate, rACC-cACC functional connectivity did not
differ by genotype (Supplementary Table 2). A similar finding was
present in structural covariance, where s carriers showed significantly
lower structural covariance between amygdala and rACC than did l/l
individuals (Fig. 2c, Table 1).

Temperament correlates
As an important external validation, we reasoned that if functional
uncoupling of this mood circuit underlies reported associations of
5-HTTLPR with emotional phenotypes, functional connectivity
between amygdala and rACC should predict normal variation in
temperamental trait measures related to anxiety and depression that
also have been related to 5-HTTLPR8,9. Therefore, we performed a
correlation analysis based on temperament ratings evaluated by the
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Figure 2 Structural data illustrating peak volume changes and results of
structural covariance analyses (n ¼ 114). Plots represent extracted peak
results normalized to volume measures relative to the l/l genotype group
mean. (a) Subgenual anterior cingulate cortex volume is markedly reduced
(by 425%) in s allele carriers in comparison to l/l individuals. (b) Statistical
map of structural covariance analysis displays different degrees of positive
correlation between bilateral amygdala volume and perigenual cingulate
volumes, with two local peaks located supra- and subgenually. (c) Plot
displays reduced structural covariance in s carriers in comparison to l/l
genotype individuals, particularly in the subgenual anterior cingulate cortex.

Figure 3 Statistical functional connectivity maps between bilateral amygdala
and perigenual anterior cingulate cortex representing degree of functional
coupling between these structures (n ¼ 94). (a) Subgenual cortical regions in
left hemisphere (top) and right hemisphere (bottom) correlate positively with
amygdala activity during the perception of threatening faces, whereas
supragenual regions correlate negatively (color bar represents t-scores).
(b) 5-HTTLPR s allele carriers show significantly less functional coupling
between amygdala and perigenual anterior cingulate cortex than l/l
individuals, particularly in the subgenual region (color bar represents
absolute t-scores).
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Lee et al., 2012

pgACC - amygdala connectivity & ER

with greater capacity for reducing negative emotion (as measured with
cEMG) exhibited greater inverse functional coupling between the
amygdala and several regions of the PFC including the pregenual ante-
rior cingulate cortex (pgACC), orbitofrontal cortex (OFC), and dorso-
medial/lateral PFC (dm/dlPFC) when down-regulating negative emo-
tion (Fig. 4A; see Table 1 for the complete list of regions). Conversely,
unsuccessful regulators showed more positive coupling between the
amygdala and these PFC regions. Among these PFC regions, when exam-
ining the main effects of regulatory goal, OFC was not modulated by reg-
ulation instructions (F(2,110)=1.81, P=0.17) whereas pgACC and dm/
dlPFC showed significant regulation effects (Fs(2,110)>21.75, Psb0.001;
enhance=suppress Ps>0.01, suppress>maintain Psb0.001) (Fig. 4B).

Discussion

The present study adds to the growing literature on emotion reg-
ulation by having an independent assessment of an objective and
trait-like index of emotion regulatory ability from a large number of
individuals. To our knowledge, our study is the first to correlate indi-
vidual differences in BOLD response and functional connectivity dur-
ing emotion regulation with a cEMG measure of regulatory ability.
Our data provide new evidence that the trait-like ability to regulate
negative emotion is associated with modulation of the amygdala ac-
tivity as well as with amygdala–PFC functional connectivity. Specifi-
cally, we found that individuals who were better able to down-

Fig. 4. Amygdala–PFC connectivity supporting down-regulatory success. Individual differences in down-regulatory ability predicted amygdala–PFC functional connectivity 1.3 years later.
(A) Toppanel depicts PFC clusters showing functional connectivitywith amygdala during suppress versusmaintain as predicted by cEMGdifference scores (suppress−maintain). Bottom
panel illustrates scatterplots between amygdala–PFC connectivity (y-axis; standardized mean beta) for each identified region above, and cEMG regulation success (x-axis; μV2/Hz)
obtained 1.3 years earlier. Individuals who were more successful at down-regulating negative emotion (more negative cEMG scores) exhibited greater inverse amygdala–PFC coupling
during down-regulation of negative emotion (more negative betas), while individuals who were worse at regulation showed more positive coupling. (B) BOLD signal changes by regu-
latory instruction over time in the PFC regions implicated in this functional connectivity analysis. Inset figures represent themain effects of regulation. Error bars indicate the SEMdifference.

Table 1
Regions where voxelwise regression of cEMG regulation success (suppress−maintain) significantly predicted functional connectivity of amygdala (suppress>maintain).

Brain region (Brodmann area) Size
(mm3)

Max
T

Location of max T

x y z

Middle, superior, medial frontal gyrus (BA 8, 9, 6) 17784 5.06 −15 27 46
Caudate, thalamus 3304 4.64 −11 15 18
Culmen 2424 3.56 −27 −45 −28
Inferior, middle temporal gyrus (BA 20, 37) 2248 3.96 −53 −33 −18
Anterior cingulate, medial/superior frontal gyrus (BA 32, 9, 10) 1768 3.48 −17 49 24
Cuneus (BA 19, 18) 1600 4.30 −23 −81 24
Lentiform nucleus 1352 4.39 −23 −9 −8
Inferior semi-lunar lobule, cerebellar tonsil, pyramis 944 3.49 35 −67 −34
Inferior frontal gyrus (BA 47, 11) 688 3.37 27 31 −4

Note: Corrected cluster for multiple comparisons at Pb0.01. Coordinates of the location of the cluster's maximum T are in Talairach space.

1579H. Lee et al. / NeuroImage 62 (2012) 1575–1581
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Pruning one’s thoughts

‣ Could reflexive (serotonergic) inhibition also apply 
to internal thought processes?	



‣ Pruning to approximate goal-directed problems we 
can’t solve
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Lally, Huys and Roiser, in prep. 

Optimal sequences containing losses
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Huys et al., 2012

Adaptive pruning model
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Huys et al., 2012
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Huys et al., 2012

Pruning is Pavlovian
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Huys et al., 2012
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Huys et al., 2012
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Huys et al., 2012

Minor symptoms of depression increase pruning

‣ leads to increased pruning	
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‣ prediction: in MDD less pruning
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γS: specific pruning

γG: general pruning

β: reinforcement sensitivity

More pruning 	


• more dependence 

on pruning 	


• more sensitivity to 

drops in 5HT?
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Discussion I

‣ Emotional component	


• No primary changes (pain, hedonic taste, sucrose)	


• Negative “emotional” biases & decision-making	



• conceptual -> interpretation?	



‣ Cognitive component	


• Helplessness	


• Goal-directed “interpretations”	



‣ Serotonin	


‣ Pavlovian influence on goal-directed thought 

processes as one influence of emotion on cognition. 


