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Research paper 

Affective episodes in recently diagnosed patients with bipolar disorder 
associated with altered working memory-related prefrontal cortex activity: 
A longitudinal fMRI study 
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A B S T R A C T   

Introduction: Bipolar disorder (BD) is often accompanied by trait-related cognitive impairments, but it is unclear 
which neurocircuitry abnormalities give rise to these impairments and whether neurocircuitry differences are 
exacerbated with illness progression. This longitudinal fMRI study of recently diagnosed BD patients investigates 
whether aberrant working memory (WM) related activity in the cognitive control network is accentuated by new 
affective episodes. 
Methods: Forty-seven recently diagnosed BD patients in full or partial remission and 38 healthy controls were 
assessed with neurocognitive tests and fMRI during the performance of a verbal n-back WM task at baseline and 
follow-up (15.4 months in average). 
Results: Patients showed WM-related hypo-activity in dorsal prefrontal cortex (dPFC) and impaired cognitive 
function within attention and psychomotor speed, WM and executive function, and verbal learning and memory 
compared to controls at baseline. During the follow-up period, 26 patients experienced at least one affective 
episode (BD+), while 21 remained in remission (BD-). There was no deterioration in cognitive performance in 
BD+ compared to BD- patients. Nevertheless, BD+ displayed increased WM-related dPFC activity at follow-up 
compared with BD- patients. This change in dPFC response was independent of mood symptoms and medication. 
Limitations: The study did not account for type or frequency of affective episodes. 
Conclusion: The study identifies cognitive impairment and WM-related hypo-activity in dPFC early during the 
course of BD. Increased high-load WM related dPFC activity over the follow-up period in BD+ versus BD- patients 
in the absence of changes in cognitive performance may reflect an episode-related reduction in PFC efficiency.   

1. Introduction 

Although periodic affective episodes are defining features of bipolar 
disorder (BD), cognitive impairments within working memory (WM), 
attention and executive function are increasingly recognized trait fea-
tures that are often already present at illness onset and persist during 

remission (Cullen et al., 2016; Kjærstad et al., 2019). Yet, addressing 
cognitive aspects of BD is critical for functional recovery as well as 
treatment response and overall prognosis (Gitlin and Miklowitz, 2017; 
Martino et al., 2008; Torrent et al., 2012). Today there is no effective 
clinical treatment for cognitive impairment in BD (Miskowiak et al., 
2016c, 2016a), and there is a need for a human neuroimaging biomarker 
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model of cognitive improvement that could guide treatment develop-
ment and prognosis. Recent evidence from cross-sectional studies in new 
onset BD suggests that cognitive deficits are manifest already after 
first-episode mania, and in some patients, such deficits may even pre-
date the onset of illness (Bora, 2015), suggesting that neurocognitive 
changes may pertain a possible premorbid phase in BD. On the other 
hand, repeated affective episodes have also been associated with 
generally poorer neurocognition in chronically ill patients (Kapczinski 
et al., 2017; Kessing and Andersen, 2017). This is consistent with the 
suggestion that deterioration of brain structure and function may arise 
due to chronic increase in neuroinflammation markers (Rosenblat and 
McIntyre, 2017) and hypo- or hyper -cortisolism observed in BD with 
repeated mood episodes (Maripuu et al., 2014). However, data from a 
meta-analysis of longitudinal studies of cognition in BD do not support 
the notion of progressive decline in cognitive functions following either 
short (1.5 years) or longer (5.5 years) follow-up periods (Bora and 
Özerdem, 2017). It therefore remains unclear whether cognitive im-
pairments become more severe with disorder progression, i.e., if neu-
roprogression occurs, or whether cognitive impairments precede 
disorder onset and remain stable over time. 

Studies in BD demonstrate aberrant task-related responses in pre-
frontal cortex (PFC) during WM engagement, findings that can relate to 
both hypo- and hyper-activations depending on the task performed 
(Fernández-Corcuera et al., 2013; Frangou et al., 2008; Monks et al., 
2004; Townsend et al., 2010). A recent systematic review of neuro-
imaging studies in BD concludes that hypo-activation in prefrontal 
cognitive control areas including the dorsolateral PFC (dlPFC) during 
WM performance is the most dominant finding (Miskowiak and 
Petersen, 2019). For instance, during the performance of verbal WM 
tasks, BD patients showed reduced medial and right dlPFC engagement 
during WM encoding intervals and lower task accuracy compared to 
matched healthy controls (McKenna et al., 2014), or reduced bilateral 
dlPFC activity during WM that was associated with symptom severity 
(Fernández-Corcuera et al., 2013). Using a similar WM task in remitted 
patients with unipolar disorder, treatment with vortioxetine, a multi-
modal drug for depression, was shown to reduce WM-related dorsal PFC 
activity which was interpreted as treatment-related increase in dorsal 
PFC efficiency given the absence of changes in behavioral task perfor-
mance (Smith et al., 2017). In contrast, cognitive remediation and 
erythropoietin treatment have been found to increase dorsal PFC 
task-related activity in schizophrenia and mood disorders, which was 
coupled with improved cognitive performance on WM and executive 
function tests (Isaac and Januel, 2016; Meusel et al., 2013; Miskowiak 
et al., 2016b; Ramsay and MacDonald, 2015). Although previous neu-
roimaging studies have associated both increased and decreased PFC 
engagement with beneficial effects of treatments for cognitive impair-
ments, these discrepant findings may be explained by a differential 
treatment effects on cortical efficiency and cognitive capacity on neural 
activity (Miskowiak and Petersen, 2019). Nevertheless, the findings to 
date highlight prefrontal target engagement as a promising biomarker 
for cognitive deficits and pro-cognitive effects of both pharmacological 
and cognitive treatments across distinct neuropsychiatric disorders. 

An important question that remains unanswered is whether the 
observed neural abnormalities in the cognitive-control network are 
stable over time or are exacerbated by the recurrence of affective epi-
sodes, in which case early detection and treatment would be critical. To 
investigate this, we recruited recently diagnosed remitted BD patients 
and healthy controls (HC) for comparison. We acquired baseline func-
tional MRI (fMRI) data during a verbal n-back WM task and neuro-
cognitive tests tapping into verbal fluency, WM and executive functions. 
The cohort was followed for approximately 16 months and investigated 
with the same tests at follow-up when we expected a significant amount 
of BD participants to have experienced at least one affective episode 
(Fisfalen et al., 2005). To test our main hypothesis, we investigated 
differential longitudinal changes in WM related activations and cogni-
tive performance between patients who went on to develop an affective 

episode and those who did not. Due to the relatively short follow-up 
period, we expected no significant impact of affective episodes on 
cognitive test performance (Bora and Özerdem, 2017). However, we 
predicted that the engagement of the cognitive-control network during 
WM would be a more sensitive marker of the adverse effects of affective 
episodes. Accordingly, we hypothesised that episode positive BD pa-
tients (BD+) would display increase in fronto-parietal engagement 
during WM in the absence of changes in cognitive performance scores, 
reflecting a need for greater neural resources (i.e., reduced cortical ef-
ficiency) during WM performance. 

2. Methods 

2.1. Study design and participants 

The study included fMRI, clinical and neurocognitive data from 85 
participants (47 BD and 38 HC) investigated at baseline and follow-up 
from a larger sample of 79 BD and 58 HC recruited for the Bipolar 
Illness Onset (BIO) study (Kessing et al., 2017) performed at the 
Copenhagen Affective Disorder Clinic. From the initial sample, 18 BD 
and 12 HC were excluded for not being available in time for the baseline 
investigation (reasons included: traveling, pregnancy, moved away, or 
not responding), and 14 BD and 8 HC dropped out of either the entire 
study or the fMRI investigation. The inclusion criteria for patients were 
age between 15 and 70 years of age, BD diagnosis within the preceding 
two years according to International Classification of Diseases (ICD-10) 
criteria (World Health Organization, 1996), and full or partial remission 
based on a score ≤ 14 on the Hamilton Depression Rating Scale (HDRS) 
(Hamilton, 1967) and the Young Mania Rating Scale (YMRS)(Young 
et al., 1978). The BD diagnosis type I or II was reached following a 
thorough clinical interview using the semi-structured Schedules for 
Clinical Assessment in Neuropsychiatry (SCAN) (Wing et al., 1990) by 
highly skilled specialists in psychiatry in the clinic. The diagnostic status 
was subsequently assessed again during SCAN interview conducted by 
PhD students who had undergone a certified SCAN course. All patients 
continued their treatment during the study as advised by the treating 
psychiatrist. The HC participants were recruited from the Copenhagen 
University Hospital Blood Bank. The inclusion criteria for HC were no 
personal or first-degree familial history of mental disorders or substance 
abuse. Exclusion criteria for all participants included a history of severe 
brain injury, substance abuse, and/or current severe somatic illness. BD 
patients were invited for a SCAN interview approximately once a year 
when the clinical state (remission, manic, hypomanic, depressive, mixed 
episode) was established retrospectively according to ICD-10. Symptom 
severity accordioning to HDRS and YMRS was also measured during 
these clinical assessments. All procedures contributing to this work 
comply with the ethical standards on human experimentation according 
with the Helsinki Declaration of 1975, as revised in 2008. All partici-
pants gave informed consent before participation. The study was and 
was approved by the local ethics committee in the Capital Region of 
Denmark (H-7-2014-007) and the data agency, Capital Region of 
Copenhagen (RHP-2015-023). 

2.2. The verbal n-back working memory task 

2.2.1. Task description 
The verbal n-back task was programmed in e-prime 2.0 (Psycho-

logical Software Tools, Pittsburgh, PA, USA) and displayed on a screen 
seen using an angled mirror. The participants viewed a rapid sequence of 
letters and were asked to indicate using an MRI-compatible button box 
whether any of the displayed letters matched a previous letter in the 
sequence. The letter sequences were presented in blocks of ten letters 
each and consisted of phonologically similar consonants varying in case: 
b, B, d, D, p, P, t, T, v, V. There were four types of blocks, 0-, 1-, 2- and 3- 
back, with each block being preceded by an instructions screen (0, 1-, 2- 
or 3-back) presented for 12s. Participants were required to keep the 
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letters in memory and respond only to target letters presented either 
one, two or three screens previously for the 1-, 2- or 3-back blocks 
respectively. The number of n-back events was matched across type of 
blocks. The 0-back task was a sensorimotor control task where partici-
pants were required to respond when a pre-specified letter (x, X) was 
displayed in the letter sequence. Four blocks of each n-back condition 
were presented in a fixed pseudo-random order and separated by 5 s of 
fixation cross (+). Within the blocks, the ten letters were displayed for 
0.5s with a fixed interstimulus interval of 1.5s. The total task length was 
9 min 52s. 

2.2.2. MRI acquisition protocol 
Functional MRI data during the performance of the verbal n-back 

task was acquired at Copenhagen University Hospital, Rigshospitalet 
using a 3 Tesla Siemens Prisma scanner with a 64-channel head-neck 
coil. We used Blood Oxygen Level Dependent (BOLD) fMRI with iden-
tical parameters for baseline and follow-up acquisitions. T2*-weighted 
gradient echo spiral echo-planar (EPI) sequences were employed with 
an echo time (TE) of 30 ms, repetition time (TR) of 2 s, and flip angle of 
90◦. The volumes consisted of 32 slices with a slice thickness of 3 mm 
and 25% gaps in-between, and a field of view (FOV) of 230 × 230 mm 
using a 64 × 64 grid. A total of 300 volumes were acquired for the during 
the performance of the verbal n-back task. A T1-weighted structural 
image was acquired for the registration of the BOLD images (TR=1900 
ms; TE=2.58 ms; flip angle=9◦; distance factor=50%; FOV=230 × 230 
mm; slice thickness=0.9 mm). A standard B0 field map sequence was 
also acquired with the same FOV and resolution as the fMRI sequence 
(TR=400 ms; TE=7.38 ms; flip angle=60◦) and used for geometric 
distortions correction of the BOLD images. The image quality was 
ascertained by visual inspection of all individual images. 

2.2.3. Regions of interest 
Based on previous reports, we hypothesised that left dlPFC activity 

during verbal n-back task performance would be most sensitive to 
changes in related cognitive processes (Owen et al., 2005). We therefore 
performed a region-of-interest (ROI) analysis using the extracted blood 
oxygen level dependent (BOLD) signal change from a 10 mm radius 
sphere centred on MNI coordinates: x= -44, y=18, z=22, left dlPFC 
region shown to be consistently activated during WM tasks as reported 
in a meta-analysis of fMRI studies (Owen et al., 2005). We further 
defined a fronto-parietal cognitive control network mask (Miskowiak and 
Petersen, 2019) to be used for small volume correction in the voxel-wise 
fMRI analysis. The mask was constructed on the MNI template using the 
FSLeyes tool which is part of the FMRIB’s Software Library (FSL) version 
6.0.1 (Jenkinson et al., 2012), and included the following bilateral 
cortical structures from the probabilistic Harvard -Oxford Cortical 
Structural Atlas thresholded at 25% (Desikan et al., 2006): the post-
central gyrus, precuneus, angular gyrus, anterior and posterior divisions 
of the supramarginal gyrus, parietal operculum cortex, superior parietal 
lobule, superior and the middle frontal gyri. All structures were added 
together to form the final mask. 

2.2.4. fMRI analysis 
Functional MRI data analysis was performed using the FMRI Expert 

Analysis Tool (FEAT) (Woolrich et al., 2001) included in the FSL. 
Pre-processing involved image B0 field distortion correction with ac-
quired field map, motion correctio using rigid-body transformations, 
non-brain removal, non-linear registration to the standard MNI (Mon-
treal Neurologic Institute) space and template and spatial smoothing 
using a 5 mm full-width-half-maximum gaussian kernel. 

At the subject level we modelled four conditions: ‘3-back’, ‘2-back’, 
‘1-back’ and ‘0-back’, in a block design. These conditions were used to 
compute the linear effect of WM load (i.e., a linear increase in activation 
from 0 to 3-back). We further constructed contrasts for the different WM 
loads: ‘3-back > 0-back’, ‘2-back > 0-back’, ‘1-back > 0-back’ for 
illustrative purposes. The blocks were convolved using a double-gamma 

canonical hemodynamic response function and added temporal de-
rivatives for improved fit to data. 

Using the linear effect of WM load contrast, three group-level sta-
tistical models were implemented in FEAT according to standard FSL 
GLM setup: i) single group average including HC baseline scans, ii) a 
two-group difference test for baseline scans (BD vs. HC), and iii) a two- 
way mixed effect repeated measures ANOVA model to test for episode 
group-by-time interactions. The group factor had two levels, BD+ and 
BD- patient, and the time factor included baseline and follow-up data 
points. The significance level for clusters was set at p<0.05 corrected for 
multiple comparisons using the Gaussian Random Field method, sub-
sequent a cluster-forming threshold of z=2.57 (p<0.005) at voxel level. 
The models were estimated twice, first restricting the search volume to a 
cognitive control network mask, secondly at whole brain level. 

Based on our hypothesis regarding left dlPFC (Owen et al., 2005; 
Smith et al., 2017), we additionally performed a ROI analysis for this 
region by extracting the mean percent BOLD signal change from the 
defined ROI and setting up a mixed models analysis of variance in SPSS 
v20 (Statistical Package for the Social Sciences, IBM) with group (BD+, 
BD-) and time (baseline and follow-up) as fixed effect and subject as 
random effect. 

Finally, we perform a test-retest reliability analysis of the longitu-
dinal WM load-related activity in HC in two ROIs, the left and right 
dorsolateral PFC. For the left dlPFC we used the extracted BOLD signal 
change from the (Owen et al., 2005; Smith et al., 2017) ROI described 
above. For the right dlPFC ROI, we used the extracted BOLD signal 
change from the PFC cluster showing significant differences between BD 
and HC. The reliability was estimated using the 2-way mixed effects 
intraclass correlation coefficient (ICC) calculated in SPSS. 

2.2.5. Planned follow-up fMRI analyses 
Upon significant effects of group in response to WM load in the voxel- 

wise FSL analysis we extracted the BOLD signal change from identified 
significant clusters and performed post-hoc analyses in SPSS. We first 
investigated whether BOLD response differences between HC and BD 
were dependent on subsyndromal depression and manic symptoms 
(HDRS and YMRS ratings scales) or on smoking status and demographic 
factors (age, sex, verbal IQ) by adjusting for these factors in an ANCOVA 
model. 

We secondly investigated whether the longitudinal group differences 
between BD+ and BD- in BOLD response to WM load was dependent on 
clinical factors (medication status and BD type I or II) or on smoking 
status and demographic factors (age, sex, verbal IQ) by adjusting for 
these factors in a mixed linear model. 

Across all BD patients at baseline, we tested whether WM load 
related BOLD response extracted from the dlPFC ROI correlated with 
cognitive performance in the three tested cognitive domains (verbal 
learning and memory, verbal fluency, and WM and executive functions). We 
lastly tested whether baseline to follow-up changes in the BOLD 
response in the dlPFC ROI correlated with either the baseline to follow- 
up changes in the three tested cognitive domains across all BD patients, 
or the number of episodes in BD+ participants. The correlation analyses 
were performed using Pearson’s correlation models implemented in 
SPSS. 

2.3. Cognitive assessment 

Participants underwent cognitive testing with a large battery of 
neuropsychological tests at the baseline and follow-up assessments, 
comprising the Rey Auditory Verbal Learning Test (RAVLT) (Corwin, 
1994), verbal fluency letters S and D (Borkowski et al., 1967), 
letter-number sequencing subtest from the Wechsler’s Adult Intelligence 
Scale 3rd edition (WAIS-III) (Wechsler, 1997), coding and digit span 
forward from the Repeatable Battery for the Assessment of Neuropsy-
chological Status (RBANS) (Randolph et al., 1998), the Trail Making 
Test-A (TMT-A) and Test-B (TMT-B) (Adjutant General’s Office, 1944), 
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and the Rapid Visual Processing (RVP) and Spatial Working Memory 
(SWM) tests from the Cambridge Neuropsychological Test Automated 
Battery (CANTAB) (Cambridge Cognition Ltd.). Raw scores were 
z-standardized according to HC means and standard deviations. Z-scores 
for TMT-A, TMT-B and SWM (‘between errors’ and ‘strategy) were 
inverted so that lower scores reflected poorer performance. Four 
cognitive composite domains were calculated from the mean z-scores of 
each domain: verbal learning and memory (RAVLT: trial I-IV total correct, 
delayed recall, and recognition); verbal fluency (verbal fluency S and D); 
WM and executive function (letter-number sequencing, SWM ‘between 
errors’ and ‘strategy’, TMT-B); and attention and psychomotor speed 
(coding, TMT-A, RVP (‘accuracy’ and ‘mean latency’), digit span for-
ward). A global cognition was calculated by averaging the standardized 
composite scores across the four cognitive domains. Verbal IQ was 
estimated using the Danish version of the National Adult Reading Test 
(DART) (Nelson, 1982). Education achievement was measured in years 
of completed education. Due to a technical issue in the logging of 
behavioural data during fMRI, a variable number of button-presses in 
the cohort were not recorded. The in-scanner behavioural data is 
therefore not reported. However, all data logs were inspected to verify 
that participants responded throughout the length of the fMRI task. 

2.4. Statistical analysis of cognitive and clinical variables 

The BD and HC groups were compared in demographic variables at 
baseline and longitudinal changes in cognitive and clinical factors using 
SPSS. Group comparisons between BD and HC at baseline was performed 
using two-sample t-tests. Continuous data were first checked for devia-
tion from the normal distribution using the Shapiro-Wilk test. In case of 
non-normal distribution, non-parametric Mann-Whitney U tests were 
used. When testing for cognitive deficits in BD vs. HC the significance 
value was adjusted to reflect one tailed test probabilities values (critical 
value t=-1.699). The Pearson’s chi-square test was used to evaluate 
whether the distribution of the two sexes, medication and smoking 
status was comparable between the groups. 

Differential longitudinal changes in BD patients regarding cognitive 
measures were evaluated using mixed models analysis of variance with 
group (BD+, BD-) and time (baseline and follow-up) as fixed effect and 
subject as random effect. 

3. Results 

3.1. Demographic and clinical assessment 

Eighty-five participants with longitudinal data were included: 47 
patients diagnosed with BD in partial or full remission at the time of 
investigation (34 with BD type II) and 38 HC. Patients were diagnosed 
with BD 16 months in average prior to inclusion and had a total duration 
of illness of 7.8 years in average. At baseline, the BD patients and HC 
were comparable in terms of age, sex, years of education, smoking sta-
tus, and verbal IQ (Table 1). The patients presented with more sub-
syndromal symptoms than HC (HDRS U=1521, p < 0.001; YMRS 
U=1317, p < 0.001). 

Follow-up assessment (15.4 months in average) showed that among 
BD patients, 26 had experienced at least one affective episode (BD+
patients) and 21 had no affective episode during the follow-up period 
(BD- patients). Affective episodes were dominantly depressive (59%), 
followed by hypomanic (37%) and mixed (4%). Clinical scores (HDRS 
and YMRS) recorded at the two assessment times (while in full or partial 
remission) showed no significant difference in subclinical symptom 
progression between the BD+ and BD- subgroups (Table 2). There were 
no significant differences in medication status between BD- and BD+
patients at either baseline or follow-up assessments. 

3.2. fMRI findings of the verbal n-back task 

At baseline, the HC showed a significant effect of linear increase in 
WM load in an extended fronto-parietal network covering bilateral 
anterior insula, dlPFC, dorsomedial PFC (dmPFC), and parietal cortex 
(Table 3). BD patients showed lower task-related response compared to 
HC in two prefrontal regions, right dlPFC and bilateral dmPFC (Fig. 1). 
This hypoactivity in patients within the WM network was observed at 
the follow-up assessment as well. 

The ROI analyses showed no significant group effects in the pre-
defined left dlPFC region (F(1,81)=0.359, p=0.551) or within the 
cognitive control network mask. However, in the whole brain analysis, 
the BD patients showed a differential longitudinal change in task-related 
activation depending on the episode status in a cluster extending from 
left dlPFC to cingulate cortex. Here, the BD+ patients showed an in-
crease in WM-related activity at follow-up, with the opposite pattern 
observed in BD- patients in the absence of changes in WM performance 
(Fig. 2). This pattern was specific to the higher WM loads (2- and 3- 
back). 

The reliability analysis of the longitudinal WM load-related activity 
showed a good test-retest reliability for right dlPFC (ICC=0.6) and fair 
for the left dlPFC (ICC=0.4) (Cicchetti, 2001). 

3.3. Planned follow-up fMRI analyses 

The hypoactivity in dorsal PFC during WM in BD patients compared 
to HC persisted when accounting for either subsyndromal symptoms 
(HDRS and YMRS) or smoking status and demographic variables (age, 
sex, education, IQ). Similarly, the episode group-by-time interaction 

Table 1 
Demographic, clinical, and cognitive data at baseline in patients with bipolar 
disorder (BD) and healthy control individuals (HC).   

BD (N =
47) 

HC (N =
38) 

Group 
differencep-value 

Age, years [range] 29.5 [18- 
50] 

29.7 [15- 
59] 

0.339U 

Sex, no. females, (%) 29 (62) 23 (60) 0.912χ 

Education, years (SD) 15.1 (3.3) 15.3 (2.3) 0.802 
Current smokers, n (%) 13 (29) 7 (18) 0.267 χ 

Verbal IQ (SD) 113.1 
(5.3) 

113.0 
(4.8) 

0.904 

HDRS (SD) 5.0 (3.9) 0.8 (1.1) <0.001U 

YMRS (SD) 2.6 (3.1) 0.5 (1.2) <0.001U 

Global cognition a (SD) -0.2 (0.5) 0.0 (0.5) 0.055 
Verbal learning and memory (SD) a -0.3 (0.5) 0.0 (0.8) 0.034U 

Verbal fluency (SD) a 0.1 (0.8) 0.0 (0.9) 0.700 
Working memory and executive 

function (SD) a 
-0.3 (0.8) 0.0 (0.7) 0.040U 

Attention and psychomotor speed -0.2 (0.5) 0.0 (0.6) 0.024 
No. prior depressive episodes (SD) 7.0 (5.2)   
Illness durationb (SD) 7.8 (7.6)   
Untreated BDc (SD) 6.5 (7.6)   
Age at diagnosis (SD) 28.1 (7.7)   
Age at onsetd (SD) 21.1 (6.4)   
Bipolar type II, no (%) 34 (62)   
Currently medicated (%) 38 (84)   

Lithium, no. (%) 10 (22)   
Anticonvulsants, no. (%) 26 (58)   
Antidepressants, no. (%) 12 (27)   
Antipsychotics, no. (%) 17 (38)    

a Cognitive composite scores obtained following z-standardization using mean 
and standard deviation of healthy controls. 

b Defined as the difference between first hypomanic, manic, or mixed episode 
and time of study participation. 

c Defined as the interval between the first (hypo)manic episode and diagnosis 
of BD. 

d Patients’ age at time of first hypomanic, manic, or mixed episode. 
U Mann-Whitney U test; χ Chi-squared test. HDRS = Hamilton Depression 

Rating Scale; χYMRS = Young Mania Rating Scale; SD = Standard Deviation. 
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effect found in left dlPFC was not dependent on clinical variables (HDRS, 
YMRS, medication status, BD type I or II) or smoking status and de-
mographic variables (age, sex, education, IQ). 

Across all BD patients at baseline, the WM load related BOLD 
response in left dlPFC ROI did not correlate significantly with cognitive 
performance in any of the three tested domains (verbal learning and 
memory, verbal fluency, and WM and executive functions). We lastly found 
no significant correlations between the longitudinal change in the left 
dlPFC ROI BOLD response and either the longitudinal changes in 
cognitive performance in the three tested domains across all BD par-
ticipants, or the number of episodes in BD+ participants. 

3.4. Cognitive assessment 

There was a general trend for lower cognitive scores in BD compared 
to HC (global cognition, t82=-1.614, p=0.055). The BD patients had 
lower composite scores in attention and psychomotor speed (t82=-2.010, 
p=0.024), verbal learning and memory (U=686, p = 0.034), and WM 
and executive functions (U=680, p=0.040) compared to HC (Table 1). 
Verbal fluency scores were, however, not significantly different between 
groups (t82=0.387 p=0.350). Cognitive scores did not change signifi-
cantly over the follow-up period in the entire BD group, and there were 
no significant differences in longitudinal changes between BD+ and BD- 

subgroups (Table 2). Consistent with the cognitive assessment, there was 
no significant difference between BD+ and BD- subgroups in WM ac-
curacy scores of the n-back fMRI task at follow-up (p=0.956). 

4. Discussion 

This longitudinal fMRI study of 47 recently diagnosed BD patients 
and 38 HC investigated for the first time whether aberrant WM-related 
activity in the cognitive control network is accentuated by new affective 
episodes. At baseline, patients showed hypo-activity in dorsal PFC and 
cognitive deficits within attention and psychomotor speed, verbal 
learning and memory, and WM and cognitive function. During the 
follow-up time, 26 patients experienced at least one affective episode 
(BD+), while 21 patients remained symptomatically stable (BD-). No 
deterioration in cognitive performance across WM and executive func-
tion, verbal learning and memory, attention and psychomotor speed was 
observed in BD+ compared with BD- patients. In contrast, at the neural 
level, BD+ patients displayed an increase in dorsal PFC activity during 
high WM loads relative to BD- patients from baseline to follow-up. This 
activity change occurred independently of differences in subsyndromal 
mood symptoms or medication status at the two assessment times. 

Our demonstration of WM-related hypo-activity within the dlPFC 
and dmPFC in patients with BD is consistent with the majority of the 
findings in the field. Specifically, most studies in BD showed hypo- 
activity in similar regions within the dorsal PFC (Alonso-Lana et al., 
2016; Canales-Rodríguez et al., 2014; Fernández-Corcuera et al., 2013; 
Frangou et al., 2008; Hamilton et al., 2009; Lagopoulos et al., 2007; 
McKenna et al., 2015, 2014; Townsend et al., 2010) and that this was 
generally accompanied by impaired cognitive performance (Alonso--
Lana et al., 2016; Fernández-Corcuera et al., 2013; Lagopoulos et al., 
2007; McKenna et al., 2015, 2014). However, task-related hyper-activity 
in dlPFC has also been observed in studies in BD and UD (Fitzgerald 
et al., 2008; Harvey et al., 2005; Matsuo et al., 2007; Walter et al., 2007), 
which was generally observed in patients who succeeded to maintain 
normal task performance. 

The dorsal PFC hypo-activity in our BD patients at baseline may be 
indicative of lower cognitive capacity according to the suggested model 
for the association between WM performance and dorsal PFC activity 
(Callicott et al., 2003; Miskowiak and Petersen, 2019; Petersen and 
Miskowiak, 2020). In line with this finding, we observed performance 
deficits in BD at baseline in three out of four cognitive domains tested: 
WM and executive functions, verbal learning and memory, and attention 
and psychomotor speed. As such, the dorsal PFC hypo-activity may 
indicate lower WM capacity, difficulties with maintaining attention and 
processing complex information quickly, as measured with the RVP and 
the coding tests. Indeed, the dlPFC has been suggested to play a critical 
superordinate role in regulating cognitive control across various 
cognitive tasks where executive functions are recruited (Miller and 
Cohen, 2001). Accordingly, aberrant dlPFC activity has been observed 
across a range of cognitive tasks including multiple facets of WM, 
response inhibition, conflict processing, and problem solving in several 
neuropsychiatric illnesses (Lee et al., 2014; Minzenberg et al., 2009). 
Aberrant task-related dlPFC activity thus seems to be the most repro-
ducible neural marker of cognitive impairments not only in BD but 
across a range of neuropsychiatric disorders. 

The absence of cognitive decline during relatively short periods with 
at least one affective episode is consistent with previous studies (Bora 
and Özerdem, 2017) and suggests that an affective episode does not 
produce any trait-related cognitive decline in the early course of BD. 
Nevertheless, at a neural level, affective episode positive patients (BD+) 
did display increased WM-related dlPFC activity during high WM loads 
relative to patients who remained symptomatically stable (BD-), which 
may reflect reduced dlPFC efficiency. Indeed, a randomised controlled 
fMRI study of vortioxetine treatment that aimed to improve cognition in 
remitted patients with unipolar disorder revealed treatment-related 
reduction in dlPFC activity during an identical verbal n-back WM task 

Table 2 
Differences between baseline and follow-up measurements of clinical and 
cognitive factors in patients with BD with affective episodes (BD+) and without 
(BD− ), relative to healthy control (HC) individuals.   

HC(N =
38) 

BD+(N 
= 26) 

BD− (N 
= 21) 

Effect of group 
* timep-value 

Follow-up days (mean ± SD) 478 
(150) 

477 
(155) 

457 
(144) 

0.649 

Age at baseline, years (SD) 29.7 
(11.3) 

29.4 
(8.8) 

29.9 
(5.8) 

0.827b 

Sex, no. females, (%) 23 (60) 17 
(58.6) 

12 
(57.1) 

0.563b,χ 

Education, years (SD) 15.3 
(2.3) 

14.7 
(3.5) 

15.6 
(2.9) 

0.383b 

Current smokers, (%) 7 (18) 9 (34.6) 4 (19.0) 0.321b,χ 

Verbal IQ (SD) 113.0 
(4.8) 

112.4 
(6.0) 

114.2 
(4.1) 

0.267b 

ΔHDRS (mean ± SD) +0.1 
(1.5) 

+0.4 
(4.4) 

− 1.4 
(3.1) 

0.254 

ΔYMRS (mean ± SD) +0.1 
(2.0) 

-1.5 
(4.2) 

0.0 (2.7) 0.207 

ΔVerbal learning and 
memorya (mean ± SD) 

0.0 
(0.6) 

0.2 (0.6) 0.1 (0.9) 0.756 

ΔVerbal fluencya (mean ±
SD) 

0.0 
(0.6) 

0.1 (0.7) 0.0 (0.6) 0.905 

ΔWorking memory and 
executive functiona (mean 
± SD) 

0.0 
(0.4) 

0.0 (0.5) 0.1 (0.6) 0.766 

ΔAttention and 
psychomotor speeda 

(mean ± SD) 

0.0 
(0.3) 

0.0 (0.4) 0.2 (0.5) 0.494 

ΔGlobal cognitiona (mean ±
SD) 

0.0 
(0.2) 

0.1 (0.3) 0.1 (0.4) 0.953 

Medicated at baseline, % 0 73.1 57.1 0.105 
Medicated at follow-up, % 0 88.5 89.5 0.880 
No. affective episodes 

(mean ± SD)  
2.8 (3.1)   

hypomanic (%)  37   
depressive (%)  59c   

mixed (%)  4    

a Baseline to follow-up changes in cognitive composite scores obtained 
following z-standardization using mean and standard deviation of healthy 
controls. 

b Comparison for baseline values between BD+ and BD- subgroups. 
c One patient presented a depressive episode with psychosis. 
χ BD+ and BD- subgroups compared using Chi-squared test; HAMD = Ham-

ilton Depression Rating Scale; YMRS = Young Mania Rating Scale; SD = Stan-
dard Deviation. 
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in the absence of treatment-related changes in cognitive performance 
levels (Smith et al., 2017). This was interpreted as a treatment-related 
increase in dlPFC efficiency, an interpretation that is compatible with 
our putative model for the association between task load and aberrant 
dorsal PFC response in patients vs. controls (Miskowiak and Petersen, 
2019; Petersen and Miskowiak, 2020). In keeping with this, the increase 
in dlPFC during high-loads of WM without changes in performance in 
BD+ patients may reflect a need for greater neuronal resources to 
maintain the same task performance as BD- patients. More generally, 
task-related activation of dlPFC may be a sensitive assay of the effects of 
illness episodes on neurocognitive function over the course of BD. Spe-
cifically, illness-related changes in dlPFC activity may arise due to the 
effect of affective episodes on e.g. inflammatory processes, oxidative 
stress, elevated glucocorticoids and reduced levels of neurotrophins 
(Kapczinski et al., 2014). As such, we suggest that BD+ patients’ in-
crease in WM-related dlPFC response may be a compensatory response at 
a brain level (i.e., mobilisation of greater neural resources to maintain 
performance levels) that ensures maintenance of cognitive functions 
following affective episodes in this early stage of illness. 

The illness-related activity change within this dlPFC hub of the 
cognitive control network in our recently diagnosed patients has im-
plications for treatment development strategies targeting cognition. 
Specifically, it has been a topic of debate as to at what stage of BD illness 
interventions targeting cognition should be applied (e.g. Miskowiak 
et al., 2017; Miskowiak and Lewandowski, 2020; Vieta and Torrent, 
2016). On one hand, later illness stages have been suggested as optimal 
for cognition interventions because these are generally characterised by 
more clinically relevant cognitive and functional deficits (Miskowiak 
et al., 2017; Vieta and Torrent, 2016). On the other hand, early illness 
stages have also been proposed as an optimal window of opportunity for 
pro-cognitive interventions to prevent illness progression and improve 
long-term outcome (Miskowiak and Lewandowski, 2020; Vieta and 
Torrent, 2016). The latter idea has spurred great research interest into 
prevention of cognitive and functional impairments in recently diagnosed 
patients, following the principle that prevention is better than cure. The 
current findings support this perspective by suggesting that treatments 
that counteract episode-induced decline in dorsal PFC efficiency early in 
illness may help counteract the manifestation of cognitive deficits at 
behavioural level longer-term. 

This is the to-date largest longitudinal fMRI study of the effects of 
affective episodes on neurocircuitry function in patients with BD. 
Another strength was that patients were recently diagnosed and that 
they were in full or partial remission at both assessment times as this 
enabled assessment of early trait-related neurocircuitry abnormalities 
and how these are affected by affective episodes. It is noteworthy, 
however, that even though the patients were diagnosed within two years 
prior to study inclusion, the total illness duration was 7.8 years in 
average, reflecting the difficulty in recruiting patients early in the course 
of illness due to the diagnostic delay of BD (Baldessarini et al., 2007). 
While we expected both depression and (hypo)manic episodes to have a 
negative impact on cognitive processes, they may impact cognitive 
processes differently. The relatively small sample size of BD patients 
who experienced affective episodes (n=26) prevented the examination 
of possible differential effects of depression and (hypo)manic episodes 
or their incidence rate. As additional limitations, frequency, duration, 
severity and timing of the affective episodes within the follow-up period 
were not accounted for. Patients took psychotropic medication which 
may have influenced BOLD activity. However, there were no significant 
differences between the BD+ and BD- groups in medication status at 
either the baseline or follow-up assessments, and post-hoc adjustment 
for psychotropic medication did not alter the findings. Neuropsycho-
logical performance tests relied on comprehensive outside-scanner 
collected longitudinal data without including in-scanner data since 
this was incomplete. Lastly, in order to maintain sensitivity for subtle 
affective episode-related changes in BOLD response to the WM task, we 
used a cluster forming threshold for the voxel-wise fMRI analyses of 
p<0.005 together with a low intrinsic smoothness level (5 mm) which 
result in an adequate control of the false positives rates (Woo et al., 
2014). Nevertheless, since a cluster forming threshold of p<0.001 is 
generally recommended, our findings should be replicated in larger 
samples of BD patients allowing improved statistical power. 

In conclusion, our demonstration of WM-related hypo-activity in 
dorsal PFC and specific cognitive impairment in BD patients with a short 
duration of illness indicate that neurocircuitry dysfunction is present 
early in the course of bipolar disorder. Further, the increase in WM- 
related dorsal PFC activity after at least one affective episode may, in 
the absence of cognitive performance changes, reflect an episode- 
induced decrease in PFC efficiency (i.e., need for greater neural 

Table 3 
Functional MRI analysis of the linear increase with working memory load in patients with bipolar disorder and healthy controls. Significant clusters presented with 
MNI coordinates of regional subpeaks, statistical Z values, and corrected cluster p values.  

Region Hemi-sphere BA Cluster size x y z Z-stat Cluster p 

WM load         
Healthy controls (baseline)         
Prefrontal cortex   52439     <0.001 
Insula R 47  30 26 -4 9.12  
Insula L 47  -26 26 0 8.71  
Superior frontal gyrus L 8  -2 22 48 8.23  
Middle frontal gyrus R 8  30 10 52 8.11  
Parietal cortex   17975     <0.001 
Precuneous Cortex R 7  10 -68 54 8.33  
Superior parietal lobe L 7  -34 -56 44 8.22  
Superior parietal lobe R 40  40 -52 54 8.06  
Supramarginal gyrus R 40  40 -46 46 8.15  
Healthy > Bipolar (baseline)         
dorsomedial PFC   701     <0.001 
Superior frontal gyrus L 6  -8 12 66 4.3  
Superior frontal gyrus R 6  10 14 62 4.1  
dorsolateral PFC R  389     0.003 
Middle frontal gyrus R 6  44 6 48 4.7  
Bipolar (episode status × time)         
dorsal PFC   471     <0.001 
Posterior Cingulate cortex L 23  -16 -8 40 3.9  
Anterior Cingulate Cortex L 24  -8 0 34 3.7  
Middle frontal gyrus L 9  -40 16 48 3.2  

BA=Broadman Area, Cluster size=number of voxels (2 × 2 × 2 mm) in the significant cluster, x,y,z = MNI coordinates of local maxima, Z-stat=max statistical Z values 
for voxel, p = corrected p value of the cluster. 
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resources to maintain cognitive performance), consistent with the neu-
roprogression hypothesis. Given this, our findings point to both pre- 
existing and ongoing sources of patients’ neural and cognitive impair-
ments and highlight early intervention as a potential avenue for 

improving patients’ prognosis and long-term outcome. 

Fig. 1. Differences in neural response to increasing working memory load at baseline between patients with bipolar disorder (BD) and healthy controls (HC). Top – 
statistical maps thresholded at z > 2.57 with significant clusters overlaid on a standard MNI template. Blue regions signify main effect of task in HC. Red-yellow 
clusters show lower task response in BD vs. HC. Bottom – mean percent signal change with standard error bars extracted from clusters showing significant effect 
of group. 

J. Macoveanu et al.                                                                                                                                                                                                                            



Journal of Affective Disorders 295 (2021) 647–656

654

Funding 

Funding for this study was provided by a five-year Lundbeck Foun-
dation Fellowship to KWM (grant no. R215-2015-4121). The Lundbeck 
Foundation had no further role in study design, in the collection, anal-
ysis and interpretation of data, in the writing of the report, and in the 
decision to submit the paper for publication. 

CRediT authorship contribution statement 

Julian Macoveanu: Methodology, Conceptualization, Formal anal-
ysis, Funding acquisition, Supervision, Writing – original draft, Writing – 
review & editing. Hanne Lie Kjærstad: Data curation, Project admin-
istration, Writing – review & editing. Maj Vinberg: Conceptualization, 
Writing – review & editing. Catherine Harmer: Conceptualization, 
Writing – review & editing. Patrick MacDonald Fisher: Conceptuali-
zation, Writing – review & editing. Gitte Moos Knudsen: Conceptual-
ization, Writing – review & editing. Lars Vedel Kessing: 
Conceptualization, Writing – review & editing. Kamilla Woznica Mis-
kowiak: Conceptualization, Funding acquisition, Supervision, Writing – 
review & editing. 

Declaration of Competing Interest 

All authors declare that they have no conflicts of interest in relation 
to the current study. Within the past three years, JM declares to have 
received honoraria as speaker from Lundbeck, KWM honoraria from 
Lundbeck and Janssen-Cilag, LVK has been a consultant for Lundbeck, 

GMK has received honoraria as speaker for Janssen Pharmaceuticals and 
as advisor for Sage Therapeutics and Sanos, and CJH has received con-
sultancy payments from P1vital, Lundbeck, Servier, Pfizer, Zogenixs and 
J&J. 

Acknowledgement 

We acknowledge Ida Seeberg for her valuable assistance with the 
clinical data, and Julie Lyng Forman for her help with the models used 
for the statistical analysis. 

References 

Adjutant General’s Office, 1944. Army Individual Test Battery. Manual of directions and 
scoring. War Dep. Adjut. Gen. Off., Washington, DC https://doi.org/10.1037/ 
t31500-000.  

Alonso-Lana, S., Goikolea, J.M., Bonnin, C.M., Sarró, S., Segura, B., Amann, B.L., 
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