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Abstract Patients suffering from bipolar affective disor-
der show deficits in working memory functions. In a pre-
vious functional magnetic resonance imaging study, we
observed an abnormal hyperactivity of the amygdala in
bipolar patients during articulatory rehearsal in verbal
working memory. In the present study, we investigated the
dynamic neurofunctional interactions between the right
amygdala and the brain systems that underlie verbal
working memory in both bipolar patients and healthy
controls. In total, 18 euthymic bipolar patients and 18
healthy controls performed a modified version of the
Sternberg item-recognition (working memory) task. We
used the psychophysiological interaction approach in order
to assess functional connectivity between the right
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amygdala and the brain regions involved in verbal working
memory. In healthy subjects, we found significant negative
functional interactions between the right amygdala and
multiple cortical brain areas involved in verbal working
memory. In comparison with the healthy control subjects,
bipolar patients exhibited significantly reduced functional
interactions of the right amygdala particularly with the
right-hemispheric, i.e., ipsilateral, cortical regions sup-
porting verbal working memory. Together with our previ-
ous finding of amygdala hyperactivity in bipolar patients
during verbal rehearsal, the present results suggest that a
disturbed right-hemispheric “cognitive—emotional” inter-
action between the amygdala and cortical brain regions
underlying working memory may be responsible for
amygdala hyperactivation and affects verbal working
memory (deficits) in bipolar patients.

Keywords Amygdala - Functional coupling - Functional
magnetic resonance imaging - Limbic system - Euthymia

Introduction

Bipolar disorder is characterized by recurrent episodes of
mania and depression which suggests that mood instability
and an impaired regulation of emotional states may be the
core of the disorder [1]. Research into the neurobiological
basis of this illness indicates structural differences of
emotion processing brain regions such as the amygdala [2,
3]. Furthermore, functional magnetic resonance imaging
(fMRI) studies investigating the pathophysiological basis
of bipolar disorder revealed quite consistently hyperacti-
vation of brain regions subserving affective processing
both in symptomatic (depressive or manic) and in asymp-
tomatic (euthymic) bipolar patients [4-9]. Additionally,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00406-014-0517-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00406-014-0517-5&amp;domain=pdf

304

Eur Arch Psychiatry Clin Neurosci (2015) 265:303-311

evidence from numerous neuropsychological studies con-
verges to suggest that deficits in cognitive control pro-
cesses, including attention and working memory, are
highly prevalent in bipolar patients [10-15].

There are two at least partially dissociable brain systems
which underlie verbal working memory in humans. A left-
lateralized network of brain regions is involved in the
articulatory rehearsal of phonological information, includ-
ing Broca’s area, the left lateral and medial premotor
cortex, the intraparietal cortex, and the contralateral (right)
cerebellum. Responsible for the non-articulatory mainte-
nance of phonological information is a more bilateral
system which comprises the anterior middle frontal gyrus,
the inferior parietal lobule, deep frontal opercular cortex,
medial frontal cortices, and the cerebellum [16, 17].

Anatomical connections between the amygdala as a
central part of the emotion processing brain network and
cortical areas have been found in the macaque monkey.
These anatomical connections comprise the cingulate and
prefrontal cortex, parahippocampal gyrus, and the insula
[18-21]. In a path analysis of a large human data set, Stein
and collaborators found that the amygdala functions as a
hub of connections and have direct and indirect bidirec-
tional interactions with the parahippocampal gyrus, hypo-
thalamus, subgenual cingulate cortex, orbitofrontal cortex,
posterior cingulate, insula, and supragenual cingulate cor-
tex [22]. The anatomical connections of the amygdala
indicate that this brain structure is strategically placed to
receive highly processed information from the cortex and
to influence motor systems, autonomic systems, some of
the cortical areas from which it receives inputs, and other
limbic areas [23-25]. On a neurofunctional level, amygdala
activity has been found to be regulated by several pre-
frontal brain regions involved in cognitive control and
emotion regulation [26]. Furthermore, there is a growing
body of evidence showing the influence of the amygdala on
cortical areas, for instance, on cortical sensory processing
systems [e.g., 27, 28 and for review see also 29]. Wide-
spread efferent projections as well as bidirectional direct and
indirect pathways from the amygdala to the cortex have
been proposed and may facilitate perception and attention
processes and in addition may influence encoding processes.

In a previous study, we found a pathological activation of
the right amygdala in bipolar patients in contrast to healthy
controls during an articulatory working memory task.
Moreover, the bipolar patients showed hyperactivations of
right-hemispheric areas relevant for verbal working mem-
ory, while performing the articulatory rehearsal task [30].
Here, we present the results of a functional connectivity
analysis of bipolar patients and healthy controls performing
articulatory rehearsal. Based on the findings of our previous
fMRI study, the right amygdala was selected as seed region
for the functional connectivity analysis.
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We aimed to investigate functional interactions between
the right amygdala and cortical brain areas during articu-
latory rehearsal in bipolar patients in comparison with
healthy controls.

Materials and methods
Subjects

We analyzed data from a sample of 18 euthymic patients
with bipolar affective disorder and 18 healthy comparison
subjects. Patients were recruited from the outpatients
departments of the Central Institute of Mental Health in
Mannheim and the Saarland University Hospital in Hom-
burg. Healthy control subjects were recruited from the
hospital staff, medical students, and the community.
Written informed consent was obtained from all subjects,
and the study was approved by the local ethics committee.

Patients (44 % female) and healthy control subjects
(61 % female) were matched with respect to age (patients
38.2 &+ 9.9 years; control subjects 33.9 &+ 11.5 years) and
education (patients 14.4 &+ 3.1 years, control subjects
15.8 £ 2.2 years). All subjects were Caucasian and right-
handers as assessed by the Edinburgh Handedness Inven-
tory. The diagnosis of bipolar I disorder was confirmed by
using the German version of the Structured Clinical
Interview (SCID-I) for DSM-IV. Exclusion criteria were
substance abuse or dependence, other current comorbid
psychiatric disorders, acute suicidal tendency, and a history
of neurological illness or severe brain injury. Severity of
psychopathology was evaluated by using the Young Mania
Rating Scale (YMRS) and the Hamilton Depression Scale
(HAMD) or the Montgomery Asberg Depression Rating
Scale (MADRS). The euthymic state was defined as scores
of <7 on these scales. All patients were in a remitted state
for at least 1 month. Patients had to be either free of
medication or no changes in medication type and dosage of
medication had been made for at least 2 weeks prior to the
experiment. Most of the investigated patients were taking
psychotropic medication at the time of the study: 12
patients were receiving mood stabilizers (five lithium, five
valproic acid, two carbamazepine, and two lamotrigine),
four were taking neuroleptics (three atypical, one typical),
six were receiving antidepressants (three SSRIs, three
mirtazapine, two venlafaxine), and four were taking ben-
zodiazepines. Three bipolar patients were without any
medication at the time of the study.

Experimental design

Subjects performed an established variant of a verbal
delayed matching to sample task, which reliably activates
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one of the two established different brain systems that make
up the dual architecture of verbal working memory in
humans [16, 17, 31]. Four different target letters were
visually presented for 2 s, followed by a delay of 4 s during
which a fixation cross was displayed. Then, a probe letter
was presented for 1.5 s, followed by a 1.5-s blank screen.
Within this 3 s response, window subjects had to indicate
via button press whether or not the probe letter matched one
of the four target letters presented before. Overall the
experiment consisted of two runs, each composed of 2 x 6
alternating 30-s blocks of one variant of the verbal working
memory task and its corresponding control condition (see
Fig. 1). Blocks consisted of three trials of the same task type
(3 x 9s), and a 3-s cue at the beginning of each block
indicated whether memory tasks or judgment tasks had to be
performed in the upcoming block. Subjects were instructed
to intensely use (sub)articulatory rehearsal (sometimes
referred to as “inner speech”) to remember the letters pre-
sented. Performance of this articulatory rehearsal task reli-
ably activates a left-lateralized network of brain regions
including Broca’s area, left lateral and medial premotor
cortex, intraparietal cortex, and the contralateral (right)
cerebellum [16, 17]. A letter-case judgment task performed
on the single probe letters served as a well-matched com-
parison condition and allowed to dissociate activations
related to working memory from more general activations
emanating from other (e.g., sensory or motor) components
of the task. For more detailed information, see [16, 17, 32].

FMRI data acquisition

All stimuli were visually presented on a screen as white
stimuli on black background, except for the task cues, which
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Fig. 1 General design of the block structure and single trials (of
either the verbal delayed matching to sample task or the letter-case
judgment task) of the experiment. M stands for memory blocks
comprising working memory trials and C for control blocks
comprising control (letter-case judgment) trials

were presented in yellow color. Subjects underwent fMRI at
1.5 T (Siemens Vision; voxel size 3.6 x 3.6 x 4 mm3, in-
terscan interval 2,500 ms, TE 50 ms, distance factor 12 %,
flip angle 90°, field of view 230 mm, 64 x 64 matrix). A
total of 271 functional image volumes were acquired, con-
sisting of 26 axial slices parallel to the AC—PC plane (slice
acquisition in ascending order). Functional imaging was
synchronized with stimulus presentation by means of ERTS
(Experimental run time system, version 3.11, BeriSoft
cooperation, Frankfurt am Main, Germany). Additionally, a
high-resolution, T1-weighted 3D anatomical set (MPRAGE
sequence, TE 4.42 ms, TR 11.9 ms, flip angle 15°, field of
view 256 x 256 mm>, voxel size 1 x 1 x 1 mm°, 176
consecutive slices) was collected for each subject. All par-
ticipants were measured from late afternoon until early
evening.

Data preprocessing

Demographic and behavioral data were analyzed using
SPSS (version 15.0). The analysis of between-group dif-
ferences in these variables was conducted by means of
one-way ANOVA. Functional imaging data were pro-
cessed using the SPM2 software package (www.fil.ion.ucl.
ac.uk/spm/spm2.html). The first five volumes were dis-
carded. Preprocessing comprised coregistration, correc-
tions for motion artifacts, time differences in slice
acquisition, global signal intensity variation, and low-fre-
quency fluctuations (high-pass filter with 128-s cutoff),
normalization into standard stereotactic space, and spatial
smoothing with a Gaussian kernel (FWHM = 12 mm).
Participants that exceeded 2.5 mm of movement were
excluded, resulting in elimination of two out of 38 par-
ticipants (one patient and one control person). Each indi-
vidual’s time series data were regressed on six motion
parameters.

Psychophysiological interaction analysis (PPI)

As our previous study had revealed a pathological activa-
tion of the right amygdala in patients with bipolar disorder
during a working memory task [30], this brain structure
was chosen as seed region for the functional connectivity
analysis (seed coordinates 28 0 —24; MNI activation
maximum from the second level analysis of our prior
study).

To analyze functional connectivity, we used the psy-
chophysiological interactions (PPI) approach [33] which
allows a detailed examination of process-specific func-
tional interactions between brain regions. PPI analysis
requires two independent factors, i.e., one regressor rep-
resenting the signal time course in a given volume of
interest (VOI) and one regressor representing the
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psychological variable of interest. The third regressor is the
product of the first and second regressor and represents the
PPI. The physiological factor was determined by extracting
the blood oxygenation level-dependent (BOLD) signal
from spheres created around the mean seed coordinates 28
0 —24 (see above). The spheres had a radius of 3 mm,
taking the estimated average amygdala volume into con-
sideration. The time series of all voxels in the VOI were
averaged, and the resulting activation time course served as
the physiological variable. As psychological factor we used
the subtraction contrast of the articulatory rehearsal
working memory task and the letter-case judgement control
task. The product of the physiological and the psycholog-
ical factor was calculated for each subject, creating the PPI
term. Based on our a priori hypothesis of a functional
interaction of the amygdala with brain areas involved in
verbal working memory, we created and used a mask of the
brain areas which were activated during the verbal working
memory task in healthy control subjects (p < 0.05,
uncorrected). For the within-group analysis, single-subject
data were entered into a random-effects model (one-sample
t test) in order to determine the brain regions showing
significant positive or negative correlation with the seed
region in the patient and the control group, respectively
[34]. Within-group connectivity maps were thresholded at
p < 0.05, FDR-corrected. For the between-group analysis,
we directly compared the connectivity patterns between
both groups in a random-effects model (two-sample ¢ tests,
p = 0.001, uncorrected) in order to evaluate whether
observed differences in the patterns of functional connec-
tivity displayed by the patients and controls are statistically
significant.

Fig. 2 Brain regions showing
negative psychophysiological
interactions of the right
amygdala under articulatory
rehearsal in (a) healthy control
subjects and (b) euthymic
bipolar patients. For illustration
purposes, statistical effects are
shown at a significance level of
p < 0.001, uncorrected, masked
with the within-group effects in
bipolar patients at a significance
level of p < 0.05, FDR-
corrected, on voxel level and
shown on the rendered surface
of the standard MNI Template
(see Table 1 for coordinates and
significance levels)
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Results
Within-group analysis

One-way ANOVA revealed a slight trend for reduced
performance rates of bipolar patients in the articulatory
rehearsal task compared with the healthy controls (86.7 %
vs. 91.1 %, p < 0.1). The response times were not signif-
icantly different between groups (F (1.34) = 0.82,
p = 0.37).

Healthy controls and bipolar patients showed a differ-
ential pattern of functional connectivity during perfor-
mance of the (sub)articulatory rehearsal task. In healthy
controls, a significant negative functional interaction was
found between the right amygdala and bilateral brain
regions which are involved in verbal working memory. The
right amygdala showed negative functional connectivity
with the bilateral precentral gyrus, the left inferior frontal
gyrus (Broca’s area), the right frontal eye field, the left
inferior parietal lobule, the bilateral intraparietal cortex, the
left temporopolar cortex, the (pre)supplementary motor
area [(pre)-SMA)], the bilateral cerebellum, the vermis
cerebelli, and the ventral pallidum in the healthy controls
(see Fig. 2; Table 1 for details).

In contrast, in the patients with bipolar disorder, sub-
stantially less negative functional connectivity was found
for the right amygdala. Only the left hemisphere [left
inferior frontal gyrus (Broca area), left inferior parietal
lobule, and left intraparietal cortex] showed negative
functional connections with the amygdala, whereas the
negative interaction with the right-hemispheric precentral
gyrus, frontal eye field and intraparietal cortex and the
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Table 1 Significant

negative functional

interaction during an
(sub)articulatory rehearsal task between amygdala and cortical brain

regions
Region Control group T-values Bipolar patients
(MNI coordinates) T-values (MNI
coordinates)

L precentral 4.59 (=52 —4 44) n.s.
gyrus

R precentral 3.78 (44 0 40) n.s.
gyrus

L inferior frontal 4.13 (=56 12 —4) 3.35 (—60 8 4)
gyrus (Broca)

R frontal eye 3.70 (36 0 52) n.s.

field

L inferior
parietal lobule

R inferior
parietal lobule

L intraparietal
cortex

R intraparietal
cortex

L superior
temporal gyrus

R superior
temporal gyrus

L inferior
temporal gyrus

(Pre)-SMA

L cerebellum

R cerebellum
vermis cerebelli

Ventral pallidum

3.58 (—40 —36 36)

3.37 (40 —32 40)

3.87 (=16 —68 52)

5.58 (28 —60 52)

3.30 (—68 —32 16)

3.63 (—48 —64 —16)

4.56 (4 4 52)
4.77 (=32 —64 —24)
3.43 (36 —48 —28)
3.10 (=12 =76 —24)
3.79 (=20 0 —4)

3.45 (=56 —40 48)

3.59 (—20 —76 48)

n.s.

3.62 (48 —32 —4)

3.42 (=56 —64 —4)

n.s.

n.s.

4.03 (36 —48 —36)
4.58 (0 —60 —36)

343 (=20 —4 —4)

Significant negative functional interaction between the right amyg-
dala (seed region) and brain regions involved in verbal working

memory. T-values were significant at p < 0.05 FDR-corrected

L left, R right, n.s. not significant

Fig. 3 Reduced negative functional interactions of the right amyg-
dala in bipolar patients in contrast to healthy control subjects under
articulatory rehearsal. For illustration purposes, the statistical thresh-
old was lowered to p < 0.005, uncorrected, masked with the within-

(pre)-SMA area was not found in bipolar patients (see
Fig. 2; Table 1 for details).

Between-group analysis

The direct comparison between the group of healthy con-
trols and bipolar patients (control group > bipolar patients)
confirmed a statistically significant difference in negative
functional connectivity of the right amygdala with ipsilat-
eral cortical areas. Compared with controls, bipolar
patients showed a significantly reduced negative functional
connectivity between the right amygdala and the right
precentral gyrus [T-value 3.38, stereotactic (MNI) coordi-
nates (48 4 48)], the right frontal eye field [3.35 (36 0 52)],
the right intraparietal cortex [3.38 (32 -52 36)], and the
(pre)-SMA [3.36 (0 20 52)]; p < 0.001, uncorrected. In all
other regions, no significant differences were found. These
results are illustrated in Fig. 3.

Discussion

In a previous fMRI study comparing euthymic bipolar
patients with healthy controls, we had found pathological
hyperactivation of the right amygdala as well as of right-
hemispheric cortical areas relevant for working memory
(right precentral gyrus, right intraparietal cortex, right
frontal eye field, and right cerebellum) in bipolar patients
while performing a verbal working memory task [30]. In
the functional connectivity study presented here, the
covariance in activity between the seed region (amygdala)
and areas relevant for working memory regions during
rehearsal was significantly lower than that during the
control task. In other words, we found a disrupted negative
functional interaction between the right amygdala and

group effects in bipolar patients at a significance level of p < 0.05,
uncorrected, on voxel level. Findings were overlaid onto the rendered
surface of the standard MNI Template
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exactly these cortical areas [right precentral gyrus, right
intraparietal cortex, right frontal eye field, and additionally
the (pre)-SMA and the temporopolar cortex] in bipolar
patients.

These findings support our hypothesis that in bipolar
patients, the ipsilateral hemispherical hyperactivation is a
compensatory, but failing attempt to suppress the patho-
logical activation of the right amygdala during a working
memory task [30]. As the inhibitory coupling between
these cortical areas and the amygdala appears to be
impaired in bipolar patients, the activation of the amygdala
is not suppressed as it is the case in healthy subjects. The
hyperactivation of the right amygdala would therefore be
related to a dysfunction of cortical working memory areas
in bipolar patients, particularly of their connections to the
ipsilateral amygdala.

However, converging evidence complements the notion
that the amygdala automatically becomes activated in
response to trigger features such that the amygdala itself
produces attentional and affective responses [for review
see 35]. Interestingly, animal research suggests an
involvement of the amygdala in working memory tasks
even unrelated to the presence of emotional stimuli [36].
On a structural level, efferent projections as well as bidi-
rectional direct and indirect pathways from the amygdala to
the cortex have been proposed and may not only facilitate
perception and attention processes, but in addition may
influence working memory processes such as encoding of
information [27, 35]. One might therefore also hypothesize
that in our patient group, a dysfunctional amygdala func-
tion and dysfunctional bottom-up processes may lead to the
dysfunction of working memory in the patient group.

It has to be noted that results of PPI analyses per se are
non-directional. Therefore, the direction of functional
connectivity in the present study is subject to interpreta-
tion. As the tested paradigm specifically activates cortical
working memory areas [16, 17], and healthy controls did
not show any amygdala activation during working memory
tasks [30], an inhibition of the right amygdala through
these activated cortical areas is the most probable expla-
nation. Of note, a recent study using dynamic causal
modeling found a bidirectional interaction between pre-
frontal cortices and the amygdala during an emotional
associative learning task in healthy participants [37].
Effective connectivity in that study was stronger top—down
from the prefrontal cortices to the amygdala than the other
way, thus supporting our hypothesis of inhibition of the
amygdala by cortical areas in healthy controls.

Banks and collaborators examined, performing a PPI
analysis of fMRI data of healthy subjects, the connectivity
of the amygdala with cortical areas. Participants performed
a task involving active, voluntary regulation of negative
emotion by cognitive reappraisal. They also demonstrated a
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significant coupling between the amygdala and specific
areas of the frontal cortex (dorsolateral, dorsal medial,
anterior cingulate, and orbital) specifically during emotion
regulation [38]. Several studies examining patients with an
affective disorder revealed disturbances in the connectivity
between cortical areas and the amygdala. For example,
Moses-Kolko and collaborators showed a significantly
diminished dorsomedial prefrontal cortical amygdala
effective connectivity in response to negative emotional
faces in women with postpartum depression [39]. In bipolar
patients, Versace and colleagues reported disturbances in
the connectivity of the left and right amygdala with the
orbitofrontal cortex in response to emotional faces. Sad
stimuli evoked an abnormally elevated and happy stimuli
an abnormally reduced functional connectivity between the
amygdala and the orbitofrontal cortex in contrast to healthy
controls [40]. In a group of either depressed or manic
unmedicated bipolar patients, Anand and his colleagues
found in a resting state fMRI study in bipolar patients a
decreased pregenual anterior cingulate cortex connectivity
with the left and right amygdala [41]. There is also evi-
dence for negative functional connectivity between cortical
areas and the amygdala: Rosenkranz and collaborators
performed in vivo recordings in rats and found that the
stimulation of the prefrontal cortex inhibited the amygdala
[42]. In humans, Chepenik and his colleagues detected a
negative correlation between activity in the left ventral
prefrontal cortex (VPFC) and the left amygdala using low-
frequency resting state fMRI. This functional negative
connectivity appeared to be decreased in bipolar patients
[43]. In an fMRI study with manic bipolar patients, Foland
and collaborators showed, also using the PPI approach,
a significantly reduced ventrolateral prefrontal cortex
(VLPFC) regulation of the amygdala response during an
emotion-labeling task. They conclude that a reduction in
inhibitory frontal activity in these patients may lead to an
increased reactivity of the amygdala [44]. To summarize,
the connections between the amygdala and cortical region
are extensive and appear to be disturbed in patients with
affective disorders [39-41, 43]. Negative functional cou-
pling between the amygdala and cortical areas was detected
in rats and in healthy humans and—in line with the pre-
sented results—appears to be disturbed in bipolar patients
[42-44].

There is evidence that the suppression of amygdala
activity during a working memory task as performed in our
study is necessary to suppress emotions which could dis-
tract from the cognitive task at hand [45, 46]. In particular,
the amygdala has been found to be responsible for the
effects of emotional interference on cognitive processing
[47]. In an fMRI study, Melcher and his colleagues could
show that the induction of negative emotion selectively
impaired behavioral performance in a stroop and an
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oddball interference task. Connectivity analyses revealed a
negative coupling between lateral PFC on the one hand and
amygdala and OFC on the other hand [48].

Medication such as lithium and lamotrigine has been
reported to possibly influence neuroimaging results [e.g.,
49, 50]. Most of the investigated patients were taking
psychotropic medication at the time of the study. How-
ever, in the present study, medication was quite variable.
Only a few patients received antidepressant (SSRIs) or
antipsychotics. The fact that the medication was quite
variable makes it unlikely that group differences in brain
connectivity may have resulted from a systematic effect
of one specific drug. Recently, Hafeman et al. [51]
reviewed the effects of medication on neuroimaging
findings. They concluded that medication appears to
normalize neuroimaging effects, meaning that medicated
individuals with bipolar disorder were more similar to
healthy subjects. Similarly, medication might rather have
normalized disturbed connectivity in the present study.
However, the effect of medication itself on brain con-
nectivity could not be addressed in this study. Further
studies are needed to directly investigate the effect of
medication on (disturbed) brain connectivity in bipolar
patients.

Historically, emotion and cognition have been viewed as
separated entities. To understand disorders of complex
behavior comprehension of the contribution of emotion and
cognition to the control of behavior in terms of systems,
neuroscience view is needed. Our findings indicate a task-
dependent disturbed “cognitive—emotional” interaction in
euthymic bipolar patients. The findings might enhance our
understanding of neural processes associated with bipolar
disorder. In addition, the results point to the specific role of
the amygdala and its interactions in bipolar disorder with
specific cognitive processes. The shown abnormality dur-
ing a circuit-specific working memory task (articulatory
rehearsal) appears to be a trait marker in bipolar disorders
that can be observed even in the euthymic state and that
seems to be largely independent of medication. Further
study of this circuitry is warranted, and future studies
should address whether disturbance in these circuits might
contribute to relapse of illness.

The present study has some limitations which have to be
discussed. Given that we wanted to be able to compare our
results we used the same analyzing software and parame-
ters as used for the previous study. In the previous study,
analyzing parameters were carefully chosen according to
scanning parameters [30]. But, a resulting limiting factor
might be that for data analysis an older version of the SPM
software package (SPM2) was used. Although this software
version also includes standard methods for motion cor-
rection, slice time correction, some new features have been
developed for new versions of SPM. However, SPM

supporting team from Wellcome Trust Centre for Neuro-
imaging (http://www fil.ion.ucl.ac.uk/spm/software) rec-
ommends using a single SMP version for one given data
set. We therefore used one version for analysis of the
complete data set.

In addition, applied smoothing kernel of FWHM of
12 mm might be rather high. In general, spatial smoothing
with a large enough, kernel might eliminate artifacts such
as ring-artifacts and “side lobes” that distort the image, but
at a cost in image resolution. On the other hand, too little
spatial smoothing leaves the ringing artifacts and side lobes
caused by k-space truncation intact, resulting in a decrease
in signal-to-noise ratio and statistical power [52]. Inter-
estingly, increasing smoothing kernel size has been
hypothesized to possibly shift activation foci to areas with
higher gray matter density [53]. Specifically, subcortical
structures, including small and irregular gray matter
structure as well as variable white matter boundaries, might
therefore be difficult to detect. Further white matter (WM)
and cerebrospinal fluid (CSF) were not excluded from the
analysis. Excluding these brain tissues may lead to reduc-
tion of artifacts [54, 55]. However, based on our a priori
hypothesis of a functional interaction of the amygdala with
brain areas involved in verbal working memory, we used a
mask of the brain areas which have been shown to be
reliably activated during the verbal working memory task.
Finally, head motion is specifically difficult to handle in
connectivity data. Two participants (one patient and one
healthy control participant) had to be excluded from data
analysis as motion exceeded 2.5 mm during the scanning.
Further, motion parameters have been included in the
model. Yet in general, motion might affect connectivity
data and likewise this might also be the case in our data set.
Summing up, to be able to compare our present result to
previous results, analysis software and parameters have not
been changed. This may be a limitation of the present
study. However, analyzing parameters have been carefully
chosen in our previous fMRI study [30]. Furthermore, the
shown brain activation of the original work and the find-
ings of the presented study show a pattern of activity in
meaningful brain areas which have consistently been
associated with working memory processes [e.g., 16, 17
and 32]. The reported results are therefore unlikely to be
artifacts due to analyzing parameters or relatively old
analyzing software.

Conclusion
Together with our previous finding of amygdala hyperac-
tivity in bipolar patients during verbal rehearsal, the pres-

ent results suggest that a disturbed right-hemispheric
“cognitive—emotional” interaction between the amygdala
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and cortical brain regions underlying working memory
may be responsible for amygdala hyperactivation and
verbal working memory deficits in bipolar patients.
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