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1 | INTRODUCTION

Abstract

Background: Developing treatments for cognitive impairment is key to improving
the functioning of people with mood disorders. Neuroimaging may assist in identify-
ing brain-based efficacy markers. This systematic review and position paper by the
International Society for Bipolar Disorders Targeting Cognition Task Force examines
the evidence from neuroimaging studies of pro-cognitive interventions.

Methods: We included magnetic resonance imaging (MRI) studies of candidate in-
terventions in people with mood disorders or healthy individuals, following the
procedures of the Preferred Reporting Items for Systematic reviews and Meta-
Analysis 2020 statement. Searches were conducted on PubMed/MEDLINE, Psycinfo,
EMBASE, Cochrane Library, and Clinicaltrials.gov from inception to 30th April 2021.
Two independent authors reviewed the studies using the National Heart, Lung, Blood
Institutes of Health Quality Assessment Tool for Controlled Intervention Studies and
the quality of neuroimaging methodology assessment checklist.

Results: We identified 26 studies (N = 702). Six investigated cognitive remediation
or pharmacological treatments in mood disorders (N = 190). In healthy individuals,
14 studies investigated pharmacological interventions (N = 319), 2 cognitive training
(N = 73) and 4 neuromodulatory treatments (N = 120). Methodologies were mostly
rated as ‘fair’. 77% of studies investigated effects with task-based fMRI. Findings var-
ied but most consistently involved treatment-associated cognitive control network
(CCN) activity increases with cognitive improvements, or CCN activity decreases
with no cognitive change, and increased functional connectivity. In mood disorders,
treatment-related default mode network suppression occurred.

Conclusions: Modulation of CCN and DMN activity is a putative efficacy biomarker.
Methodological recommendations are to pre-declare intended analyses and use task-
based fMRI, paradigms probing the CCN, longitudinal assessments, mock scanning,

and out-of-scanner tests.

Lack of neurocircuitry targets is a common methodological chal-

Cognitive impairment in mood disorders has emerged as a new treat-
ment priority to improve functioning and quality of life in people
with bipolar disorders (BD) or major depressive disorder (MDD).
However, very few treatment options demonstrate efficacy in
treating persistent cognitive impairment during remitted phases of
these disorders and currently, there are no pharmacological agents
approved by regulatory authorities for the treatment of cognitive
deficits in people with mood disorders. The search for new treat-
ments is impeded to some extent by our limited insight into the neu-
rocircuitry characteristics underlying cognitive impairment in people
with mood disorders and, hence, a lack of identified neurocircuitry
targets for pro-cognitive interventions. Consequently, it is unclear
whether candidate treatments may effectively correct neurocir-
cuitry abnormalities underlying cognitive impairments.

lenge in treatment development for central nervous system (CNS)
disorders. In particular, high failure rates of about 85% for CNS drug
trials are likely related to candidate compounds not effectively en-
gaging key neural circuitry dysfunctions.? While CNS treatment
development typically relies on animal models, the discovery of
therapeutic-like effects of compounds in these models has turned
out to be a poor predictor of efficacy in human populations.3 The
consequent abandonment of investment in this field by many large
pharmaceutical companies, the so-called ‘death of CNS drug devel-
opment’, has led to a large unmet clinical need for new CNS treat-
ments,* including pro-cognitive interventions.

The Food and Drug Administration (FDA) Critical Path
Initiative -the national US strategy for transforming develop-
ment, evaluation, and manufacturing of FDA-regulated medical
products- highlighted neuroimaging in human populations as a
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key tool to accelerate the screening and selection of new candi-
date CNS treatments.’ Indeed, neuroimaging may provide a pow-
erful new way of assessing the potential of candidate treatments
for cognitive impairment in mood disorders. The International
Society for Bipolar Disorders (ISBD) Targeting Cognition Task
Force has previously emphasized the key role that neuroimag-
ing assessments can have in pro-cognitive intervention trials
to investigate the neural correlates of potential pro-cognitive
efficacy of candidate treatments.® Specifically, assessing the
effects of new treatments on the brain, for example using mag-
netic resonance imaging (MRI), may support the identification
of changes in cognition-relevant function and structure, which
could then inform the potential effectiveness of the proposed
treatment.

In a recent systematic review of functional MRI (fMRI) stud-
ies in mood disorders,” aberrant (mainly hypo-) blood-oxygen-
level-dependent (BOLD) activity in the medial and dorsal
prefrontal cortex (DPFC) and parietal cortex cognitive control
network (CCN) and hyper-activity (i.e., failure to suppress) in the
default mode network (DMN) were identified as the most consis-
tent neural correlates of cognitive impairment across domains.”
However, the findings regarding the direction of the aberrant ac-
tivity and its exact locations varied across studies, which is likely
due to the cognitive heterogeneity among people with mood
disorders and methodological differences between studies.®!
In keeping with this, recent fMRI studies that compared neuro-
nal activity between cognitively impaired (with global cognition
scores 21 SD below the mean of healthy controls) and cognitively
normal people with BD found that cognitive impairments were
associated with working memory(WM)-related hypo-activity in
the DPFC and parietal regions coupled with hyper-activity in the
DMN.'213 At a structural level, cognitively impaired BD individ-
uals were found to display lower cerebral white matter volume
and greater DPFC volume or grey matter, respectively, than cog-
nitively normal individuals and healthy participants.***> In MDD,
extensive white matter dysfunction has also been observed in
globally cognitively impaired individuals relative to those with
either selective impairments or normal cognition.'® However,
other structural studies in BD revealed no differences between

1217 suggesting

impaired and normal neurocognitive subgroups,
that task-based fMRI could be a more sensitive assay of cogni-
tive impairments.'?8 Together, the emerging findings highlight
modulation of aberrant fMRI BOLD responses in the DPFC and
DMN and, possibly, structural change in white matter and DPFC
as putative neuronal targets for pro-cognitive interventions in
mood disorders.

The aims of the present systematic review were twofold. The
first aim was to examine the findings and evaluate the quality of ev-
idence from functional and structural MRI studies of the neuronal
effects of candidate pro-cognitive treatments in people with mood
disorders in full or partial remission, as well as in healthy individuals
for whom neuronal changes were not confounded by potential clin-
ical symptoms and concomitant medication. This focus differs from

that in a prior review,” which delineated the neural underpinnings
of cognitive impairments and examined the neural basis of direct or
indirect cognitive improvement with pro-cognitive interventions or
symptom reduction in remitted or symptomatic people with mood
disorders, respectively.

The second aim was to provide consensus-based methodological
guidance by the ISBD Targeting Cognition Task Force for neuroimag-
ing assessments in pro-cognitive intervention trials and direction for
putative neurocircuitry targets with the greatest potential to serve

as ‘surrogate’ endpoints.

2 | METHODS AND MATERIALS

The protocol of this systematic review was registered with
PROSPERO (ID CRD42020218099) and the review process has been
conducted in concordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) Updated 2020

guidelines.?’

2.1 | Study ldentification

A comprehensive systematic search was performed on the PubMed/
MEDLINE, PsycInfo, EMBASE, and Cochrane Library databases as
well as Clinicaltrials.gov from inception to April 30, 2021. The search
profile included four elements “Mood disorder and or healthy volun-
teers,” “Cognition,” “Intervention,” and “Neuroimaging” with each of
their combinations and alternative keywords in the respective data-
bases (please see S1 in Supplementary material).

2.2 | Inclusion and exclusion criteria

Studies that aimed to evaluate the potential of new pro-cognitive
treatments using MRI in healthy adult participants (aged between
18 and 65) and adult participants (aged between 18 and 65) with
mood disorders who were on average in full or partial remission
as diagnosed using International Classification of Disease (ICD) 10
or Diagnostic and Statistical Manual of Mental Disorders (DSM) 5
criteria, or earlier versions of ICD and DSM, were included in this
systematic review. Studies were included if they were written in
English, had cognitive function as the primary focus and, accord-
ingly, included ‘non-emotional’ cognition tests as outcome measure,
involved a control group, reported cognitive data acquired inside
and/or outside the scanner, and had MRI assessments at baseline
and after treatment completion. Randomized controlled trials, open-
label trials, or relevant experimental trials were eligible for inclusion.
In contrast, references that were conference abstracts, case re-
ports, meta-analyses, reviews, theses, or were not published and/or
not peer-reviewed were excluded. Also, ongoing electroconvulsive
therapy in parallel with the treatment of interest was an exclusion
criterion.
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2.3 | Study selection and data extraction

In accordance with the inclusion and exclusion criteria, two authors
(NY and IS) performed a primary title/abstract screening followed by
a secondary full-text screening for potentially eligible articles in an
independent manner. Reference lists of eligible studies and relevant
review articles were also screened for additional studies. All searches
were re-run prior to the final analysis and any further studies iden-
tified were retrieved for inclusion. Agreement between the two au-
thors was high; 100% for primary screening and 87% for secondary
screening. Discrepancies were discussed with the senior researchers
(PRS and KWM) and the consensus was reached in all cases.

The following information was extracted from the included
studies: year of publication, participant details (including number,
mean age, sex distribution, diagnosis, psychiatric comorbidities,
and medication status), intervention details (dose, duration, fre-
quency), cognitive parameters (cognitive tasks used in the study
including inside or outside the scanner), MRI-related parameters
(MRI technique and type of measure, acquisition, pre-processing,
statistical analysis), changes in MRI, cognitive task, and mood scale
measures as well as presence and frequency of adverse events
that were reported in the findings. Data extraction was performed
by one researcher (NY) and another researcher (IS) checked the
extracted data.

2.4 | Outcome measures

Primary outcomes of the included studies were changes in MRI
measures and cognitive performance in response to interventions
compared with a placebo/sham/active control/ treatment as usual
(TAU) control condition. MRI measures of effect were defined as
the blood-oxygen-level dependent (BOLD) signal for fMRI, func-
tional connectivity (FC), regional homogeneity, amplitude of low-
frequency fluctuations, clustering coefficient, characteristic path
length or node degree for resting state functional MRI (rsfMRI),
gray/white matter volume, arterial spin labeling (ASL), cortical thick-
ness, or surface area for structural MRI (sMRI), mean/radial/axial dif-
fusivity, or fractional anisotropy for diffusion tensor imaging (DTI)
and metabolite levels for magnetic resonance spectroscopy (MRS).
Cognitive performance measures involved accuracy and response
times on neurocognitive tests of psychomotor speed, attention,
vigilance, learning and memory, and executive functions including
reasoning, problem solving, or verbal fluency. Secondary outcome
measures included the presence and frequency of psychiatric symp-
toms and change in mood scale scores associated with the interven-
tion compared with control conditions.

2.5 | Quality assessment

Quality assessment was conducted with two different checklists,
one of which focused on the general study methodology and the

other on neuroimaging methodology. For general study methodol-
ogy quality, the National Heart, Lung, Blood Institutes of Health
(NHBIH) Quality Assessment Tool for Controlled Intervention
Studies was used.?° For the quality assessment of neuroimaging
methodology, quality assessment tools used in previous meta-

21-26 \yere modified and a new checklist was created (see 52

analyses
in Supplementary material). For both quality assessment tools, stud-
ies that fulfilled 75% or higher of the stated criteria were categorized
as good-quality studies, whereas studies that fulfilled 50% to 75% of
the stated criteria were categorized as fair quality, and below 50%
were categorized as poor quality. Each study was assessed by one
researcher (NY) using the abovementioned checklists and the scores
were semi-independently evaluated by another researcher (IS).
Discrepancies in scores were discussed between two researchers
and resolved by consensus in all cases. The PRISMA 2020 checklist
was completed (Supplementary material).

3 | RESULTS

The study identification and selection process in accordance with
our inclusion and exclusion criteria is summarized in the PRISMA
2020 flowchart (Figure 1). The initial search identified 4073 refer-
ences, from which 3980 remained after removing duplicates. Out of
these, 3878 were excluded in primary title/abstract screening and
102 papers were found eligible for full-text screening. Secondary
full-text screening resulted in 26 papers that met inclusion criteria

and were included in the review.

3.1 | Quality assessment

Nine of 26 studies were classified as good-quality studies accord-
ing to the Quality Assessment Tool for Neuroimaging Methodology
in Individual Studies criteria?’ "3 (see $3 in supplementary material
and individual summary tables, right columns), 14 were categorized

36-49 50-52 were classified as

as fair-quality studies, and three studies
poor-quality studies.

Regarding general study methodology, nine studies were classi-
fied as good quality according to NHBIH Quality Assessment Tool
for Controlled Intervention Studies criteria?’-2%31:33:40:41.47.50.51 (5e
S4 in supplementary material), 17 studies were classified as fair
quality and none as poor-quality studies (see S4 in supplementary
material).

For the completeness of the review, the findings of all studies
are presented in brief, however with a greater focus on good-quality

studies.

3.2 | Studiesin mood disorders

Six of the 26 pro-cognitive studies were conducted in people with
BD or MDD, with individual group sizes of 13-35 and an average age
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] [ Identification of new studies via other methods ]

[ Identification of new studies via databases and registers
—
Records removed before screening:
g Records identified from Databases Duplicate records removed
& (n=4073) (n=93)
!.E PubMed (n=1258) Records marked as ineligible by
g PsycInfo (n=1375) automation tools (n = 0)
= EMBASE (n=1440) Records removed for other

reasons (n =0)

Records identified from:
Citation searching (n = 4)

— I

)
Records screened with title/abstract
screening Records excluded
(n = 3980) (n =3878)
- Reports sought for retrieval Reports not retrieved Reports sought for retrieval
= (n=102) (n=0) (n=4)
g
o
=
5 ! |
Records excluded based on full-text screening (n = 80).
Reports assessed for eligibility with Reasons for exclusi9n: 1) Studies that did not include healthy Vlolunteers or patien}s with mood Reports assessed for eligibility with
full-text reading dlscrdcrs and or did not appl?/ biological or psychalf)glcal intervention targeting cognitive full-text reading
(n=102) —»| dysfunction (n = 23); 2) Studies that are not randomized controlled, open-label or relevant —4
experimental medicine trials and/or if they are meeting abstracts, case reports, meta-analyses, (=4
reviews, theses, study protocols, not published and/or not peer reviewed (n = 6); 3) Studies that
did not include a control group (n = 6); 4) Studies that included participants from child and
adolescent (age<18) or older adult (age>65) groups (n = 7); 5) Studies that reported no MRI
assessments, MRI assessments in only baseline or after treatment completion (n = 9); 6) Studies
— that only included emotional cognition tasks as a cognitive measure (n =9); 7) Studies that reported
— no cognitive data, solely baseline or after treatment cognitive data and/or a cognitive data which
was collected outside of the study period (n = 10); 8) Studies that included patients who were
suffering from a mood episode at any time during the study period (n = 5); 9) Studies in which
A participants received ongoing ECT in parallel with the treatment of interest (n = 0); 10) Studies
Total number of studics included in which were not written in English (n = 1), 11) Duplicate (n=4)

A

review

(n=26)

Included

FIGURE 1 PRISMA flowchart From: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA
2020 statement: an updated guideline for reporting systematic reviews. BMJ 2021;372:n71. doi: 10.1136/bmj.n71. For more information,

visit:

range of 30-43years among groups>’ %3¢ (see Table 1). The meth-
odological quality of these studies was rated as good (scores 275%)
for five studies and as fair (250%) for one study (Table 1). Five of the
six pro-cognitive studies used task-based fMRI with the administra-
tion of n-back WM or picture encoding tasks within the scanner and
also involved cognitive tests tapping into WM and executive func-

27.28,30,31,36 \y hile one structural

tions or memory outside the scanner,
MRI study involved administration of Rey Auditory Verbal Learning
Test (RAVLT) outside the scanner.?’ Of these, four studies exam-
ined neuronal changes in response to pharmacological interven-
tions. Three studies explored the neuronal effects of eight weekly
intravenous high-dose erythropoietin (EPO; 40,0001E) (n = 30-35)

vs. placebo (saline; n = 26-34) administrations,?’ %’

while one study
investigated the effects of 2weeks of daily vortioxetine (20mg;
n =24 MDD and n =24 HC) vs. placebo (n = 24 MDD and n = 24 HC)
treatment.3'The final two studies examined the neuronal changes in
response to cognitive remediation (CR) interventions; one examined
the effects of 12weeks of weekly, group-based CR combined with
computerized training between sessions (n = 13) vs. TAU (nh = 14)3¢
and the other study explored the early effects after 2weeks of

biweekly group-based Action-Based CR (ABCR) combined with daily
computerized training (n = 26) vs. weekly therapist-led conversation
group meetings (n = 19).

The EPO studies in people with mood disorders identified
treatment-related improvements in n-back WM accuracy, picture re-
call, and RAVLT total recall compared to saline across BD and MDD
groups, with no differences in treatment effects between mood dis-
order groups.?’"?? These cognitive improvements were accompanied
by, and correlated with, EPO-related increases in activity within the
dorsolateral PFC (DLPFC), dorsomedial PFC (DMPFC), medial tem-

poral, and superior parietal regions,?”28

reduced activity in the hip-
pocampus, a predefined region of the DMN,? and increased volume
in a subregion of the left hippocampus.”’29 In contrast, vortioxetine
treatment was accompanied by reduced activity in the DLPFC and
occipito-parietal nodes of the WM network. Vortioxetine also re-
duced DMN activity in the hippocampus. These effects occurred in
the absence of changes in WM performance across MDD and HC.%!

The study of weekly CR over 12weeks revealed no significant
changes in cognitive performance or fMRI BOLD activity during

n-back WM or picture encoding.® In contrast, the study of ABCR
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TABLE 1 Studies investigating the pro-cognitive effects of pharmacological and behavioral interventions using magnetic resonance
imaging in mood disorders

Author

Study design

Behavioral intervention studies

Macoveanu et al.
2018

Ottetal. 2020

Single-blind parallel

group
RCT

Single-blind
parallel group
RCT

Pharmacological intervention studies

Miskowiak et al.
2015

Miskowiak et al.
2016a

Miskowiak et al.
2016b

Smith et al. 2018

Double-blind
parallel group
RCT

Double-blind parallel

group
RCT

Double-blind parallel

group
RCT

Double-blind parallel

group
RCT

Comparison (Intervention/Control)

12-week cognitive remediation +
standard treatment

Standard treatment

2weeks action-based cognitive
remediation, consisting of twice
weekly group-based therapy
and daily computerized training

2weeks unstructured, therapist-led
weekly conversation group

8-week EPO
(40,0001V)

Saline (Sodium Chloride 0.9%)

8-week EPO
(40,0001U)

Saline (Sodium Chloride 0.9%)

8-week EPO
(40,0001U)

14 days vortioxetine (20 mg)

Placebo

Group

13BD

14 BD

26 BD

19 BD

19 BD+16 TRD

17 BD+17TRD

18 BD+14 UD

16 BD+14 UD

16 BD+14 UD
16 BD+ 10 UD

24 UD
24 HC

24 UD
24 HC

Age (mean + SD/median)

34.4 +6.5

30.1+6.8

36 (23)

38(22)

40+10

43+12

40+11

42+12

39+10
40+12

33.1+90
34.5+8.9

38.1+8.8
33.8+9.1

Abbreviations: BD, bipolar disorder; CA, cornu ammonis; DLPFC, dorsolateral prefrontal cortex; EPO, erythropoietin; fMRI, functional magnetic
resonance imaging; HC, healthy controls; IU, International units; M, male; MRI, magnetic resonance imaging; RAVLT, rey auditory verbal learning
test; RCT, randomized controlled trial; SD, standard deviation; UD, unipolar depression; T:Tesla; TRD, treatment resistant depression.

?Conducted outside the scanner.
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Gender (M%)

46%

43%

23%

21%

31%

32%

34%

33%

33%
42%

33%
37%
54%
54%

Cognitive outcome
measures

Picture encoding task
n-back task

Spatial n-back task
One touch stockings of
Cambridge®

RAVLT®

Picture encoding task

Spatial
n-back task

Verbal
n-back task

MRI technique &
strength

Task fMRI 3T

Task fMRI 3T

Structural MRI 3T

Task fMRI 3T

Task fMRI 3T

Task fMRI 3T

Main findings

Cognitive remediation has no effect on behavioral measures
for both tasks (p >0.05).

Cognitive remediation has no significant effect on the neural
responses of DLPFC and hippocampus for both tasks
(p >0.05).

Action-based cognitive remediation has no effect on
behavioral measures in both tasks (p >0.05).

Action-based cognitive remediation was associated with
an increase in DLPFC during both high load and general

working memory in comparison to control group (p = 0.02).

DLPFC activity increase predicted improved executive
functions (measured with one touch stockings of
Cambridge) after treatment completion (10 weeks).

In whole brain analysis, enhanced activity in middle frontal,
inferior frontal and middle temporal gyrus was seen in
action-based cognitive remediation group compared to
control group (p = 0.015, 0.049, 0.0003).

Shape analysis revealed volume increase in CA1-3/subiculum
region of left hippocampus in EPO versus saline
independent of changes in mood symptoms and across all
patients (p = 0.02, FWE corrected).

EPO improved RAVLT total recall compared to saline
independent of changes in mood symptoms (p = 0.04).

Volume increase in CA1-3/subiculum region was the only
predictor of verbal memory improvement (p = 0.006)
among variables including age, gender, diagnosis, and
changes in mood symptoms.

EPO improved picture recall compared to saline (p = 0.01)
without any differences in BD versus TRD (p = 0.046,
0.04).

EPO increased encoding-related activity in DLPFC and left
medial temporal and superior parietal regions, but not in
hippocampus without any differences in BD versus TRD
(p <0.05, FWE corrected).

EPO-related neural activity change correlated with
improvement of picture recall.

EPO improved working memory accuracy compared to saline
(p = 0.045) without any differences in BD versus TRD
(p = 0.046,0.04).

EPO increased WM load-related activity in the right SFG
and enhanced WM load-related deactivation of the left
hippocampus (p <0.05, FWE corrected).

EPO-related neural activity change correlated with WM
improvement.

Vortioxetine reduced n-back-related activity in right DLPFC,
left hippocampus, right insula, posterior parietal cortex,
fusiform and lingual gyrus in both UD and HC (p <0.05,
FWE corrected).

BIPOLAR DISORDERS IVVOPI ooVl

Quality
rating

71% (fair)

80% (good)

85% (good)

85% (good)

85% (good)

80% (good)
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revealed early increases in DLPFC and DMPFC activity after 2weeks
of treatment vs. control group sessions, which correlated with and
predicted subsequent improvement in executive function measured
with the One-Touch Stockings of Cambridge (OTS; CANTAB) after
10 weeks of treatment.*®

3.3 | Studies in healthy individuals

Twenty of the identified studies were conducted in healthy

individuals32-3537-53

with individual group sizes of n = 4-47 and
mean age ranges of 20-33years (see Tables 2-4). The method-
ological quality was “fair” (scores 250%) in 13 of these studies,
good (scores 275%) in four studies and poor (scores<50%) in three
studies (Tables 2-4). Of these, 15 studies used task-based fMRI
with the administration of varied paradigms including n-back WM
tasks, a continuous performance task, a novelty detection task, a
variable attentional control task, a psychomotor vigilance task, a
delayed-match-to-sample task, a spatial paired associates learn-
ing task and a semantic fluency task.3273%87-4347.485152 ¢ the
remaining five studies that only involved administration of cogni-
tive tasks outside the scanner, one used ASL with prose recall,
n-back WM, and digit span tasks,*” one used resting state fMRI

k,** one used MRS with an associa-

with an episodic memory tas
tive learning task,*? and two used real-time fMRI with attentional
score scale, continuous performance test, digit span, and letter
memory tasks. 4246

Fourteen studies investigated the effects of pharmacological
compounds,32-3437-39414247-52 t\y5 examined the effects of differ-

35,40

ent cognitive training interventions and four assessed neuro-

modulation techniques.*3-4¢

3.3.1 | Pharmacological intervention studies in
healthy individuals

The 14 pharmacological intervention studies in HC, of which only
three were of good quality, are reported in Table 2. Four stud-
ies investigated compounds that mainly target the serotonin or
norepinephrine systems,*®%%52 four explored treatments mainly

82343742 one investigated a com-

targeting dopaminergic systems,
pound targeting glutamatergic neurotransmission,® one examined
a compound targeting the immune response®® and four investigated

compounds with other mechanisms of action.*>47:50:51

Compounds targeting the serotonin and norepinephrine systems

Three studies investigated the effects of selective serotonin reup-
take inhibitors (SSRIs) or serotonin and norepinephrine reuptake
inhibitors (SNRIs).*®%%°2 |n one study, where participants received
3weeks of escitalopram (10 mg/day) (n = 16) or placebo (n = 20),
changes in MRS measures of glutamatergic turnover (Glx/tCr)
and associate Iearning49 were investigated. The study revealed
escitalopram-related reduction in hippocampal GIx/tCr ratios in the

absence of cognitive change.*’ Of the other two smaller studies,
one found increases in medial frontal cortex activation alongside im-
provement in semantic fluency52 with 1 week of the SNRI venlafax-
ine (75 mg/day) treatment (n = 4, venlafaxine or placebo groups) and
another found decreased WM-related activation in inferior frontal
gyrus and increases in the thalamus, caudate, and anterior cingulate
activations with SSRI escitalopram (10 mg/day) treatment (n = 10;
cross-over study).*8

A study of a single dose study of atomoxetine (60 mg), an SNRI
used as a non-stimulant treatment of attention deficit hyperactiv-
ity disorder (ADHD) vs. placebo (n = 19; cross-over study) found
an acute increase in PFC, temporal and occipital response and in
FC between anterior insula and fronto-parietal network during
high-load WM.3 While atomoxetine did not produce cognitive im-
provement, the treatment-related increase in insula-DLPFC con-
nectivity during WM correlated with WM performance increase

over time.

Interventions targeting the dopaminergic system

Two studies, both rated as good methodological quality, inves-
tigated the effects of 1 week of treatment with tolcapone (day
1: 300mg/day; days 2-7: 600mg/day), a selective chatechol-O-
methyltransferase (COMT) inhibitor, that is thought to increase do-
paminergic neurotransmission in the PFC and is approved for the
treatment of Parkinson's disease.’?** The first study found that tol-
capone vs. placebo (n = 34; cross-over study) reduced WM-related
activity in the DLPFC in the absence of change in WM performance
during fMRI, and additionally improved executive function and WM
test performance outside the scanner.>* The other study found a
similar activity reduction after tolcapone vs. placebo (n = 20; cross-
over study) within the dorsal cingulate cortex during an attention
control task, in the absence of changes in cognitive performance
levels.3?

A third study investigated the effects of PF-06412562 (3 mg or
15mg twice daily; n = 27 per group), a D1/D5 receptor agonist vs.
placebo (n = 22) for 5-7 days®” and found no changes in MRl or cog-
nitive measures.

Finally, a single study investigated the acute effects of a sin-
gle dose of a combination of the nonselective dopamine agonist
L-dopa/carbidopa (100mg/25mg) and the D2-receptor antagonist
haloperidol (2 mg) for indirect D1-receptor stimulation in compari-
son with placebo (n = 12, cross-over study).*? The study revealed a
treatment-related decrease in occipital and temporal responses and
increased FC between DLPFC and salience network during WM, in

the absence of changes in cognitive performance.

Interventions targeting the glutamatergic system

One study investigated the effect of add-on treatment with phe-
nytoin, an antiepileptic medication that primarily acts at the glu-
tamatergic synapse by inhibiting voltage-gated sodium channels,
to hydrocortisone treatment (known to produce verbal memory
deficits). This was compared with hydrocortisone alone, pheny-
toin alone, and placebo (n = 15, cross-over study).>® Phenytoin
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counteracted verbal memory decline associated with hydrocorti-
sone but this was accompanied by no change in neuronal activ-
ity during a picture encoding with the combined treatment vs.

hydrocortisone.*®

Interventions targeting the hypothalamic-pituitary-adrenal (HPA)
axis

One study, rated as good methodological quality, investigated the
effects of mifepristone, a glucocorticoid, and progesterone recep-
tor antagonist, on brain activity based on evidence for negative
effects of hypercortisolaemia on cognitive functions and evidence
for promising cognitive benefits of mifepristone in BD.>* The
study revealed that a single dose of mifepristone (600 mg) vs. pla-
cebo (n = 20; cross-over study) decreased fusiform, angular and
precuneal cortices activations, in the absence of change in cogni-

tive performance.®®

Other pharmacological interventions
One study™ investigated the effects of a single dose of methyl-
ene blue (280 mg), an inhibitor of nitric oxide synthase with puta-
tive effects on neuroplasticity, that has been found to improve
hypotension and improve residual mood and anxiety symptoms in
BD.%> The study revealed that methylene blue (n = 13) increased
activity in PFC and occipito-parietal cortices during a short-term
memory task and in the insula during a sustained attention task
relative to placebo (n = 13), in the absence of changes in cognitive
performance.41

A study of the acute effects of a single dose of (2.75g) green tea
extract vs. placebo (n = 12; cross-over study) on task performance
found increased FC between the right superior parietal lobule and
right middle frontal gyrus, which was correlated with a trend-level
increase in cognitive performance.47

A third study, with a poor methodological quality rating, investi-
gated the effects of a single dose of cannabidiol (600mg)vs placebo
(n = 15; cross-over study) on cerebral blood flow measured by ASL
and memory function based on emerging evidence that cannabidiol
may improve aspects of memory function.’® The study found that
while cannabidiol did not improve memory performance, it did in-
crease orbitofrontal cortex blood flow and that this correlated with
memory improvement over time.>°

Finally, a study, with a poor methodological quality rating, inves-
tigated the effects of betahistine, a Meniere's disease medication
that is an H3-receptor antagonist/H1-receptor agonist and is pur-
ported to improve cognitive function because it increases histamine
neurotransmission. This study found no change in MRI or cognitive
performance measures after betahistine vs. placebo treatment

(n = 16; cross-over study).”*

3.3.2 | Behavioral intervention studies

The two studies of cognitive training interventions are displayed
in Table 3. One study found that practicing a WM task three times

weekly over 6weeks (n = 15) relative to a no-practice condition
(n = 14) was associated with increased WM-specific activity in the
ventrolateral PFC, and was accompanied by improvement in WM
performance.40 The other study investigated the effects of comput-
erized training of processing speed over 5 days (n = 23) in comparison

to no intervention (n = 21).%°

This study revealed training-specific
gray matter increase in the precentral gyrus and decrease in left su-
perior temporal and occipital regions, increased neuronal activity in
the left perisylvian region during simple cognitive processes (but not
WM), and greater resting state functional connectivity between the
left perisylvian area and occipital regions, which accompanied per-

formance improvements within psychomotor speed.®>

Neuromodulation and neurofeedback intervention studies
The neuromodulation studies, all rated as fair methodological qual-
ity, are displayed in Table 4. One study of transcranial magnetic
stimulation (TMS) revealed significant improvements in memory
retrieval with theta-burst stimulation vs. beta-frequency stimu-
lation and sham (n = 24; cross-over study)44 but no change in
functional connectivity in the hippocampal-cortical network was
observed. However, memory improvements correlated with in-
crease in hippocampal connectivity with posterior cingulate, mPFC,
and precuneus.** The other TMS study found that high-frequency
repetitive TMS vs. sham (n = 39; cross-over study) reduced FC be-
tween right DLPFC and left hippocampus during WM performance
(but not during resting state) in the absence of change in cognitive
performance.43

The remaining two studies used neurofeedback with real-time
fMRI (rtfMRI), as pro-cognitive interventions. One study of the ef-
fects of two rtfMRI training vs. sham sessions 7 days apart (n = 15)
vs. no training (n = 15) showed that neurofeedback aiming to up-
regulate left DLPFC activity was accompanied by increased func-
tional connectivity between the DMN, salience network (SN), and
CCN in the absence of performance change.*® Notably, the greater
functional connectivity between SN-DMN, SN-CCN, and within the
CEN correlated with improvements in WM performance. The other
study found that real-time neurofeedback delivered over five ses-
sions (n = 18) vs. sham (n = 9) produced auditory cortex deactivation
to noise stimulation in the absence of changes in cognitive perfor-

mance on attention control tests.*

4 | DISCUSSION

This systematic review by the ISBD Targeting Cognition Task Force
provides a comprehensive overview of the evidence for alterations in
structural and functional MRI measures associated with pro-cognitive
interventions in people with mood disorders and healthy individuals.
We identified 26 studies, of which most investigated the effects of
pharmacological interventions in healthy people, and only six investi-
gated the effects of interventions in people with BD or MDD in full or
partial remission. The quality of the neuroimaging methodology and
general methodology was rated as ‘good’ in approximately one-third
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TABLE 2 Studies investigating the pro-cognitive effects of pharmacological interventions using magnetic resonance imaging in

healthy controls

Author Study design
Alda et al
Apud et al. 2007 Double-blind
cross-over
RCT
Balice-Gordon et al. Double-blind
2020 parallel group
RCT
Bloomfield et al. Double-blind
2020 cross-over
RCT
Brown et al. 2013 Double-blind
cross-over
RCT
Hernaus et al. 2017 Double-blind
cross-over
RCT

Magalona et al. 2013  Double-blind
cross-over
RCT

Comparison (Intervention/Control)

1st day-300mg/day tolcapone
2nd-7th day-600mg/day tolcapone

7-day placebo

1 week PF-06412562 6 mg/day
(D1 and D5 partial agonist)

1 week PF-06412562 30mg/day
(D1 and D5 partial agonist)

Placebo

Single dose Cannabidiol
600mg

Placebo

Placebo (3.5 days)+ Hydrocortisone
(160 mg/day, 2.5days)

Phenytoin (400 g/day, 3.5days) + Placebo

(2.5days)
Phenytoin (400 g/day,

3.5days)+Hydrocortisone (160 mg/day,

2.5days)

Placebo (3.5days)+ Placebo (2.5 days)

Single dose Atomoxetine 60 mg

Placebo

Tolcapone 300mg/day (1st day)
Tolcapone 600/day (2nd-7th day)

Placebo

Group (n)

34

27

27

22
15

15

19

20

Age (mean +SD)

N/A, inclusion criteria: 18-55

32+N/A

N/A, inclusion criteria: 18-30years

33+9
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BIPOLAR DISORDERS IAVVORTR savllad

Cognitive outcome MRI technique
Gender (M%) measures & strength Main findings Quality rating
51% n-back task Task fMRI 3T No significant difference between tolcapone and placebo 77% (good)
on accuracy and response time (p >0.05).
Tolcapone was associated with decreased activation
in bilateral DLPFC compared to placebo (p <0.02,
p <0.03, corrected).
100% n-back task Task fMRI 3T No significant effect of both doses of PF-06412562 on 54% (fair)
AX-continuous both tasks(p >0.05).

performance task

40% Prose recall task® ASL 3T Cannabidiol increased hippocampus CBF (p = 0.004). 46% (poor)
n-back task? No main effect of the cannabidiol on task performances
Digit span task® (p >0.05).

Cannabidiol-induced increase in OFC CBF was associated
with decreased RT in 2-back task (p = 0.005).

40% RAVLT? Task fMRI 3T RAVLT total score is better in phenytoin+ hydrocortisone 69% (fair)
Novelty detection task than hydrocortisone alone (p = 0.01).

Novelty detection task-related hippocampal activation was
reduced with hydrocortisone alone, phenytoin alone,
and hydrocortisone + phenytoin compared to placebo
(p =0.02, <0.01, <0.01).

Combination of hydrocortisone and phenytoin was
associated with lower activation in para-hippocampus
in novelty detection task (p <0.01).

No significant correlations between changes in brain
activation and changes in RAVLT (p >0.05).

100% n-back task Task fMRI 3T No significant difference between atomoxetine and 54% (fair)

placebo on accuracy and response time (p >0.05).

Atomoxetine increased activity in middle temporal, middle
cingulate, and fronto-orbital cortices on 2 back vs. X
back compared to placebo

(p <0.05, FWE corrected).

Atomoxetine increased activity in precentral and occipital
cortices during 3 back vs. X back compared to placebo

(p <0.05, FWE corrected).

Atomoxetine increased FC between anterior insula and
fronto-parietal network during 3 back vs. X back

(p <0.05, FWE corrected).

Atomoxetine-induced increases in insula-DLPFC FC
negatively correlated reaction time variability and
working memory capacity (p = 0.02, p = 0.02).

55% Variable attentional Task fMRI 3T No significant effect of tolcapone on accuracy and reaction  77% (good)
control task time (p >0.05).

There was increased left IPC activation with tolcapone
compared to placebo when all task conditions
considered together (p = 0.013, FWE corrected).

There was a trend toward decreased activation in dorsal
cingulate with tolcapone compared to placebo when all
task conditions considered together (p = 0.057, FWE
corrected).

There was a significant positive correlation between
COMT enzyme activity and activity in dorsal cingulate
(p =0.016,0.013).
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TABLE 2 (Continued)

Author Study design

Rodriguez et al. 2016  Double-blind
parallel group
RCT

Rose et al. 2006 Non-randomized
open-label
crossover

study

van Ruitenbeek et al Double-blind
2013 cross-over
RCT

van Ruitenbeek et al.  Double-blind
2018 cross-over
RCT

Schmidt et al Double-blind
2014 cross-over
RCT

Spurny et al. 2021 Double-blind
parallel group

RCT

Xie et al. 2012 Double-blind
cross-over

RCT

MISKOWIAK ET AL.

Comparison (Intervention/Control)

Single dose 280 mg methylene blue

Food colorant

Escitalopram 10 mg for 7 days

Medication free for 7 days

Single dose Betahistine 96 mg/day

Placebo

Single dose haloperidol 2 mg+ L-dopa
100 mg/ carbidopa 25mg

Placebo (Ascorbic acid)

Single dose milk whey-based soft drink
with green tea extract of 2,75g/L

Placebo
(Milk whey-based soft drink without green
tea extract)

21days of escitalopram 10 mg/day
21 days of placebo

1 week venlafaxine 75 mg/day followed by
1 week placebo

1 week placebo followed by 1 week
venlafaxine 75 mg/day

Group (n)

13
18

10

16

12

12

16
20

Age (mean +SD)
29+10
31+10

25+£N/A

25+5

24+3

N/A, inclusion criteria: 18-65years
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Cognitive outcome MRI technique

Gender (M%) measures & strength
31% Psychomotor vigilance Task fMRI 3T
38% task
Delayed match to
sample task
70% n-back task Task fMRI1.5T
50% n-back task Task fMRI 1.5 T
Spatial paired
associates learning
task
100% n-back task Task fMRI 3T
100% n-back task Task fMRI 3T
N/A Character associative MRS 3T
N/A relearning task®
100% Animal & tool naming Task fMRI 1.5 T
task
100%

BUEQILAR IDISORIDIERS

Main findings

No significant differences in behavioral measures for both
tasks between methylene blue and placebo (p >0.05).

Methylene blue increased the activity in bilateral anterior
and posterior insula compared to placebo during
attention phase of the psychomotor vigilance task

(p =0.01-0.008).

Methylene blue increased the activity in prefrontal,
parietal and occipital cortices compared to placebo
during all phases of delayed match to sample task
(p =0.03-0.0003).

No significant effect of escitalopram on accuracy and
reaction time (p >0.05).

No significant difference between escitalopram and
medication-free condition on brain activity in whole-
brain analysis (p > 0.05, corrected).

In region of interest analysis, while escitalopram increased
activation in thalamus. Anterior cingulate gyrus and caudate,
it decreased activation in inferior frontal gyrus in comparison
to medication free condition (<0.05, corrected).

No significant effect of Betahistine on both tasks (p >0.05).

No significant difference between combined haloperidol/L-
dopa/carbidopa and placebo on accuracy and response
time (p >0.05).

Combined haloperidol/L-dopa/carbidopa decreased
activation in occipital and temporal cortices compared
to placebo during 2 back vs. 0 back condition

(p <0.005, FWE corrected).

Combined haloperidol/L-dopa/carbidopa increased
connectivity between DLPFC and areas within the
salience network (p <0.05, FWE corrected).

Green tea extract was associated with a trend toward to an
improved task performance compared to control drink
(p =0.066).

Green tea extract increased the connectivity from the
right SPL to the right MFG compared to control drink
(p = 0.03, uncorrected).

The effect of green tea extract on task performance was
significantly correlated with greater right SPL to the
right MFG connectivity (p = 0.035).

No significant differences in associative learning effects
under escitalopram compared to placebo on brain
gamma aminobutyric acid (p = 0.349) and glutamate +
glutamine (p = 0.118) concentrations in relation to total
creatine in hippocampus, insula, putamen, pallidum,
thalamus.

The scores on the animal and tool naming test were higher
on venlafaxine compared to placebo (p <0.01).

Venlafaxine administration resulted in hyperactivation in
medial frontal cortex (BA9/44) compared to placebo
(p <0.05, FWE corrected).

Difference in activation level between venlafaxine and
placebo in left medial frontal cortex was positively
correlated with the difference between venlafaxine and
placebo in naming test score for both animals and tools
(p <0.001).

Wi LEYM

Quality rating
62% (fair)

69% (fair)

38% (poor)

57% (fair)

54% (fair)

69% (fair)

31% (poor)
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S VISV ' 1 O1AR DISORDERS

TABLE 2 (Continued)

Author Study design Comparison (Intervention/Control) Group (n) Age (mean +SD)
Yalin et al. 2021 Double-blind Single dose 600 mg mifepristone 20 27+8
cross-over Placebo
RCT

Abbreviations: ASL, arterial spin labeling; CBF, cerebral blood flow; COMT, catechol-O-methyltransferase; D, Dopamine; DLPFC, Dorsolateral
prefrontal cortex; FC, functional connectivity; fMRI, functional magnetic resonance imaging; FWE, family wise error; IPC, inferior parietal cortex;
M, male; MFG, middle frontal gyrus; MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy; N/A, not available; OFC,
orbitofrontal cortex; RAVLT, rey auditory verbal learning test; RCT, randomized controlled trial; SD, standard deviation; SPL, superior parietal

lobule; T, Tesla.
?Conducted outside the scanner.

of the studies; in five (83%) studies in mood disorders but only in four
(20%) healthy participant studies, which were mostly rated as ‘fair’. A
common methodological limitation was small sample size, with only 11

studies (42%) including more than 20 participants per treatment arm.

4.1 | Convergent treatment-related neurocircuitry
changes across people with mood disorders and
healthy individuals

Treatment-related changes in neural activity varied across the 20
task-based fMRI studies with respect to the direction and location
of the signal change, likely because of differences between studies
in fMRI paradigms, interventions, and participant characteristics. Six

27.28.30 )| rated

35,40,52

fMRI studies of either people with mood disorders,
as good methodological quality, or healthy individuals, rated
as mixed quality, found that treatment-related brain activation in-
creases in CCN regions, including the DPFC and occipito-parietal
cortex, were accompanied by and/or correlated with improved cog-
nitive performance. Five fMRI studies, of which four were rated as
good quality, found treatment-related DPFC and occipito-parietal
activity reductions that were accompanied by no cognitive change in
cognitively normal people with MDD?! or healthy individuals.32-3448
Finally, treatment-related FC increase was observed in five (25%)

85,.39.42:4647 of which four were rated as good quality. This

studies,
emerging evidence for convergent treatment-related neurocircuitry
changes across mood disorders and healthy individuals is interesting
because of the generally good quality ratings of these studies.

In contrast, too few studies involved structural MRI, MRS, and
resting state fMRI to make any inferences regarding possible consis-
tent patterns of change. Nevertheless, the structural hippocampal
increase that accompanied EPO-related cognitive improvement?’
is consistent with observations from pro-cognitive interventions in
other neuropsychiatric disorders,®” potentially through increase in
neurogenesis. Further studies are warranted to investigate whether

structural hippocampal changes are common structural imaging
biomarkers of treatment effects on cognition in mood disorders.
Notably such structural changes are more likely to be observed with
longer-term treatment, for example at least several weeks of treat-
ment, whereas treatment-related fMRI BOLD changes were observ-

able already following acute treatment administration.333%4247

4.2 | Treatment-related increase in cognitive
capacity or neural efficiency - two sides of the same
coin?

Insufficient statistical power could potentially explain the absence of
performance change in the five studies reporting treatment-related re-
ductions in task-related brain activations. Indeed, power calculations
for previous cognition trials in mood disorders showed that group
sizes of 22-26 participants are typically needed for the detection of
a differential cognitive change between groups with moderate effect
sizes.”®°? Nevertheless, only one of the five fMRI studies*® involved a
sample size smaller than 20, rendering this explanation unlikely. A more
probable reason was that four of these studies used cross-over rather
than parallel-group designs. Although within-group cross-over designs
may be powerful in detecting change, a problem with this approach
is that learning effects can occur with repeated cognitive testing,
particularly between the first and second test sessions.®® This could
have masked treatment-related cognitive changes in cross-over studies,
which involve twice as many cognitive assessments as parallel-group
studies. Indeed, five of the six studies that showed treatment-related
performance improvements used a parallel-group design.
Methodological differences notwithstanding, the identified fMRI
studies, predominantly rated as good quality, provide emerging ev-
idence for activity changes during task performance in the DPFC
and associated CCN regions and, possibly, in the DMN in response
to different interventions across mood disorders and healthy par-
ticipants. These emerging findings are consistent with a recently
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Cognitive outcome MRI technique

Gender (M%) measures & strength Main findings Quality rating
100% n-back task Task fMRI 3T No significant differences in behavioral measures for both 85% (good)
Spatial paired tasks between mifepristone and placebo (p >0.05).
associates learning Mifepristone administration was significantly associated
task with decreased fusiform cortex activations in encoding

blocks (p = 0.007, p = 0.031) and decreased angular
and precuneal cortices activations in the recall block
(p =0.017, p = 0.009) of spatial paired associates
learning task.

Mifepristone administration did not significantly affect
fMRI brain activations in the n-back task (p >0.05).

proposed neurocircuitry-based biomarker model for pro-cognitive
effects in mood disorders.”¢! The model is based on the observation
of a bell-shaped dose-response association between task difficulty and
DPFC BOLD response and proposes that the dose-response curve
in mood disorders and schizophrenia is shifted towards the left, such
that peak BOLD response in the DPFC occurs at lower task difficulty
levels than in healthy individuals.”®?> The model posits that dorsal
PFC hypo-activity may be a marker of lower cognitive capacity (i.e.,
impaired performance), while hyper-activity may be a marker of less
cortical efficiency (i.e., need for more PFC resources to maintain task
performance). Building on this, pro-cognitive interventions are pro-
posed to shift the dose-response curve towards normality. This pro-
vides testable hypotheses regarding the direction of treatment-related
neurocircuitry change, depending on whether cognitive performance
is improved by the intervention or remains stable. Specifically, key
next-step hypotheses to test are that biomarkers for pro-cognitive ef-
fects involve either: (i) reversal of pre-treatment DPFC hypo-activity in
people who show treatment-related performance improvement, or (ii)
reduction of pre-treatment DPFC hyper-activity in people who show
no performance change (i.e., increased neural efficiency).
Interestingly, two meta-analyses of neural activity changes in
response to CR in people with schizophrenia found that increase in
task-related DPFC activity was the most reliable marker of cognitive
improvement.®%* In contrast, less consistent CR-related activity
change was found in other cognition-relevant regions.®%* Together,
these findings provide preliminary evidence for modulation of DPFC
- and possibly DMN - activity as a putative transdiagnostic biomarker

model for pro-cognitive effects, which deserves further investigation.
4.3 | Challenges in using fMRI to assess potential
pro-cognitive effects

Although fMRI shows real promise to better assess the potential of
pro-cognitive interventions, there are limitations of using fMRI in

this way. First, fMRI task test-retest reliability varies within individu-
als and across brain regions studied.®>%® For example, the n-back
WM task shows fair-to-good within-participant reliability depending
on which brain region is examined (ICCs = 0.44-0.57),%¢ whereas the
reliability of an episodic memory recall task is worse (ICC = 0.36).%”
The reliability of task-related brain activations needs to be consid-
ered when interpreting the findings of cognitive intervention fMRI
studies. This is because large intra-individual variations may limit the
statistical power for the detection of a treatment-related effect on
the fMRI signal, particularly when using a repeated-measures de-
sign. fMRI BOLD response also only provides an indirect measure of
neuronal activity and the understanding of its biological basis is still
emerging.®® Nevertheless, the neurocircuitry biomarker model is at
a systems level in the brain. As such, fMRI can provide insights into
the final common downstream effects on brain function of different
behavioral and biological pro-cognitive interventions with distinct
molecular and cellular mechanisms. A limitation of the proposed bio-
marker model discussed above is that it is only suited for examining
neurocircuitry target engagement by interventions purported to im-
prove aspects of cognition that involve executive control, WM and/
or sustained attention. If the targeted cognitive domain is episodic
memory or emotional cognition for example, treatment-related
changes would be expected in other neurocircuitries. Further, the
interpretation of treatment-related change in fMRI activations will

also depend on the specific brain regions interrogated.

4.4 | Methodological recommendations for
neuroimaging in intervention trials

It is noteworthy that only six MRI studies of pro-cognitive interven-
tions involved people with mood disorders. In contrast, a brief search
indicates that more than 30 MRI studies have investigated the neu-
ronal correlates of pro-cognitive (predominantly CR) interventions
in people with schizophrenia.®® While observed treatment-related
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BIFOILAIR. DISOIRIDIERS

changes in neurocircuitry activity were comparable across these
diagnostic groups, the discrepancy in the numbers of studies high-
lights the need for further studies to gain deeper insight into the
neurocircuitry biomarkers of pro-cognitive effects in mood disor-
ders. The MRI design of such studies may be optimized in the follow-
ing ways (see also Table 5).

First, based on the identified studies in this review, we suggest
that the priority is given to task-related fMRI assessments given the
fMRI BOLD response is a sensitive assay of treatment effects that
is measurable before observable behavioral improvements emerge
(e.g.,69) and that task-related fMRI provides a neural substrate of
how the brain works while performing cognitive tests of interest
(i.e., in a controlled context). Because of the scarcity of resting state
and structural MRI interventions studies, further structural imaging
and resting state imaging is needed to clarify the value of these tech-
niques as biomarkers for treatments targeting cognition.

Second, fMRI paradigms that engage the CCN -the strongest
determinant of fluid intelligence’®- seem best suited for examining
neural activity changes to treatments that target aspects of cogni-
tion involving elements of executive control, WM and/or sustained
attention. This includes n-back WM tasks, which not only activate
the CCN but also show aberrant CCN and DMN activity in mood

disorders7,12,13 27,28,30,31,71

and treatment-related activity change.
Importantly, the task should fit the cognitive deficit being targeted;
hence, if the targeted domain is episodic memory or emotional cog-
nition, tasks that probe these aspects of cognition and engage the
associated temporal, limbic, and ventral PFC neurocircuitries would
be best suited.

Third, given the choices of fMRI analysis packages and regions
of interest (ROls), we suggest that researchers specify in a published
study protocol before study commencement that they will use
standardized fMRI analysis methods using task-relevant ROIs that
produced robust activations in previous studies (e.g. CCN regions
including dPFC for n-back WM). This can reduce the risk of selective
reporting and increase comparability between studies.

A fourth recommendation is to ideally conduct longitudinal

fMRI before and either after treatment/control or, alternatively, at

TABLE 5 Suggestions for pro-cognitive intervention studies with
MRI as an outcome measure

(i) Implement task-related fMRI, for which the extant evidence is
most robust

(ii) Use fMRI tasks that reflect the cognitive deficit(s) the
intervention is purported to improve

(iii) Specify planned MRI analysis approach in published study
protocol prior to study start

(iv) Ideally, conduct longitudinal MRI assessments

(v) When possible, use a mock scanner before the first fMRI scan
(vi) Include a pre-study cognitive test session in cross-over studies
(vii) Conduct additional neurocognitive testing outside the scanner

(viii) Conduct a healthy participant study to obtain proof-of-concept
before testing the intervention in partially or fully remitted
individuals with mood disorders

an early point in treatment, if the purpose is to investigate whether
change in brain activation is instrumental for subsequent cognitive
improvements. However, given the high costs of fMRI, an alternative
approach for studies with a randomized controlled design could be
to conduct a single fMRI assessment at treatment completion or early
in treatment. This would enable comparison of matched intervention
groups, for whom any differences in neuronal activity would be pre-
sumed to reflect the intervention.

Fifth, based on our experience of fMRI research, we recommend
that participants are acclimatized to the scanner environment in a
mock scanner. This can help participants familiarize themselves with
the MRI environment before their real scanning session and will likely
reduce variability in the fMRI BOLD response due to effects of anxiety
and stress. Commercial mock scanners may involve a significant cost
and a less costly alternative could be to support participants by famil-
iarizing themselves with lying in an MRI scanner environment by using
immersive virtual reality including replicating the noise of the scanner.

Sixth, when practically possible, the inclusion of a pre-study
cognitive test session is recommended in cross-over studies to min-
imize learning effects during the active trial participation. This may
improve the signal-to-noise ratio and, thereby, potentially statistical
power for the detection of treatment-related behavioral change.

Seventh, we recommend inclusion of additional neurocognitive
tests outside the scanner. This is because fMRI paradigms are generally
optimized for the detection of differences in brain activation but not
behavioral performance,’? with the latter being particularly import-
ant outcomes given their strong association with daily functioning.
Additional more difficult out-of-scanner tests will ensure optimal sen-
sitivity to treatment-related change in cognitive performance. Analysis
of the associations between changes in task-related brain activation
and out-of-scanner cognitive performance will aid interpretations of
the observed changes in neuronal activity and provide insight into the
functional relevance of treatment effects on neurocircuitry activity.

Finally, and more broadly, we endorse fMRI intervention stud-
ies in healthy participants to provide proof-of-concept without any
confounding effects of mood symptoms and medication before eval-
uating candidate interventions in individuals with mood disorders.
While the effects on neurocircuitry activity in healthy individuals
may differ from that in mood disorders due to different cognitive
performance levels (so called ceiling effects), fMRI studies in healthy
populations may still provide insights into which task-relevant brain
networks are key treatment targets that warrant further investiga-
tion in people with mood disorders. Based on this, studies includ-
ing fully or partially remitted (rather than symptomatic) people with
mood disorders are recommended to minimize pseudospecificity
and confounding effects of clinical symptoms, in line with our previ-
ous recommendation for pro-cognitive interventions trials in mood
disorders.® Studies may also consider narrowing phenotypes by in-
cluding pre-screening for cognitive impairment in people with mood
disorders, as previously recommended,® and attending to illness
stages (e.g., focusing on either early or later stages). Ultimately, such
attempts to reduce variance in the characteristics of participants
may further improve the signal-to-noise ratio in these studies.
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4.5 | Limitations

A limitation of the review was that it involved no quantitative analy-
sis of fMRI related to brain activations or changes in structural MRI
measures in response to the candidate interventions. The rationale
for this a priori decision was the differences in treatment modalities
and schedules (acute and long-term treatments), participant groups
(mood disorders and healthy individuals), MRI techniques (structural,
functional, MRS, and ASL) and, for the fMRI studies, differences in
task-based paradigms and consistent reporting of quantitative com-
parable fMRI measures. Additionally, even for fMRI-based studies,
effect sizes are rarely reported, making quantitative comparisons
very challenging. A strength of our review is that it provides a
comprehensive overview of the state-of-the art findings from MRI
studies of putative pro-cognitive interventions in mood disorders
and healthy individuals as well as evaluations of the quality of the
evidence. This has enabled evaluation of a putative neurocircuitry-
based biomarker model for pro-cognitive effects and provided a

basis for methodological recommendations to guide future work.

5 | CONCLUSIONS

In conclusion, there is a pressing need for more effective treatments
targeting persistent cognitive impairment in mood disorders, but
preclinical biomarker models provide poor predictive validity of ef-
ficacy in humans. In this systematic review by the ISBD Targeting
Cognition Task, we identified 26 MRI investigations of neuronal target
engagement by behavioral, pharmacological, and neuromodulatory
interventions in people with mood disorders and healthy individuals.
Treatment-related change in task-based fMRI BOLD activity was in-
vestigated in most studies, while studies using resting state fMRI or
structural MRI were scarce. Treatment-related activity increases in
DPFC and associated regions were accompanied by and/or correlated
with cognitive improvements (indicating enhanced cognitive capac-
ity), while activity reduction in regions of this network was observed
in the absence of performance changes (suggesting greater neural
efficiency). Another common finding was the increase in FC within
the task relevant networks. Together, the findings provide emerging
evidence to support the testable hypotheses that modulation of dorsal
PFC and DMN activity may be a neurocircuitry-based biomarker model
for pro-cognitive effects. Nevertheless, findings were not uniform and
the putative neurocircuitry-based biomarkers for pro-cognitive effects
should therefore be regarded as preliminary. The quality of the neu-
roimaging - and general methodology of studies was mostly rated as
‘fair’, suggesting a need for methodological guidance. Based on this,
methodological recommendations were proposed for future pro-
cognitive trials with fMRI outcome measures (summarized in Table 5).
Following these suggestions by the ISBD Targeting Cognition Task
Force may aid detection of neurocircuitry target engagement. Further
studies are warranted to examine whether the identified MRI, and par-
ticularly fMRI, measures constitute biomarkers that can inform go no-
go decisions in future treatment development strategies.
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