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Change in prefrontal activity and executive functions after
action-based cognitive remediation in bipolar disorder: a
randomized controlled trial
Caroline V. Ott1, Julian Macoveanu 1, Christopher R. Bowie2, Patrick M. Fisher3, Gitte M. Knudsen3,4, Lars V. Kessing1,4 and
Kamilla W. Miskowiak 1,5

Cognitive impairment is prevalent in bipolar disorder (BD) but treatments with pro-cognitive effects are lacking. Insight concerning
the neurocircuitry of cognitive improvement could provide a biomarker for pro-cognitive effects to advance treatment
development. The dorsal prefrontal cortex (dPFC) is a promising region for such treatment target engagement. The aim of this
functional magnetic resonance imaging (fMRI) study was to examine the effects of action-based cognitive remediation (ABCR) on
early change in the dPFC blood-oxygen-level-dependent response in patients with BD in remission, and whether the observed
neural change predicted improved executive functions following 10 weeks of treatment. Forty-five participants with remitted BD
(ABCR: n= 26, control treatment: n= 19) completed a spatial n-back working memory task during fMRI and executive function
tasks outside the scanner before and after two weeks of ABCR/control treatment, and an additional assessment of executive
function at treatment completion. Thirty-four healthy controls underwent a single fMRI and executive function assessment for
baseline comparisons. We found an early reversal of pretreatment hypo-activity in the dorsolateral prefrontal cortex (dlPFC)
following ABCR vs. control during both high-load (2-back > 1-back) working memory (WM) (F(1,43)= 5.69, p= 0.02, η2= 0.12) and
general WM (2-back > 0-back) (F(1,43)= 5.61, p= 0.02, η2= 0.12). This dlPFC activity increase predicted improved executive
functions at treatment completion (high-load WM: B=−0.45, p= 0.01, general WM: B=−0.41, p < 0.01), independent of changes
in subsyndromal symptoms. In conclusion, early dPFC increase may provide a neurocircuitry-based biomarker for pro-cognitive
effects. Future cognition trials should include fMRI assessments to confirm the validity of this putative biomarker model across
disorders with cognitive impairment.

Neuropsychopharmacology (2020) 0:1–9; https://doi.org/10.1038/s41386-020-00901-7

INTRODUCTION
Patients with bipolar disorder (BD) present with objective
cognitive impairment even during asymptomatic phases1, which
hampers their quality of life and functional capacity2,3. Currently,
no treatment targeting cognitive impairment in BD has shown
robust and enduring pro-cognitive efficacy. However, cognitive
remediation (CR) has shown preliminary effects on cognition4.
Specifically, a randomized controlled trial (RCT) of 24 weeks of
computerized CR vs. computer control demonstrated effects on
global cognition5, and a recent proof-of-concept study assessing
the effects of 12 weeks of CR vs. TAU observed effects within
specific cognitive domains6–8. We recently conducted an RCT to
investigate the effects of 10 weeks of action-based cognitive
remediation (ABCR) vs. control treatment on cognitive functions in
patients with remitted BD with objective cognitive impairment9.
While ABCR had no significant effect on a broad cognitive
composite score, there was a large, specific effect on executive
function9. The pro-cognitive effects of CR have mostly been
studied in patients with schizophrenia, and are believed to be due
to increased neuroplasticity10, that is accompanied by increased

neural response in dorsal prefrontal cortex (dPFC) during working
memory (WM) tasks11,12.
In the recent Strategic Plan for Research by the National Institute

of Mental Health (NIMH) the first of four high-level goals is to define
the brain mechanisms underlying complex behaviors, with the
specific objective to elucidate the brain mechanisms underlying
cognitive processes13. This need for greater insight into the
neurocircuitry involved in cognitive functions and changes in
cognition is further underscored by the International Society of
Bipolar Disorders (ISBD) Targeting Cognition Task Force recommen-
dations stating that clinical treatment studies should include
functional magnetic resonance imaging (fMRI) to examine if early
neural changes can predict subsequent treatment-related cognitive
improvements8. Still, in a recent review of the neural substrates of
cognition, only one study in BD involved fMRI data pre-treatment
and post-treatment14. As such, despite the recommendations by the
NIMH and the ISBD Targeting Cognition Task Force, there is a lack of
fMRI studies elucidating the neurocircuitry of pro-cognitive effects.
The neural correlates of executive functions have commonly

been examined with n-back paradigms that recruit WM functions
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such as strategic updating and monitoring of items. A systematic
review of the neural activity during the n-back task in euthymic
patients with BD found both hypo-activity (n= 5), hyper-activity
(n= 2) and both hyper-activity and hypo-activity (n= 1) in the
dPFC15. These discrepant findings are reconciled in an integrative
model of the association between task difficulty and dPFC
response based on a general bell-shaped load-response curve16.
According to the model, patients display hyper-activity in the dPFC
when task performance is maintained at a normal level, and dPFC
hypo-activity when performance declines compared with con-
trols16. Importantly, emerging evidence indicates that distinct
candidate cognition treatments commonly modulate dPFC activity.
Specifically, both CR and the multifunctional growth factor
erythropoietin (EPO) increased dPFC activity in schizophrenia and
mood disorders, which was associated with improved behavioral
performance17–23. Conversely, the antidepressant vortioxetine
reduced dPFC response in cognitively intact patients with remitted
unipolar depression in the absence of cognitive performance
changes24. These findings support our proposed distinction
between treatment-related increase in neural efficiency—as
reflected by dPFC activity reduction without change in perfor-
mance levels—and in cognitive capacity—as reflected by dPFC
activity increase coupled with improved performance16. These
findings point to modulation of dPFC activity as a common
systems-level neurocircuitry biomarker model for pro-cognitive
effects that arise from treatment-related increase in neuroplasticity.
If the model is validated and shows predictive validity in terms of
cognitive improvement it could represent a key to examine the
potential of candidate treatments as a middle step between
preclinical studies and costly large scale phase III clinical trials25.
The aim of this fMRI report, including a subsample of patients

from Ott et al.9 with longitudinal fMRI data, was to assess the
predictive validity of early change in the dPFC blood-oxygen-level-
dependent (BOLD) response for subsequent improvement in
executive function in ABCR vs. control treatment in patients with
BD in full or partial remission. In keeping with the model by
Petersen and Miskowiak16, we hypothesize that increased execu-
tive function capacity in ABCR vs. control (i) will be accompanied
by an early enhancement of the dPFC response during WM
performance towards ‘normalization’ (i.e. baseline HC activity) and
(ii) that early increase in dPFC will predict subsequent treatment-
related improvement in executive function.

MATERIALS AND METHODS
Participants
Participants were recruited from psychiatric outpatient clinics
(primarily the Copenhagen Affective Disorder Clinic) and con-
sultant psychiatrists in the Capital Region of Denmark. Eligibility
criteria were: an ICD-10 diagnosis of BD, full or partial remission
(full remission: ≤7, partial remission: 8–14 on the Hamilton
Depression Rating Scale-17 items (HDRS-17)26 and the Young
Mania Rating Scale (YMRS)27, respectively), 18–55 years, fluent in
Danish, and objective cognitive impairment (total scores ≤74 or
below the cutoffs on ≥2 subtests on the Screen for Cognitive
Impairment in Psychiatry28). Exclusion criteria were: current drug
or alcohol abuse, daily use of benzodiazepines ≥22.5 mg, dyslexia,
severe somatic illness, neurological illness, schizophrenia or a
schizoaffective disorder, previous severe head trauma, pregnancy,
pacemaker or other internal metal objects and electroconvulsive
treatment within the past 3 months. Data from 34 HC with no
personal or first-degree family history of psychiatric illness from
the ongoing Bipolar Illness Onset (BIO) study29 were included to
assess whether a treatment-related neural change in ABCR vs.
control treatment was towards normalization defined as baseline
HC activation levels. Executive function data from 39 HC were
included from our SCIP-NORM study30 for comparison with the
entire BD sample.

Randomization and masking
In this outcome-assessor blind trial, patients were randomized to
the ABCR or the control treatment in a 1:1 allocation order using
allocation envelopes provided by Pharma Consulting Group
(Uppsala, Sweden) which were kept in a locked filing cabinet to
prevent unblinding. Randomization was stratified by gender and
age (< or ≥35 years) due to the association between age and
neuroplasticity31. Upon inclusion, the primary therapist (CO)
opened randomization envelopes in a consecutive manner. For
power calculation for the primary outcome see the full protocol32.

Procedure
Data were collected at the Psychiatric Centre Copenhagen,
Rigshospitalet. An fMRI scan and a comprehensive neuropsycho-
logical assessment were carried out at baseline and after two
weeks of treatment, and executive function was assessed again at
treatment completion (for details see ref. 32). Participants were
informed about the study procedures and written consent was
obtained. The study was approved by the local ethics committee
(H-16043480) and the Danish Data Protection Agency (2012-58-
0004).

Measures
Neuropsychological assessment. The secondary cognitive out-
come in the trial was an executive function task: the One Touch
Stockings of Cambridge (OTS)33. Specifically, the ‘mean choices to
correct’ measure, with lower scores indicating better performance.
The Spatial Working Memory (SWM)33 task was used to impute
missing data from the n-back task inside the scanner. Due to a
random scanner trigger, data from the n-back task inside the
scanner was contaminated for 66% of the patient sample and 56%
of the HC sample (see details in Supplementary methods 1).

Treatment groups. The ABCR program is a manual-based CR
treatment developed by Professor Christopher Bowie, Queen’s
University, Canada. The ABCR program provides a top-down
approach to the restoration of cognitive impairment. Treatment
duration was 10 weeks with two-hour sessions, twice a week and
daily computer training at home. Each session included compu-
terized training on the Danish version of Happy Neuron Pro (for
English: www.happyneuronpro.com/en), a practical activity (e.g.,
order food at a café, remembering messages, etc.) and goal
setting discussions to encourage participation in cognitively
stimulating activities during daily life. The control group also
had a duration of 10 weeks but with a weekly 1-h session. The
control group was an unstructured conversation group, discussing
themes relevant to patients and did not entail any cognitive
training.

Spatial n-back fMRI task. A yellow circle would appear randomly
in a 5 × 5 grid for 300ms followed by an empty grid for 1200 ms.
During the 0-back condition, the participants had to press a
button on a response pad whenever the ball appeared in any of
the grid corners. In the 1-back and 2-back conditions, the
participants had to indicate whenever the ball appeared in the
same grid square as one trial or two trials back, respectively. Each
condition block had 14 trials (three targets) and was presented
successively five times. Each block was interleaved by a fixation
cross (8 s). Task duration was 7min and 35 s.

fMRI data acquisition. Data were collected using a 3 Tesla
Siemens Prisma scanner and a 64-channel head coil. The BOLD
fMRI was acquired using a T2*-weighted gradient echo spiral
echo-planar (EPI) sequence with an echo time (TE) of 30 ms,
repetition time (TR) of 2 s, and flip angle of 90°. A total of 230 were
acquired each consisting of 32 slices with a slice thickness of 3 mm
with 25% gaps in-between, and a field of view (FOV) of 230 ×
230mm using a 64 × 64 grid. The BOLD images were registered to
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T1-weighted structural images (TR= 1900ms; TE= 2.58 ms; flip
angle= 9°; distance factor= 50%; FOV= 230 × 230mm; slice
thickness= 0.9 mm). We also acquired a B0 field map sequence
with the same FOV and resolution as the BOLD sequence (TR=
400ms; TE= 7.38ms; flip angle= 60°) which was used for
geometric distortion correction of the BOLD images.

fMRI data preprocessing and first-level. Data pre-processing and
first-level analyses were conducted using fMRI Expert Analysis Tool
(FEAT) version 6.034 from the FMRIB Software (FSL; http://www.
fmrib.ox.ac.uk/fsl). Pre-processing included brain extraction, linear
and nonlinear registration to structural space, spatial normal-
ization to the Montreal Neurological Institute (MNI) standard space
with 12 DOF, MCFLIRT motion correction, and spatial smoothing
(Gaussian kernel full width half maximum= 5mm FWHM).
Registrations and 4D images were visually inspected, and upon
motion outliers ≥ 2.0 mm, affected volumes were removed from
the first-level statistical analyses. The time series were high pass-
filtered (to max 0.008 Hz). We corrected for geometric distortions
related to the B0 field based on the acquired B0 field map. Two
conditions were modeled: 2-back > 1-back (high load-specific WM-
related activity for assessment of the difference between 1-back
and 2-back) and 2-back > 0-back (general WM-related activity).
The conditions were convolved with a canonical hemodynamic
response function.

fMRI group-level analysis. To investigate the early neural mechan-
isms of treatment-related executive function improvement, we
first extracted mean percent BOLD signal change from a right
dlPFC region of interest (ROI) based on the coordinates in
Miskowiak, et al.23. The sphere had an 8mm radius centered on
(x= 40, y= 34, z= 29) and was constructed on an MNI template
using tools within the FSL package. The mean percent BOLD signal
change in the right dlPFC ROI was extracted using the FSL
featquery tool for the contrasts 2-back > 1-back and 2-back > 0-
back. A repeated measures ANOVA was conducted to assess any
differential, longitudinal change between ABCR and control
groups, with time as the within-subjects factor and group as the
between-subjects factor. Significant interactions were followed-up
with independent t tests or Mann–Whitney U tests (depending on
the data distribution) and, for exploratory purposes, with post hoc
paired samples t tests or Wilcoxon signed rank tests. Independent
samples t tests or Mann–Whitney U tests were used to assess
baseline activity in the dlPFC ROI for BD (and for the ABCR and the
control groups separately) vs. HC.
Secondly, we conducted a FEAT analysis using a larger ROI of

the entire dPFC. The dPFC ROI was defined on a standard MNI
template in FSL to include the bilateral superior and medial frontal
gyri, the superior portions of the anterior division of the cingulate
gyrus and the frontal poles. We defined the ventral border of the
dPFC by the area separating the dorsal from the ventral regions of
medial PFC (MNI z > 5), defined according to Veit et al.35. The
bilateral dPFC subregions were defined using probabilistic cortical
maps thresholded at 5% provided by the Harvard-Oxford cortical
structural Atlas36.
Main effect of task at baseline during 2-back > 1-back and 2-

back > 0-back, respectively, was assessed in an exploratory whole-
brain analysis across the entire patient group with a one sample
t-test in FSL FEAT. Longitudinal interactions for ABCR vs. control
across the whole brain and within the dPFC ROI as a pre-threshold
mask for small volume correction were assessed with GLM models
in FSL FEAT using a two-way mixed effects ANOVA. Post-hoc
analyses assessing potential baseline differences for ABCR vs.
control within the dPFC ROI during 2-back > 1-back and 2-back >
0-back were assessed with two-sample unpaired t tests. Baseline
differences for BD (and exploratorily for the ABCR and the control
groups separately) vs. HC within the dPFC ROI were assessed with
two-sample unpaired t tests. All statistical models were estimated

with the FMRIB’s local analysis of mixed effects (FLAME) 1 method.
The significance level for clusters was set at p < 0.05 corrected for
multiple comparisons using Gaussian Random Field (GRF) theory
subsequent a cluster-forming threshold of z= 2.57 (p < 0.005). For
clusters showing significant differential response to ABCR vs.
control within the dPFC ROI and at a whole-brain level, the mean
percent BOLD signal change were extracted for graphical
illustration.

Behavioral data analysis. To assess the effect of ABCR vs. control
treatment on executive function (OTS mean choices to correct),
we conducted linear mixed-effect models. Factors were time,
stratum (classifying age and gender) and treatment (control
treatment as reference category). Fixed effects were time, stratum,
time*stratum, and time*treatment. Baseline correction was
applied. Independent t tests were used to assess differences
between the BD vs. HC and the ABCR vs. control group,
respectively, on executive functions and on performance on the
spatial n-back task at baseline. n-back task performance was
assessed by the discriminability index: d’= ((number of hits+ 0.5)/
(total number of targets+ 1))–((number of false alarms+ 0.5)/
(number of distractors+ 1)) across 1-back and 2-back. To assess
associations between change in WM-related neural activity and
executive function, the change in extracted mean percent BOLD
signal change was correlated with change on executive function
from baseline to after two weeks of treatment and treatment
completion, respectively. Significant correlations were followed up
with multiple regression analyses, adjusting for change in
depressive symptom severity from baseline to treatment comple-
tion, age, and gender, to assess whether early change in neural
activity was predictive of later pro-cognitive effects. We planned a
priori to not perform correlations between change in neural
response and behavioral data from the n-back task in the scanner
due to missing data following a technical error. Behavioral data
was analyzed in SPSS version 25 and the α-level= 0.05.

RESULTS
Patient flow and missing data
Randomization was carried out from July 2017–April 2019, data
collection was completed in January 2020 (Supplementary Fig. 1
for CONSORT flowchart and MR exclusion reasons). Among
the participants that received treatment (ABCR: n= 32, control:
n= 29), fMRI data were analyzed for n= 26 (81%) ABCR
participants and n= 19 (66%) control participants. Among the
n= 45 patients with fMRI data, n= 44 (ABCR: n= 25, control:
n= 19) had executive functions (OTS ‘mean choices to correct’)
data at treatment completion. There were no significant
differences between the sample with complete fMRI data (n=
45) and the sample without fMRI data (n= 16) on age, gender,
mood symptoms, illness duration, hospitalizations, mood epi-
sodes, years of education, BD type, and verbal IQ (ps ≥ 0.23). There
was no significant between-group difference in the time from the
fMRI assessment at baseline to the fMRI assessment after two
weeks of treatment (ABCR: Mdn= 21.5 days, interquartile range=
2, control: Mdn= 21.0, interquartile range= 2, U= 207, p ≥ 0.34).

Comparison of patient groups and the healthy control groups
The ABCR and control groups were well-balanced for demo-
graphic and clinical data, although more participants in the
control group took antidepressants (p= 0.02) (Table 1). The BD
group had fewer years of education and more subsyndromal
mood symptoms than HC (ps ≤ 0.01) (Supplementary Table 1).

Behavioral results
In this subgroup of patients with fMRI data, we found again a
significant effect of ACBR vs. control on executive function (OTS
mean choices to correct) at treatment completion (treatment
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effect=−0.17, 95% CI[−0.30, −0.04], p= 0.01, Cohen’s d= 0.73),
which had not emerged after two weeks of treatment (p= 0.66)
(Table 2 for OTS scores). Exploratory analyses of the imputed n-
back d’ data showed no differences at baseline or after two weeks
of treatment between ABCR vs. control (ps ≥ 0.66) (Table 2). At
baseline, the BD group performed worse on the n-back task (p <
0.01) than HC (Table 2).

Functional resonance imaging (fMRI) results
Dorsolatoral prefrontal cortex region-of-interest analysis. There
was a statistically significant differential change in the right dlPFC
response during high load specific WM (2-back > 1-back) for ABCR
vs. control group (F(1,43)= 5.69, p= 0.02, η2= 0.12); post hoc
independent samples t tests/Mann–Whitney U tests: ps ≥ 0.12;
post hoc paired samples t tests within each group separately
indicated a non-significant trend towards a decrease in the control
group: ABCR: p= 0.16, control: p= 0.06), with enhancement of the
neural activity towards normalization in the ABCR group (Fig. 1).
Similarly, there was a significant differential change in the right
dlPFC response during general WM (2-back > 0-back for ABCR vs.
control (F(1,43)= 5.61, p= 0.02, η2= 0.12; post hoc independent
samples t tests/Mann–Whitney U test: ps ≥ 0.16; exploratory post
hoc paired samples t tests/Wilcoxon signed rank tests within each
group showed that the interaction was driven by a significant
increase in the ABCR group: Z=−2.2, p= 0.03, control: p= 0.42),
with enhancement of the dlPFC response in the ABCR group also
indicating normalization (Fig. 2).

dPFC region-of-interest analysis. There was a differential change
in BOLD response in two clusters of the dPFC, the right middle
frontal gyrus (MFG, BA 9), and inferior frontal gyrus (IFG, BA 46)
during high load specific WM, reflecting enhanced activity over
time in the ABCR vs. control group towards the baseline activity
level of HC (normalization) (Fig. 1 for significant clusters and for
graphs displaying extracted signal change for visualization
purposes only, Table 3 for peak cluster activations). A post-hoc
analysis showed no baseline differences for ABCR vs. control
during high load specific WM. These neural changes in the dPFC
during high load specific WM occurred in the absence of dPFC
changes during general WM.

Whole brain exploratory analysis. Across the entire patient
sample, a distributed task relevant network including the MFG,
IFG and superior frontal gyrus, parietal and temporal regions were
activated during high load specific WM, and during general WM,
the insula and parietal lobe were activated (Table 3 for peak
cluster activations). There was a significant effect of ABCR vs.
control treatment in the right middle temporal gyrus (BA 21)
(Fig. 2, Table 3 for peak cluster activations), with ABCR vs. control
participants showing increased neural activity (towards normal-
ization) (Fig. 2 for significant cluster and for graphs displaying
extracted signal change for visualization purposes only).

BD vs. HC baseline WM-related activity. Within the dPFC ROI, BD
patients displayed hypo-activity in bilateral superior frontal
regions (BA 6) compared with HC (Table 3), which was also
observed in the ABCR and the control groups separately. There
was also a trend towards hypo-activity in the right dlPFC ROI
during general WM (U= 586, p= 0.08) for BD vs. HC, with only the
ABCR group showing hypo-activity in the right dlPFC ROI during
general WM (U= 290, p= 0.02) when assessing the patient groups
separately.

Associations between WM neural response and executive function.
There was a significant correlation between increase in high-load
specific WM-related right dlPFC response and improved executive
function from baseline to treatment completion across the entire
cohort (r(42)=−0.41, p= 0.006) and in the ABCR group alone
(r(23)=−0.43, p= 0.03) (Fig. 1). Notably, this early increase in the
right dlPFC response was the only significant predictor of
improved executive function (B=−0.45, p= 0.01) (for change in
subsyndromal depressive symptoms, age and gender: ps ≥ 0.35)
across the entire cohort, and in the ABCR group (B=−0.44, p=
0.03; remaining predictors: ps ≥ 0.15), but not in the control group
(ps ≥ 0.61) (Supplementary Table 2). There was also a significant
correlation between increase in general WM-related right dlPFC
response and improved executive function from baseline to
treatment completion (r(42)=−0.49, p= 0.001) across the entire
sample and in the ABCR group (r(23)=−0.59, p= 0.003) (Fig. 2).
Again, the increase in the right dlPFC response was the only
significant predictor of change in executive function across the
entire cohort (B=−0.41, p < 0.01; remaining predictors: ps ≥ 0.25)
and in the ABCR group (B=−0.52, p < 0.01) but not in the control
group (ps ≥ 0.65) (Supplementary Table 2).
There was a correlation between increase in high load specific

WM-related activity in the right MFG and IFG clusters within the
dPFC ROI and improvement of executive function from baseline to
treatment completion across the entire cohort (MFG: r(42)=
−0.47, p= 0.001, IFG: r(42)=−0.47, p= 0.001, Fig. 1), which
prevailed in the ABCR group (MFG: r(23)=−0.48, p= 0.02, IFG:
r(23)=−0.48, p= 0.02). Further, the increase in high load specific
WM-related right MFG and IFG gyrus were the only significant
predictors of improved executive function from baseline to
treatment completion across the entire cohort (MFG: B=−0.54,
p < 0.01, IFG: B=−0.58, p < 0.01;for remaining predictors: ps ≥
0.10) and in the ABCR group (MFG: B=−0.51, p < 0.01, IFG:

Table 1. Demographic and clinical characteristics at baseline.

ABCR
(N= 26)

Control
(N= 19)

p-value

Gender (F/M %) 77/23 79/21 0.87a

Age in years, median (IQR) 36 (23) 38 (22) 0.77

Educational years, mean (SD) 13 (3) 14 (3) 0.35

Verbal IQ, mean (SD) 111 (6) 111 (8) 0.92

BD type (I/II) 35/65 32/68 0.83

HDRS-17, mean (SD) 7 (5) 6 (4) 0.46

YMRS, median (IQR) 1 (3) 2 (5) 0.50

Illness duration, years, median (IQR) 15 (16) 14 (10) 0.75

Hospitalizations, median (IQR) 1 (2) 1 (3) 0.85

Depressive episodes, median (IQR) 5 (7) 6 (11) 0.50

Manic episodes, median (IQR) 0 (1) 0 (2) 0.95

Hypomanic episodes, median (IQR) 3 (8) 2 (8) 0.66

Mixed state episodes, median (IQR) 0 (1) 0 (1) 0.91

Total number of episodes, median (IQR) 9 (14) 15 (12) 0.20

Medication

Antidepressants, no. (%) 2 (8) 7 (37) 0.02a,*

Antipsychotics, no. (%) 12 (4) 9 (47) 0.95

Anticonvulsants, no. (%) 15 (58) 13 (68) 0.46

Lithium, no. (%) 16 (62) 10 (53) 0.56

No medication, no. (%) 1 (4) 1 (5) 0.82a

Number of medications, median (IQR) 2 (1) 2 (1) 0.11

Chi-square for binary variables, Mann–Whitney for non-parametric data
(median (IQR)), independent t-tests for normally distributed data
(mean, (SD)).
ABCR action-based cognitive remediation, BD bipolar disorder, HDRS-17
Hamilton Depression Rating Scale 17-items, IQR interquartile range, YMRS
Young Mania Rating Scale.
*Significant at the 0.05-level.
aLikelihood ratio 2-sided due to violation of Chi-squared assumption of
expected count.
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Fig. 1 Change in the neural response during high-load specific working memory. A Dorsal prefrontal cortex (dPFC) region of interest (ROI)
mask (light green). A priori region of interest (ROI) in the right dorsolateral prefrontal cortex (dlPFC) (dark green). Inferior frontal gyrus (IFG)
and middle frontal gyrus (MFG) clusters identified in the dPFC ROI analysis showing differential longitudinal response to action-based
cognitive remediation (ABCR) vs. control (yellow and orange). B Bar chart of change in mean % blood oxygen level-dependent (BOLD) signal
change during high-load working memory (WM) at baseline and follow-up for the ABCR (red) and control (blue) groups within the right dlPFC,
the IFG and the MFG. The bar charts of the change in mean % BOLD signal change within the IFG and the MFG are displayed for visual
inspection to understand what drives the treatment × time interactions. Baseline change in the BOLD response displayed for the healthy
controls (HC) (white) Bars show the mean; error bars show the SE. C Association between enhanced high load WM-related response of the
right dlPFC ROI, MFG, and IFG dPFC ROI clusters (change scores calculated as ‘after two weeks of treatment–baseline’) and improved executive
function.

Table 2. Behavioral measures of executive function.

ABCR Control t-value df p-value

N= 26 N= 19

d’ 1-back and 2-backa

Baseline, mean (sd) 0.78 (0.14) 0.80 (0.12) −0.23 43 0.82

After two weeks of treatment, mean (sd) 0.81 (0.12) 0.83 (0.13) −0.44 43 0.66

Baseline—after two weeks of treatment, mean, (sd) −0.03 (0.02) −0.03 (−0.00) 0.15 43 0.88

OTS mean choices to correct

Baseline, mean (sd) 1.39 (0.3) 1.39 (0.2) – – –

After two weeks of treatment, mean (sd) 1.36 (0.3) 1.39 (0.3) – – –

Treatment completion 1.22 (0.2) 1.41 (0.3) – – –

BD N= 45 HC BIO: N= 34 SCIP-NORM: N= 39 t-value df p-value

d’ 1-back and 2-backb

Baseline, mean (sd) 0.81 (0.12) 0.90 (0.07) −3.2 77 <0.01**

OTS ‘mean choices to correct’

Baseline, mean (sd) 1.4 (0.2) 1.3 (0.2) 1.95 82 0.054

ABCR action-based cognitive remediation, BD bipolar disorder, HC healthy controls, BIO bipolar illness onset, SCIP-NORM screen for cognitive impairment in
psychiatry-NORM, OTS one touch stockings of Cambridge.
**Significant at the 0.01-level.
aThe means and standard deviations for d’ are the pooled estimates obtained from the multiple imputations across the patient group.
bThe means and standard deviations for d’ are the pooled estimates obtained from the multiple imputations across the patient and the healthy control groups.
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B=−0.57, p= 0.04, for remaining predictors: ps ≥ 0.08), but not in
the control group (ps ≥ 0.53) (Supplementary Table 2). Across the
entire cohort, there was a correlation between increased general
WM-related middle temporal gyrus response (exploratory whole-
brain analysis) and improved executive function from baseline to
treatment completion (r(42)=−0.51, p < 0.001), which prevailed
in the ABCR group (r(23)=−0.58, p= 0.003) (Fig. 2).
Across the entire cohort, none of the associations between

changes in high load specific or general WM-related neural activity
and executive function had emerged after two weeks of treatment
(ps ≥ 0.21). Finally, across the entire group, removing an outlier in
the ABCR group did not change the significant associations
between change in the dlPFC response (high-load and general
WM), the dPFC response during high-load WM, the middle
temporal gyrus response during general WM and change in
executive functions (ps ≤ 0.03).

DISCUSSION
This randomized fMRI study investigated the early neuronal
activity changes within the dPFC after two weeks of ABCR vs.
control treatment in patients with remitted BD and its association
with subsequent improvement in executive functions after
10 weeks of treatment. The effect of ABCR vs. control treatment
on executive function at treatment completion, seen in Ott et al. 9,
was also observed in this subsample MR study. At baseline,
patients with remitted BD displayed WM-related hypo-activity in
the dPFC compared to healthy controls. Action-based cognitive

remediation was associated with an early dPFC activity increase,
towards HC activation levels at baseline (normalization), from
baseline to after two weeks of treatment during high-load and
general WM in comparison with control intervention. Further, early
enhancement of the high load specific and general WM neural
response predicted improved executive function at treatment
completion, independent of changes in mood symptoms.
The findings converge with prior observations of treatment-

related increase in dPFC activity and cognitive capacity in CR-
studies in schizophrenia and mood disorders17–23. However, these
studies involved fMRI assessments pre-intervention and post-
intervention to explore the neural correlates of CR-related
cognitive improvements rather than early neurocircuitry target
engagement. We applied a novel design with follow-up fMRI
assessment after only two weeks of treatment enabling investiga-
tion of whether the early treatment-related neural change was
predictive of subsequent improved cognitive capacity after
treatment completion. As expected, there was no statistically
significant difference in executive function between the ABCR and
the control group after two weeks of treatment, but there was a
greater numerical improvement in the ABCR group, which
reached significance at treatment completion. This indicates that
treatment-related neural change is not merely an epiphenomenon
of cognitive improvement but predates and may be mechan-
istically important for cognitive improvement.
The study has implications for validation of the putative

neurocircuitry biomarker model for pro-cognitive effects proposed
by Petersen and Miskowiak16. The model must meet five criteria:
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Fig. 2 Change in the neural response during general working memory. A Neural network activated during general working memory (WM)
load (2-back > 0-back) across all patients at baseline (light green). A priori region of interest (ROI) in the right dorsolateral prefrontal cortex
(dlPFC) (dark green). Middle temporal gyrus cluster identified in the exploratory whole-brain analysis showing differential longitudinal
response to action-based cognitive remediation (ABCR) vs. control (yellow and orange). B Bar chart of change in mean % blood oxygen level-
dependent (BOLD) signal change during general WM at baseline and follow-up for the ABCR (red) and control (blue) groups within the right
dlPFC and middle temporal gyrus. The bar chart of the change in mean % BOLD signal change within the middle temporal gyrus is displayed
for visual inspection to understand what drives the treatment × time interaction. Baseline change in the BOLD response displayed for the
healthy controls (HC) (white) Bars show the mean; error bars show the SE. C Association between enhanced general WM-related response of
the right dlPFC ROI and the middle temporal gyrus cluster (change scores calculated as ‘after two weeks of treatment minus baseline’) and
improved executive function.
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(i) respond to pro-cognitive treatments, (ii) produce similar effects
in patients and HC, (iii) respond to different treatment modalities,
(iv) be unresponsive to ineffective treatments, and (v) respond
inversely to challenges with adverse cognitive effects37. These
criteria have been used to validate the cognitive neuropsycholo-
gical biomarker model of antidepressant drug action37. Similarly,
an early enhancement of the dlPFC activity during cognitive
performance may provide a sensitive biomarker for pro-cognitive
effects14,16. Specifically, a shift in the dPFC activity has been
demonstrated (i) following candidate cognition treatments18–20,
(ii) following EPO infusions in HC, and (iii) following different
treatment modalities (e.g. EPO and CR)23 but not (iv) in response
to ineffective treatments38,39. Finally, in support of criterion (v),
attenuated WM-related dPFC response coupled with impaired
performance has been observed in female binge drinkers40.
The neurobiological basis for the cognitive impairments and

aberrant dPFC activity in neuropsychiatric disorders is likely to
originate from disruption of neuroplasticity, including altered
GABAergic function, low-grade inflammation, glucocorticoid
toxicity, oxidative stress and low levels of neurotrophins such as
brain-derived neurotrophic factor (BDNF)41–45. In keeping with
this, upregulation of neuroplasticity in response to distinct
treatment modalities (e.g. EPO and CR) is likely to result in the

common treatment-related dPFC activity change at a systems
level in the brain12,23,46. In addition to the advancements of the
neurocircuitry-based biomarker model, the findings of the study
have implications for future cognition trials. In line with the ISBD
Task Force recommendations, our findings suggest that future
treatments would benefit from including fMRI-assessment of the
dPFC activity change in clinical phase II trials. Notably, our study
provides the first evidence that such early neural target
engagement can predict subsequent cognitive improvement
pointing to a mechanistic role of early dPFC modulation for
interventions with efficacy on cognition that only emerges at a
behavioral level after longer-term treatment. Although the
findings provide a basis for mechanistically informed treatment
development, it is not readily applicable for predicting treatment
response at an individual level due to the large costs of fMRI scans
and potential MR contraindications.
A limitation was that almost all patients received pharmacolo-

gical treatment which could influence their neural response.
However, a recent review assessing the neural substrates of WM in
BD showed no clear effects of medication on WM-related neural
activity15. Further, although the sample size was modest, it was
larger than seven of nine pro-cognitive RCTs with pre- and post
fMRI (range= [N= 12–56])17–24,47. Regarding lack of follow-up

Table 3. Peak cluster activation in regions identified in whole-brain analyses as showing (i) increased BOLD response during high load specific
n-back working memory (2-back > 1-back) and general n-back working memory (2-back > 0-back) across the entire sample at baseline and (ii)
significant differential longitudinal effect of ABCR vs. control treatment in the dorsal PFC ROI and across the whole brain.

Task and regions Hemisphere BA Z-score MNI Cluster size (voxel 2 × 2 × 2mm) p-value

x y z

2-back > 1-back

Dorsal PFC ROI

BD < HC

No clusters identified

ABCR vs. control – – – – – – – –

Middle frontal gyrus R 9 3.91 38 32 28 238 0.009

Inferior frontal gyrus R 46 3.82 40 34 6 204 0.0179

Whole-brain

Main effect of task at baseline

Middle frontal gyrus R 6 6.35 28 −2 52 15289 <0.0001

Inferior parietal lobule R 40 6.58 40 −40 48 13741 <0.0001

Middle temporal gyrus R 37 5.19 56 −52 −8 886 <0.0001

Insula R – 5.94 28 26 2 791 <0.0001

Superior frontal gyrus L 10 4.2 −32 62 −2 675 <0.0001

Inferior frontal gyrus L 47 5.95 −32 22 −8 578 0.000208

ABCR vs. control

Inferior frontal gyrus R 46 3.93 42 34 4 301 0.015

Middle frontal gyrus R 9 3.91 38 32 28 238 0.0493

2-back > 0-back

Dorsal PFC ROI

BD < HC

Superior frontal gyrus R 6 3.9 36 26 58 2426 <0.0001

Frontal subgyral L 6 3.94 −22 2 66 675 <0.0001

ABCR vs. control

No clusters identified – – – – – – – –

Whole-brain

Main effect of task at baseline

Insula R – 8.27 36 22 −2 29679 <0.0001

Inferior parietal lobule R 40 8.43 40 −42 48 26565 <0.0001

ABCR vs. control

Middle temporal gyrus R 21 3.93 56 −36 −2 535 0.000252

ABCR action-based cognitive remediation, BA Brodmann area, MNI Montreal Neurological Institute, PFC prefrontal cortex, ROI region of interest.
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scans for the HC to assess ‘normalization’, the intra-individual
stability of the BOLD signal in the dlPFC during the n-back
following is high48. Finally, post hoc exploratory analysis indicated
that the observed significant group by time interaction for high-
load specific BOLD signal change in the right dlPFC ROI was
partially driven by a trend towards a decreased dlPFC response
over time in the control group.
In conclusion, there was an early enhancement of the WM-

related dPFC activity in the ABCR vs. control groups, which
predicted ABCR efficacy after 10 weeks of treatment. Together
with evidence for similar effects of other candidate pro-cognitive
interventions, the findings point to early dPFC activity change as a
common neurocircuitry biomarker of pro-cognitive effects. If
replicated in future pro-cognitive studies, this biomarker model
could be implemented to inform go/no-go decisions in treatment
development before embarking on larger-scale clinical efficacy
trials.
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