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Abstract: While cognitive impairments are well documented for the acute episode of major depressive
disorder (MDD), less is known about cognitive functioning in the euthymic state. For working memory,
dysfunctional activation of lateral prefrontal and cingulate cortex has been reported in the acute epi-
sode. This study investigates working-memory function and its neurobiological correlate in euthymic
MDD patients, particularly whether dysfunctional activation persists when depressive symptoms
improve. We investigated 56 subjects with functional magnetic resonance imaging (fMRI) at 3 Tesla. To
challenge working-memory function, a classical verbal n-back task (0-, 1-, and 2-back) was used in 28
well-characterized, euthymic, unipolar MDD patients and 28 healthy control subjects matched accord-
ing to age, sex, and educational level. Data were analyzed using SPM5. In the absence of significant be-
havioral differences, we observed comparable overall patterns of brain activation in both groups. As
expected, both groups showed stronger activation of the typical working-memory network with
increasing memory load. However, significant hyperactivation of the cingulate cortex was observed in
euthymic patients, while lateral prefrontal activation was comparable between patients and controls.
Working-memory challenge in the euthymic state of MDD revealed a dissociation of lateral prefrontal
and cingulate brain function. Cingulate function, which is important for both emotional and cognitive
processing and their integration, is still abnormal when mood is restored. This could reflect a different
speed of normalization in prefrontal and limbic cortices, persistent systematic changes in neuronal net-
works after an episode of MDD, or a compensatory mechanism to maintain working-memory perform-
ance. Hum Brain Mapp 30:2746-2756, 2009.  ©2008 Wiley-Liss, Inc.
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INTRODUCTION

Major depressive disorder (MDD) is one of the most
prevalent psychiatric disorders leading to a dramatic
reduction of quality of life, increased mortality risk,
(Alonso and Lepine, 2007; Cuijpers and Smit, 2002) and
causing a significant individual and economic burden as
the most costly brain disorder in Europe (Sobocki et al.,
2006; von Knorring et al., 2006).

Neuropsychological deficits of different functional
domains are well documented for the acute phase of a
depressive episode (Airaksinen et al.,, 2004; Burt et al,
1995; Castaneda et al., 2008; Landro et al., 2001, Ravnkilde
et al., 2002; Veiel, 1997; Zakzanis et al., 1998). However,
the nature of these deficits, the cognitive domains affected,
as well as the severity of cognitive impairments is still a
matter of ongoing debate. Compared with the acute phase
of major depression, even less is known about the neuro-
cognitive profile of patients who recovered from depres-
sion. Several studies reported lasting deficits in some cog-
nitive domains (Austin et al., 2001; Kessing, 1998; Marcos
et al., 1994; Paelecke-Habermann et al.,, 2005; Paradiso
et al., 1997) such as executive functions and attention (Pae-
lecke-Habermann et al., 2005; Smith et al., 2006; Trichard
et al., 1995). The influence of clinical depression on work-
ing-memory function is still under debate (Channon et al.,
1993; Christopher and MacDonald, 2005; Harvey et al,
2004; Landro et al., 2001; Rose and Ebmeier, 2006;
Zakzanis et al., 1998).

As we know from clinical experience, MDD patients of-
ten complain about problems with thinking and concentra-
tion (Nair et al., 1999). While impairments of working
memory in the acute phase of MDD have been reported
previously, studies focusing on this crucial cognitive func-
tion in remitted depression are rare. Subtle deficits were
reported for strategic aspects of a spatial working-memory
task (Weiland-Fiedler et al., 2004).

Working memory is an extensively researched psycho-
logical concept dealing with the temporary storage and
processing of information (Baddeley, 1992; Baddeley,
2003). Intact working memory is essential for every day
functioning. Working-memory tasks require several cogni-
tive processes, such as online monitoring, continuous
updating, manipulating stored information, and decision
making, which all might be affected by MDD. The neuro-
nal processes underlying working-memory processes have
been widely investigated with neuroimaging techniques
(Owen et al., 2005; Wager and Smith, 2003). In healthy
subjects, the verbal n-back task activated a bilateral net-

work consisting of dorsolateral and ventrolateral prefrontal
cortex, lateral premotor cortex, dorsal cingulate and medial
premotor cortex, frontal poles, and medial and lateral pos-
terior parietal cortex (Owen et al., 2005). Task-related activ-
ity was shown to be correlated with working-memory
load. Especially dorsolateral and left inferior regions of the
prefrontal cortex show a linear relationship between activ-
ity and task complexity (Braver et al., 2001).

To date, only a few imaging studies investigated work-
ing memory in major depression, almost exclusively focus-
ing on the acute phase (Fitzgerald et al., 2008; Harvey
et al.,, 2005; Matsuo et al., 2007; Rose et al., 2006; Walter
et al., 2007a; Walter et al., 2007b). These studies revealed
abnormalities in cortico-limbic networks fundamentally
involved in the pathophysiology of major depression
(Dougherty and Rauch, 2007; Mayberg, 1997). Compared
with healthy control subjects, a stronger activation was
observed in the limbic system and lateral prefrontal cortex
of MDD patients, in the absence of significant behavioral
differences (Fitzgerald et al., 2008; Matsuo et al., 2007). For
example, Matsuo et al. reported stronger left dorsolateral
and anterior cingulate cortex (ACC) activation in 15 MDD
patients performing a visuo-spatial task, while healthy
controls failed to show cingulate activation (Matsuo et al.,
2007). Harvey et al. used a verbal variant of the n-back
task and compared 10 MDD patients with 10 controls
(Harvey et al., 2005). Both groups showed similar activa-
tion, but the lateral prefrontal cortex and the anterior cin-
gulate were activated more strongly in MDD patients.
Rose et al. investigated 10 MDD patients and 10 healthy
controls with an n-back task and also reported anterior cin-
gulate differences in load-dependent activation between
patients and controls (Rose et al., 2006). Using a longitudi-
nal design, Walsh et al. reported greater load-response in
the verbal working-memory network of patients (Walsh
et al., 2007). Taken together, previous studies indicate that
an acute episode of MDD is associated with abnormal cor-
tico-limbic activation in working-memory, mainly charac-
terized by hyperactivation of lateral prefrontal and cingu-
late areas. Almost nothing is known as to whether this
hyperactivation observed in the acute phase is a state-de-
pendent phenomenon and whether or not brain activation
normalizes when depressive symptoms are no longer pre-
dominant.

Although the above studies often failed to find differen-
ces on behavioral measures, Walter et al. found behavioral
differences between 12 partially remitted patients (mean
Hamilton depression rating scale [HDRS] score of 18.2)
and controls in a delayed match-to-sample working-
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memory task (Hamilton, 1960; Walter et al., 2007b). The
authors also reported stronger activation in the dorsolat-
eral prefrontal cortex (DLPFC) for the highest cognitive
load condition, and in the ventromedial prefrontal cortex
for the control condition.

To the best of our knowledge, no functional magnetic
resonance imaging (fMRI) study has yet investigated work-
ing-memory function in a large group of completely euthy-
mic unipolar depressed patients. Thus, the goal of this
study was to investigate working-memory function, in par-
ticular prefrontal and cingulate activation during working-
memory performance, in euthymic MDD patients. We
hypothesized that behavioral working-memory perform-
ance of euthymic MDD patients is almost equal to healthy
controls. We expected neurobiological differences in brain
regions such as cingulate gyrus and prefrontal areas
between euthymic patients with MDD and controls.

MATERIALS AND METHODS

Subjects

In total, 56 subjects were recruited for this study.
Twenty-eight inpatients from the Department of Psychiatry
of the University of Muenster or the LWL-Clinic Muenster
(16 female, 12 male subjects), fulfilling DSM-IV criteria for
a MDD, participated in this study (for details see Table I).
A diagnosis of either first (1 = 9) or recurrent episode
(n = 19) of unipolar depression was verified using the
standardized SCID-I- Interview (German version)
(Wittchen et al., 1997), in addition to clinical assessment by
two board-certified specialists in Psychiatry. MDD patients
with psychotic depression or axis-II disorders were
excluded. Twenty-three patients had MDD alone; three
patients had comorbid dysthymia (“double depression”).
Further comorbid axis-I disorders were excluded if symp-
toms of the comorbid disorder required current treatment.
One patient was additionally diagnosed with social pho-
bia, and one patient with panic disorder with agoraphobia.
This was, however, not relevant for current hospitalization.
Patients participated just before discharge from the hospi-
tal after achieving a stable euthymic state characterized by
HDRS (HDRS <8) and confirmed by two board-certified
specialists in Psychiatry. The following additional inclu-
sion criteria were applied: age between 18 and 55 years,
no treatment with electroconvulsive therapy during the
previous depressive episode, no history of any other seri-
ous medical or neurological disease, no serious head
injury, no suicidal tendency, no benzodiazepine treatment
3 days before scanning, and no MRI contraindications. All
patients were right-handed, as assessed by the Edinburgh
Handedness Inventory (Oldfield, 1971) and had more than
12 years of education. Twenty-seven patients were treated
according to current treatment guidelines in a stable dos-
age and one patient did not receive any medication. The
following antidepressants were prescribed as antidepres-
sive monotherapy (13), combined antidepressive therapy

(8), or combined antidepressive/antipsychotic therapy (11):
citalopram (2), escitalopram (8), mirtazapine (11), venlafax-
ine (11), reboxetine (1), duloxetine (1), trancylpromine (1);
none were taking tricyclic antidepressants. To rule out any
negative effects on memory function antipsychotics were
used instead of benzodiazepines for treatment of agitation
and nervousness in some patients: quetiapine (9), risperi-
done (2), pipamperone (1). None of the patients was taking
benzodiazepines at the time of testing.

Twenty-eight healthy, right-handed control subjects,
recruited by advertisement in the local newspaper, were
1:1 matched to the patients according to sex and age (=3
years). Education level, both in terms of years of education
and highest graduation level, was also balanced between
groups. All control subjects underwent an initial telephone
screening to ensure matching criteria, to exclude medical
and neurological diseases, or MRI contraindications. The
standardized SCID-I-Interview was performed to exclude
any current or previous psychiatric disorders (Wittchen
et al., 1997). In healthy controls no psychiatric disorders in
first degree relatives were reported.

All procedures were approved by the local Institutional
Ethical Review Board. The ethical standards of the Decla-
ration of Helsinki were met and all participants provided
written informed consent.

Materials and Procedures

The working-memory task was the first part of a larger
fMRI and neuropsychological study of memory processes
in euthymic MDD. We used a classical letter variant of the
n-back task (Braver et al., 1997). Before entering the scan-
ner, a detailed task instruction was given and participants
were familiarized with the n-back task until they suc-
ceeded in the training trials. A standardized brief instruc-
tion announced the start of the task in the scanner. Work-
ing-memory load was manipulated in three levels (0-2-
back), presented in a block design. During the 0-back
condition, subjects had to press the response button of a
MRI-compatible response box if the target letter “X”
appeared on the screen. In the 1-back condition subjects
had to decide if the actual letter on the screen was identi-
cal to the previous letter. During the 2-back condition, sub-
jects had to decide if the actual letter was identical to the
letter presented two trials before. Subjects responded with
their right hand, using the index finger for targets and
middle finger for nontargets.

Each active n-back condition lasted 36 s and n-back
blocks were presented in a fixed order (1-0-2-0-1-2) to each
subject. Subjects completed two blocks of each n-back con-
dition. White letters were presented in the centre of a
black screen for 500 ms, with an interstimulus interval of
2500 ms (Presentation Software®, Version 0.81, 2004, Neu-
robehavioral Systems, Albany, CA). Only orthographically
distinct uppercase consonants were used (B, C, D, F, G, H,
LKM QRSTYV,X, Z). Each letter sequence consisted
of 12 consonants, including one-third targets. During fMRI
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TABLE I. Mean and standard deviation (SD) for age, intelligence, BDI, HDRS assessed at time of testing, number of
depressive episodes and hospitalizations, and days of current hospitalization

Controls (N = 28)

Patients (N = 28) Significance test

Gender ratio (f/m) 16 f/12 m

Age 3342 = 9.62
Intelligence, MWT-B-score 32.14 + 227
Beck depression inventory (BDI) 2.54 + 3.12

Hamilton depression rating scale (HDRS) —
Number of depressive episodes —
Number of hospitalization —
Days of current hospitalization —

16 £/12 m ¥ =0df=1P=1
34.18 = 10.62 t = —026,df = 54, P > 0.05
31.04 + 2.85 t =161, df = 54, P > 0.05

8.92 = 6.24 t = —4.85,df = 39.71, P < 0.001

3.64 = 2.63 —

2.54 + 175 —

1.54 * 0.70 —

75.61 + 34.60 —

scanning, a short instruction announced the n-back type.
All n-back conditions were separated by a pause of 21 s
during which participants had to look at a white fixation
cross on a black screen.

As part of the larger study protocol, all patients and
control subjects underwent neuropsychological testing,
such as the Mehrfachwahlwortschatz-Test (MWT-B) as an
estimate of verbal intelligence (Lehrl et al.,, 1995) and the
Beck Depression Inventory (BDI) (Beck et al., 1961).

Scanning Procedures

MRI data acquisition was performed in a 3 Tesla whole-
body scanner (Intera T 3.0, Philips, Best, NL), equipped
with master gradients (nominal gradient strength 30mT/
m, maximal slew rate 150mT/m/ms). A circularly polar-
ized transmit/receive birdcage head coil with an HF
reflecting screen at the cranial end was used for spin exci-
tation and resonance signal acquisition. Functional images
were acquired using a T2* weighted single shot echo pla-
nar (EPI) sequence (whole brain coverage, TE = 38, TR =
3000ms, flip angle 90°, slice thickness 3.6 mm without gap,
matrix 64 X 64, FOV 230 mm, in-plane resolution 3.6 X
3.6). 36 transversal slices orientated to the AC-PC line
were acquired.

Behavioral Data Analysis

During fMRI scanning, responses and response latencies
(in ms) for the n-back performance were recorded. Behav-
ioral results were acquired from all 28 patients. Data from
three control subjects were omitted because of technical
difficulties. Performance is reported as accuracy rate (per-
centage of correct answers) for each n-back condition.
Repeated-measures analyses of variance (ANOVAs), with
one between-subject factor (group: two levels) and one
within-subject factor (working-memory load: three levels),
were performed for accuracy rate and response latency.

Functional Data Analysis

Functional MRI data were analyzed using SPM5 stand-
ard routines and templates (www fil.ion.ucl.ac.uk/spm).

The first 10 images of each session (30 s prestimulus inter-
val) were discarded to allow for saturation effects of the
BOLD signal. The remaining images were realigned, nor-
malized, and resliced to a voxel size of 2 mm X 2 mm X
2 mm. Gaussian smoothing was performed using a 9 mm
kernel. Data were filtered with a high-pass filter (cut-off
period of 128 s). A boxcar function convolved with the ca-
nonical hemodynamic response function implemented in
SPM5 was used to model BOLD-responses for the work-
ing-memory task. In a first-level fixed-effects analysis, the
conditions 0-back, 1-back, 2-back, and visual instruction
were modeled. Contrast images for 0-, 1-, and 2-back con-
ditions to general baseline and for 2-back versus other acti-
vation conditions (2vs0-back and 2vsl-back) were derived.
The individual contrast images were entered into a sec-
ond-level random-effects analysis to obtain activation
maps across subjects. To display the different contrasts in
each group, one-sample t-tests were performed (P < 0.05,
corrected for false discovery rate [FDR], contiguity thresh-
old >15 voxels). On the basis of previous findings (Harvey
et al., 2005; Matsuo et al.,, 2007) and our hypotheses of
higher cingulate and prefrontal activation, differences
between patients and controls were calculated in the cin-
gulate gyrus and in the inferior, middle, and superior
DLPFC, using two-sample t-tests (P < 0.05, corrected for
FDR, contiguity threshold >15 voxels). The regions of in-
terest in the bilateral cingulate cortex (anterior, medial and
posterior part) as well as the inferior, middle, and superior
dorsolateral frontal gyrus were defined according to the
automated anatomical labeling (AAL) atlas (Tzourio-
Mazoyer et al., 2002) as implemented in the WFU PickAt-
las Toolbox (Maldjian et al., 2003) (ROI names: ACIN,
MCIN, PCIN, F1, F2, F30P/T). To verify that this
approach does not overlook important effects outside the
ROIs, a whole-brain analysis was performed at a more lib-
eral threshold (P < 0.0005, uncorrected for multiple com-
parisons, contiguity threshold >15 voxels). Within each
group, a correlation analysis between behavioral data
(response latency and accuracy) and task-related activity
was performed across all voxels and all conditions. Clini-
cal variables (HDRS, days of hospitalization, and number
of depressive episodes) were additional variables for the
patient group.
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Figure I.
Behavioral data for accuracy rate (percentage of correct

answers, mean * standard error) with varying working memory
load in patients and control subjects reveal a significant effect of
working memory load, but not of group or interaction.

RESULTS
Behavioral Results

No significant differences between groups were
observed. Analysis of variance on accuracy and response
latency revealed a significant main effect of working-mem-
ory load (F(Z,IOZ) = 1264, P < 0001) and (F(2,102) = 3265,
P < 0.001), respectively. As expected, accuracy decreased
and response latency increased from 0-back to 2-back con-
dition (Figs. 1 and 2). However, no main effects of group
(Fas1<1, P > 0.05) or interactions between group and
working-memory load (F102<1, P > 0.05) emerged for
accuracy or response latency. Furthermore, no significant
differences were observed as a function of verbal intelli-
gence (MWT-B) (two-sample t-test, T = 1.61, df = 56, P >
0.05).

Activation Patterns Across Load Conditions
and Groups

For each group, activation was investigated for each
load condition of the working-memory task separately.
Healthy controls and patients activated the brain areas rel-
evant for a verbal working-memory task, as expected from
the literature (Owen et al., 2005; Wager and Smith, 2003).
Activation was found in the medial frontal and inferior
frontal gyrus, insula, pre- and postcentral gyrus, inferior
parietal lobule, and cerebellum in both groups. In both
groups, we observed an increase of brain activation from
the 0-back to 2-back condition (see Supporting Informa-
tion). Activation increased with working-memory demand,
in particular, with respect to the bilateral activation of the
inferior and middle frontal cortex.

Regions Activated With Increasing
Working-Memory Load

Activation increases from 0-back to 2-back
(2vs0-back contrast)

Common to both groups were the following effects for
the 2vs0-back contrast (P < 0.05, corrected for FDR, conti-
guity threshold >15 voxels). First, we observed extended
activation clusters of the inferior, middle, superior, and
medial frontal cortex, including typical verbal working-
memory regions, such as parts of the medial frontal cortex,
dorsolateral and ventrolateral prefrontal cortex (BA 9, 46,
45, 47) (Fig. 3). Next, we found activation of the insula,
supplementary motor area, temporal lobe, and cerebellum.
Finally, there was strong activation in the parietal lobe, in
the inferior and superior parietal lobule (BA 7, 40), the
angular and supramarginal gyrus extending to the supe-
rior and middle occipital gyrus (BA 19, 18). However,
while healthy controls showed only few activated clusters
in the cingulate cortex, parahippocampal gyrus, and hip-
pocampus, patients activated large parts of the cingulate
cortex (BA 24, 32, 33), and parahippocampal gyrus (BA 27,
28, 35, 36) in the 2vs0-back contrast (for details see also
Supporting Information).

Activation increases from I-back to 2-back
(2vsl-back contrast)

For the 2vsl-back contrast (see Fig. 4), healthy controls
activated few and small clusters in the inferior frontal cor-
tex and the superior frontal cortex (BA6) (P < 0.05, cor-
rected for FDR, contiguity threshold >15 voxels). Activa-
tion was also found in the precuneus, inferior and superior
parietal lobule. In patients, we observed the following:
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Figure 2.

Behavioral data for response latency (mean * standard error) in
all load conditions in patients and control subjects. A main effect
of working memory load condition was observed, but no effect
of group or interaction.
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Figure 3.
Group activation in (a) patients and (b) controls for the 2vsO-back contrast (one sample t-test,
P < 0.05, corrected for FDR, contiguity threshold > 15 voxels). Random-effects analysis rendered
on the surface of the canonical template image used by SPM5. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

there were large activated clusters in the inferior, middle,
medial, and superior frontal gyrus (BA 6, 8, 9, 44-47); par-
allel to the 2vsO-back contrast, the cingulate cortex (BA 24,
32, 33), parahippocampal gyrus (BA 35, 36), and hippo-
campus were significantly activated; significant activations
were also observed in the insula, pre- and postcentral
gyrus, temporal and occipital lobe, and cerebellum; and
finally, in the parietal lobe, the angular and supramarginal
gyrus, the inferior and superior parietal lobule, and precu-

neus were bilaterally activated (BA 7, 39, 40) (for details
see also Supporting Information).

Analysis of additional factors

No significant correlations (P < 0.05, corrected for FDR,
contiguity threshold >15 voxels) between brain activation
and behavioral measures (accuracy and response latency)
were observed, neither in patients nor in controls. One

Figure 4.
Group activation in (a) patients and (b) controls for the 2vsl-back contrast (one sample t-test,
P < 0.05, corrected for FDR, contiguity threshold > 15 voxels). Random-effects analysis rendered
on the surface of the canonical template image used by SPM5. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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Figure 5.
Differences in cingulate brain activation between (a) patients versus controls and (b) controls ver-
sus patients in the 2vsO-back contrast. ROI analysis, two sample t-test, P < 0.05, corrected for
FDR, contiguity threshold >15 voxels, projected on the canonical template image used by SPM5.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

exception concerned a small correlation of accuracy with
the right inferior frontal lobe in patients for the 2-back con-
dition (MNI coordinate 32/34/12) (Fig. not shown). More-
over, no significant correlations between brain activation
and clinical variables such as Hamilton scores, days of
hospitalization, or number of depressive episodes were
found in patients (P < 0.05, corrected for FDR, contiguity
threshold >15 voxels).

Further analysis in the patient group revealed no signifi-
cant differences between the 13 patients treated with anti-
depressive monotherapy and the 14 patients treated with a
combination therapy of antidepressants or antipsychotics
for the 2vsO-back and 2vsl-back contrast (two-sample t-
test, P < 0.05, corrected for FDR, contiguity threshold >15
voxels). An analysis of variance showed no effect of gen-

der (P < 0.05, corrected for FDR, contiguity threshold >15
voxels).

Between-Group Comparisons

As we expected group differences in specialized work-
ing-memory areas, particularly prefrontal areas and the
cingulate cortex, a ROI-analysis was performed between
groups (two-sample f-test, P < 0.05, corrected for FDR,
contiguity threshold >15). In the cingulate cortex, both the
2vs0-back and the 2vsl-back contrast revealed stronger
activation of the anterior and posterior cingulate cortex
(BA 24, 32, 23, 31) for patients than healthy controls.
Unlike patients, healthy controls showed no increased cin-
gulate activation (Figs. 5 and 6). In the prefrontal cortex,

Figure 6.
Differences in cingulate brain activation between (a) patients versus controls and (b) controls ver-
sus patients in the 2vsl|-back contrast. ROI analysis, two sample t-test, P < 0.05, corrected for
FDR, contiguity threshold >15 voxels, projected on the canonical template image used by SPM5.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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especially dorsolateral (BA 9, 46) and ventrolateral (BA 45,
47) PFC, no significant differences between patients and
controls were found (Fig. not shown).

To verify that this approach does not overlook important
effects outside the ROIs, a whole-brain analysis was per-
formed at a more liberal threshold (P < 0.0005, uncor-
rected for multiple comparisons, contiguity threshold >15).
The cingulate difference between groups for both the 2vs0-
back and the 2vsl-back contrast was corroborated and no
other relevant activations outside the ROIs were detected
(see Supporting Information).

DISCUSSION

Cognitive impairments are an important characteristic of
major depression. Modern neuroimaging methods indicate
that dysfunction of cortico-limbic networks plays an impor-
tant role in the pathophysiology of both affective and cogni-
tive symptoms in MDD (Dougherty and Rauch, 2007). In the
acute episode of depression, brain metabolism is signifi-
cantly altered, with pathological changes in the dorsolateral
prefrontal and limbic cortex at rest and during cognitive
activation (Drevets, 2001, Ebmeier et al., 2006; Fitzgerald
et al., 2006; Greicius et al., 2007). Much less is known about
brain function when depressed patients reach the euthymic
mood state. Neuropsychological data suggest that cognitive
deficits persist in certain domains, and thus might represent
more a trait than a state characteristic (Paelecke-Habermann
et al., 2005). This study investigated networks involved in
working-memory function in recently remitted patients
with major depression. We explored whether dysfunctional
activation of the lateral prefrontal and cingulate cortex
would still be present in the euthymic phase of major
depression, as had been previously reported for the acute
episode of major depression (Harvey et al., 2005; Matsuo
et al., 2007; Rose et al., 2006; Walter et al., 2007b).

In line with previous reports, we found the classic work-
ing-memory network activated in the n-back task (Owen
et al., 2005; Wager and Smith, 2003). With increasing work-
ing-memory demand, strong activation was observed in
both patients and controls, in the dorsolateral and ventro-
lateral prefrontal cortex, middle frontal cortex, and precen-
tral gyrus. Both groups also showed activation in the pari-
etal cortex, of the angular and supramarginal gyrus, infe-
rior and superior parietal lobule, precuneus, and superior
occipital gyrus. Activation was also observed in the tempo-
ral cortex, whose role for working-memory processes is as
yet poorly understood, and subject of current research
(Axmacher et al., 2007; Picchioni et al., 2007).

A novel and interesting finding is that our data point to
a deviance of the working-memory network in patients
with MDD even in the euthymic state. So far, altered pre-
frontal and cingulate activity during working-memory
tasks has only been reported in severely depressed
patients, mainly in the acute phase of major depression.
The majority of these studies did not find behavioral defi-

cits between patients and controls (Harvey et al.,, 2005;
Matsuo et al., 2007; Rose et al., 2006). Patients in the acute
phase performing working-memory tasks showed hyperac-
tivation of the DLPFC (Harvey et al.,, 2005; Matsuo et al.,
2007) and ACC (Harvey et al., 2005; Matsuo et al., 2007;
Rose et al.,, 2006). These findings were taken as evidence
for the recruitment of additional resources to fulfill the
cognitive demands of a given task.

In this study, patients in the euthymic state showed
hyperactivation of the cingulate cortex, a region involved
in both emotional and cognitive processing, while lateral
prefrontal hyperactivation was not observed relative to
healthy controls. Both of these areas on the lateral and
medial surface of the prefrontal cortex are known to play a
central role in the pathophysiology of depression. Baseline
functional-imaging studies demonstrated metabolic and re-
gional blood flow abnormalities in major depression, in
particular a decreased metabolism in DLPFC and increased
metabolism in orbitofrontal cortex (Dougherty and Rauch,
2007). This cortico-limbic network also reveals abnormal
function when challenged by cognitive tasks such as work-
ing memory, most prominently evident as an increase of
lateral prefrontal and limbic activity (Harvey et al., 2005;
Matsuo et al., 2007; Rose et al., 2006). As a major result,
our data indicate that metabolic abnormalities in the cingu-
late persist even in the euthymic state of MDD, while lat-
eral cortical abnormalities normalize. Our results might
reflect an earlier normalization of lateral prefrontal func-
tion occurring prior to possible similar changes in anterior
cingulate areas in the course of remission.

The role of the ACC has been controversially discussed
in depression and recovery, playing an important role in
both cognitive and emotional processing. The dorsal subdi-
vision of the ACC subserves many cognitive functions,
including working memory, and is highly interconnected
with other regions involved in working memory, such as
the above-mentioned DLPFC (Bush et al., 2000; Devinsky
et al., 1995). This dorsal ACC region is involved in task
complexity, mental effort or attentional processes (Mulert
et al., 2007, Mulert et al., 2005), conflict monitoring, and
error processing (Bioulac et al., 2005; Botvinick et al., 2004;
Carter et al., 1999; Carter et al., 1998; Kerns et al., 2004;
Michelet et al., 2007; Sohn et al., 2007; van Veen and Car-
ter, 2006). On the other hand, the rostral part of the ACC
subserves emotional processing, especially for the assess-
ment of emotional information and the regulation of emo-
tional responses (Whalen et al.,, 1998). This part is highly
interconnected with the amygdala, hippocampus, hypo-
thalamus, nucleus accumbens, and orbitofrontal cortex.
Alterations of (rostral) ACC metabolism have been associ-
ated with depressive symptoms, their severity, and treat-
ment response in MDD patients (Chen et al., 2007; Konar-
ski et al., 2007, Mayberg et al., 1997, Milak et al., 2005).
Moreover, brain imaging studies revealed altered brain
activation of the rostral part of the ACC for emotional
tasks in depressed patients (Frodl et al.,, 2007; Mitter-
schiffthaler et al., 2008).
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In this study, we observed an activation increase of the
ACC with increasing working-memory load in patients,
which seemed to involve both the dorsal and the rostral
part. Our findings corroborate cingulate cortex hyperacti-
vation observed in patients in the acute depressive episode
(Harvey et al., 2005; Matsuo et al., 2007). Here, we demon-
strate that cingulate hyperactivation during working-mem-
ory performance is still present when affective symptoms
such as depressed mood or reduced drive are much
relieved or have even subsided. As in acute depression,
we might now hypothesize that enhanced recruitment of
these cerebral resources is necessary to fulfill the cognitive
demands of the given task. Enhanced recruitment might as
well be necessary as baseline metabolism is decreased in
the ACC even after recovery from depression (Holthoff
et al., 2004). Our finding of hyperactivation of the ACC in
an affective disorder during a cognitive task underlines
the importance of this region for both emotional and cog-
nitive processing. A clear allocation of the hyperactivation
to either limbic or cognitive circuits based on neuroanat-
omy (Bush et al., 2000) is not warranted by our findings.

As mentioned above, behavioral performance was not
significantly different between euthymic MDD patients
and healthy controls. This was expected on the basis of
results from fMRI studies with acute depressed patients
(Harvey et al., 2005; Matsuo et al., 2007). It is thus unlikely
that behavioral differences between patients and healthy
controls are responsible for the observed differential acti-
vation pattern. However, our study used a block design
and only two levels of task difficulty, which might be not
sensitive enough to detect subtle disturbances of working-
memory capacity. Some other limitations of our study also
need to be mentioned. We cannot exclude medication
effects, since our patients did receive psychiatric treatment
to modern standards of care. Previous studies on the
effects of antidepressant medication revealed that pharma-
cological treatment leads to an attenuation or decrease of
limbic activation in response to emotional stimuli rather
than to an increase of ACC activation, as observed in the
present study (Arce et al., 2008; Fu et al., 2004; Harmer
et al., 2006; Sheline et al., 2001). Although the above evi-
dence points towards an attenuating effect of antidepres-
sants on brain activation, we cannot completely exclude an
opposite effect in a working-memory task, but this seems
rather unlikely. This study does not claim to investigate
medication effects on working memory performance in
depression. Additional studies will have to tackle this
problem. Furthermore, patients were only included when
depressive symptoms were considerably reduced. We did
not assess the time course of brain activation during the
course of recovery, so additional studies need to clarify if
further changes occur when more time elapses after the
acute depressive episode. A strength of our study is the
high number of well-characterized patients, for whom
strict exclusion criteria were met.

To summarize, we demonstrated that even after clinical
improvement of affective symptoms, abnormal cingulate

activation was associated with a classical working-memory
task in patients compared with healthy controls. In con-
trast to patients in the acute depressive episode, ACC
hyperactivation, but no lateral prefrontal hyperactivation,
occurred in patients in the euthymic state. Our data might
reflect a different lateral prefrontal and cingulate pace of
normalization, a trait marker of changes in neuronal net-
works after an episode of MDD, or a compensatory mecha-
nism to maintain adequate working-memory performance.
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