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Abstract

Objective: Disruptions in cognition are a clinically significant feature of bipolar disorder (BD). 

The effects of different treatments on these deficits, and the brain systems that support them, 

remain to be established.

Method: Participants, including 55 healthy individuals and 71 acutely ill youth with mixed/manic 

BD, performed a continuous performance test to assess vigilance and working memory during 

task-based fMRI studies. Patients, who were untreated for at least seven days at baseline, and 

healthy individuals were scanned at pre-treatment baseline and at week one and six. After baseline 

testing, patients (n = 71) were randomized to six-week double-blind treatment with lithium (n 
= 26, 1.0–1.2 mEq/L) or quetiapine (n = 45, 400–600 mg). Weighted seed-based connectivity 

(wSBC) was used to assess regional brain interactions during the attention task compared to the 

control condition.

Results: At baseline, youth with BD showed reduced connectivity between bilateral anterior 

cingulate cortex (ACC) and both left VLPFC and left insula, and increased connectivity between 

left VLPFC-left temporal pole, left OFC-right postcentral gyrus and right amygdala-right occipital 

pole compared to healthy individuals. At week one follow-up, quetiapine but not lithium treatment 

led to a significant shift of connectivity patterns toward those of the healthy participants. At week 

six, compared to baseline, there was no difference between treatment conditions, at which time 

both patient groups showed significant normalization of brain connectivity toward that of healthy 

individuals.
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Conclusion: Functional alterations in several brain regions associated with cognitive processing 

and the integration of cognitive and affective processing were demonstrated in untreated youth 

with BD prior to treatment. Treatment reduced several of these alterations, with significant effects 

at week one only in the quetiapine treatment group. We conclude that normalization of functional 

connectivity might represent a promising biomarker for early target engagement in youth with BD.
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Introduction

Bipolar disorder (BD) is a complex, common, and disabling psychiatric disorder affecting 

1.5–3% of the population worldwide. Many BD patients experience their first episode of 

illness during adolescence.1,2 While neuropsychological impairments are well established 

to be associated with BD, little is known about the neural mechanisms of these deficits in 

young patients with BD and how they are affected by treatment.

Multiple cognitive deficits have been established in both adults and youth with bipolar 

disorder including impairments of attention and working memory.3,4 Impairments in 

functional brain circuitry supporting attention5 and working memory6,7 have also been 

reported in BD functional magnetic resonance imaging (fMRI) studies8–10. Findings in 

studies assessing these features include reduced activity of the dorsal attention system, and 

while other studies, especially using affective tasks, have also demonstrated hyperactivity 

of the limbic system suggesting hyperarousal of affective and interoceptive brain systems.11 

Other studies have shown that neural systems supporting attention and working memory 

performance may be more disrupted by stimuli eliciting emotional responses than in healthy 

individuals12,13, and that youth with BD have high rates of comorbid attention problems 

including ADHD.14 While these studies have contributed to the understanding of regional 

functional brain deficits in pediatric BD, almost all fMRI studies of youth with BD focused 

on local brain activation, and the nature of connectivity alterations between affective and 

attention hubs and other brain regions remains relatively unexplored,15,16 especially in 

children and with regard to the effect of treatment on the functional brain connectome.

Lithium, one of the oldest treatments for mania, and quetiapine, a second-generation 

antipsychotic (SGA), are two widely used and effective interventions for mania in youth 

with BD.17,18 Previous study examined the risks and benefits of pharmacotherapy of patients 

with BD presenting with an acute manic or mixed episode and revealed greater and earlier 

efficacy of SGAs when compared to lithium in controlling manic symptoms.19 Though 

quetiapine and lithium exert effects via different mechanisms, there are few neuroimaging 

studies to understand their systems level impact on the brain connectome, their differences 

in location and timing of such effects, and their relation to treatment outcomes in vivo.20,21 

In adult patients with BD presenting with an acute manic episode, a resting-state fMRI study 

found that lithium treatment showed a more rapid normalization with respect to abnormal 

functional connectivity observed at baseline.22 While pediatric connectome studies of drug 

effects in BD are limited, difference in regional effect of the antipsychotic risperidone and 
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divalproex have been reported in children with BD presenting with an acute manic or mixed 

episode.23

Because BD not uncommonly has an onset before adult years, developmental considerations 

in both behavior and brain anatomy and function through adolescence require studies of 

children and adolescents that investigate treatment related changes in brain function in this 

population.24,25 To our knowledge, there has been no randomized, double-blind, controlled 

study to compare treatment effects of lithium and quetiapine on the functional systems 

related to cognitive processing using fMRI in manic youth with BD.

In light of our current understanding of the abnormalities of brain function in BD,8,26 

we hypothesized youth with BD before treatment would exhibit abnormal connectivity in 

brain regions implicated in attentional processing, that hyper-reactivity of brain affective 

systems would be seen during cognitive task performance. Second, we hypothesized that 

pharmacologic treatments would alleviate the abnormal functional connectivity observed 

found at baseline, and that these changes would parallel clinical improvement during the 

trial. We also tested for differential effects of lithium and quetiapine in the speed and extent 

of normalization of functional connectivity alterations, and whether pretreatment fMRI 

measures could predict clinical outcomes for either treatment.

Method

Participants

This study (clinicaltrials.gov identifier: NCT00893581) enrolled manic or mixed youths with 

bipolar disorder type-I (BD I). This study, (NCT00893581), Multimodal Neuroimaging of 

Treatment Effects in Adolescent Mania,19 included two aims reported which are the focus of 

this paper: (1) To determine the differential effects of treatment with quetiapine or lithium 

on brain activation in children and adolescents with mixed/manic BD using fMRI, and 

(2) To determine the relationships between the changes in brain activation and symptom 

improvement resulting from the two different therapies. Diagnoses of bipolar I disorder, 

mixed/manic phase, were confirmed by trained raters with established diagnostic inter-rater 

reliability (kappa > 0.9) via administration of the Washington University in St. Louis Kiddie 

Schedule of Affective Disorders and Schizophrenia (WASH-U-KSADS).27 Mood symptoms 

were rated using the Young Mania Rating Scale (YMRS),28 Children’s Depression Rating 

Scale-Revised (CDRS-R),29 and Clinical Global Impressions-Severity (CGI-S).30 Patients 

included met the following criteria: (1) experiencing a manic or mixed episode; (2) had a 

baseline YMRS score ≥ 20; (3) were less than two years from onset of BD as defined by 

their first mood episode; (4) had no prior psychiatric hospitalizations for mania; (5) had 

no history of treatment with therapeutic doses of antipsychotic drugs, mood stabilizers or 

antidepressants for > three months, and no psychotropic medication during the week (72 

hours for psychostimulants) prior to baseline MRI and clinical assessment.

Demographically matched healthy youths were recruited from outreach programs in 

communities where the bipolar participants resided. All bipolar and healthy subjects met 

the following inclusion criteria: (1) age 10–17 years 11 months and at Tanner stage II-V;31 

(2) no history of substance dependence; (3) no alcohol or drug abuse for at least three 
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months prior to the scan; (4) no history of mental retardation or documented IQ < 70 as 

measured by the Wechsler Abbreviated Scale of Intelligence (WASI);32 (5) right-handed; 

(6) no history of major systemic or neurological disorders likely to influence fMRI results; 

(7) no contraindication for an MRI study; (8) ability to communicate in English; and (9) 

if female, a negative pregnancy test. All participants provided written assent and their legal 

guardians provided written informed consent for this study after the procedures and risks 

were explained in full. Both the University of Cincinnati and Children’s Hospital Medical 

Center Institutional Review Boards approved this study. Participants were enrolled in the 

study by a research coordinator (CCK) if they passed screening of these inclusion/exclusion 

criteria following the Consolidated Standards of Reporting Trials (CONSORT) guidelines 

for the registered randomized clinical trials.

Treatment Procedures

Following baseline clinical evaluation and scanning, patients were randomized, by an 

investigational pharmacist, to double-blind treatment with quetiapine or lithium and 

evaluated weekly for six weeks. The randomization schedule was stratified by presence 

vs. absence of ADHD, presence vs. absence of psychosis, and mood state (mixed vs. manic 

episode). Treatment response was defined as a ≥ 50% reduction in YMRS scores from 

baseline.33

Quetiapine was initiated at 100 mg/day and lithium carbonate was initiated at 30 mg/kg 

(maximum starting dose of 600 mg twice daily). Patients were also given placebo capsules 

for the medication to which they were not assigned. Quetiapine/placebo and lithium/placebo 

capsules were identical. Quetiapine was titrated to a target dose of 400–600 mg daily 

based on tolerability and response. Lithium was titrated to a serum level of 1.0–1.2 mEq/L. 

Treatment was administered in a double-dummy double-blind manner, with an unblinded 

study physician monitoring trough lithium levels and making dose adjustments independent 

from treating physicians and clinical raters. However, blinded clinical rater dose tolerability 

adjustment recommendations took precedence over unblinded physician double dummy 

dose adjustment recommendations. The YMRS was used to assess symptom severity before 

and throughout the trial.

Behavioral Paradigm

Participants were presented with a series of single-digit numbers (one per 700 ms with a 50 

ms gap between them) and were asked to respond with a button press when the same number 

occurred twice sequentially (Figure S1, available online). Responses were recorded to permit 

calculation of response parameters (i.e., discriminability, percent correct and reaction time). 

This is essentially a 1-back working memory task. The control module consisted of the 

number ‘1’ presented at the same rate as the active task, during which subjects were asked 

to press the response button for the first five stimuli and then watch the remainder of 

the control task presentation without responding (Figure S1, available online). This task 

was designed to control for effects of watching visual stimuli when monitoring them for 

repetition was not required. The steady task demands through blocks permitted functional 

connectivity throughout the block to be evaluated.
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Subjects were presented stimuli using nonferromagnetic goggles (Resonance Technologies 

Inc.). Experimental and control tasks were administered in alternating blocks of 30 s each 

with numbers being presented for 700 ms every at 750 ms, providing a 50 ms gap between 

presentations, for a total of 40 numbers/block. Five blocks of the active task and six control 

blocks were presented during each scan session.

Image Acquisition

All subjects were scanned using a 4.0 Tesla Varian Unity INOVA MRI scanner. Prior to 

beginning the study, subjects could familiarize themselves with the scanner to decrease 

any anxiety. Subjects completed anatomical T1-weighted, 3-D brain scans first and then 

completed an fMRI session in which scans were acquired while performing the CPT-IP task 

using a T2*-weighted gradient-echo EPI pulse sequence. The image acquisition details were 

provided in the Supplement 1, available online.

All participants were scanned three times: at baseline, week one and week six. After 

excluding participants who did not complete all three scans and clinical evaluations, we 

excluded additional participants that had excessive head motion during MRI scans (two 

patients with BD receiving lithium treatment, two patients with BD receiving quetiapine 

treatment and one healthy individual), a total of 71 patients with BD (45 patients receiving 

quetiapine monotherapy and 26 patients receiving lithium carbonate monotherapy) and 55 

healthy individuals were included in statistical analyses.

fMRI Data Analysis

Details of preprocessing of fMRI data were provided in the Supplement 1. In the first-level 

analysis, weighted seed-based connectivity (wSBC) analysis was used to characterize the 

condition-specific functional connectivity strength before and after treatment. Compared to 

the traditional seed-based functional connectivity analysis usually used in resting-state fMRI 

studies, wSBC uses condition-specific weights defined from the hemodynamic response 

function. The wSBC was analyzed using atlas-based seed regions believed to be involved 

in BD pathology, including bilateral amygdala, ventral and dorsal lateral prefrontal cortex 

(VLPFC and DLPFC), orbital frontal cortex (OFC) and insula34 using the WFU_PickAtlas 

MATLAB toolbox (https://www.nitrc.org/projects/wfu_pickatlas), leading to 10 separate 

seeds for connectivity analysis. The wSBC map was generated by computing condition-

specific Pearson’s correlation coefficients between the BOLD time series of the seed and the 

BOLD time series of voxels outside the seed using a general linear model (GLM). Weighted 

SBC maps can be interpreted exactly in the same way as standard SBC maps, only restricted 

to the duration of one specific task or condition (wSBC are defined so that they are exactly 

equal to SBC maps when using constant weights encompassing the entire time series). The 

connectivity difference between the active task and the control condition was obtained by 

subtracting the wSBC during the two conditions. See Supplement 1 for more details of this 

method.

Then, connectivity maps of all each seed were analyzed. Baseline wSBC maps of 

connectivity of each seed region with other gray matter voxels were compared between 

patients and healthy individuals, with age and sex considered as covariates. Regions 

Li et al. Page 6

J Am Acad Child Adolesc Psychiatry. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.nitrc.org/projects/wfu_pickatlas


exhibiting group differences were reported if they survived a voxel-height threshold at 

uncorrected p < 0.001 and a cluster size FDR-corrected p < 0.05. Significant clusters 

identified at baseline were then used as masks for the longitudinal analysis to characterize 

the drug effect on identified pretreatment connectivity abnormalities.

Statistical Analysis

To study longitudinal changes of functional connectivity after over the course of medication 

treatment, we extracted connectivity values from the wSBC maps at baseline, week 

one and week six. Group-by-time interaction effects were tested using a random-effect 

analysis of variance (ANOVA) model. Normalization of connectivity in youth with BD 

was defined using the connectivity of typically developing youth as the reference. The 

longitudinal within-group connectivity changes were tested using a general linear model 

(GLM). To identify different treatment outcomes from lithium and quetiapine, we first 

added group (lithium, quetiapine and healthy groups) as a factor in the GLM. Because 

treatment effects may be shared or distinct across the two treatments, if our model failed 

to identify significant differences in connectivity changes between the treatment groups, we 

combined the two treatment groups (lithium and quetiapine groups) to examine case control 

differences over time. We used multivariable linear regression analysis to characterize the 

relationship between normalization in functional brain connectivity and rate of improvement 

in mania symptoms, and to determine whether baseline abnormal connectivity predicted 

mania symptom change over the course of treatment. Age and sex were considered as 

covariates in all correlation analyses. Statistical analyses were performed using R software 

(Version 3.6.0).

Results

Demographic and Clinical Data Results

Demographic and clinical characteristics for both groups are listed in Table 1. The patients 

and healthy individuals were comparable at baseline in age and sex. However, the patient 

group had a lower IQ compared with healthy individuals (t = 2.97, p = 0.004). In the 

BD group, patients in the lithium and quetiapine treatment groups were comparable in 

all demographic metrics. From our earlier clinical research, we found that quetiapine was 

associated with a statistically significant greater rate of response and overall symptom 

reduction compared to lithium in youth with BD in this sample.19 When comparing 

treatment effects of lithium and quetiapine, we found significant treatment-by-time effects 

for baseline to week 1 YMRS changes (F = 4.73, p = 0.032, Figure S2, available online). 

Post hoc analyses showed that compared with the lithium group, the patients in the 

quetiapine group showed a greater YMRS decrease when controlling for baseline YMRS 

scores (F = 5.18, p = 0.025). This kind of interaction effect was not significant for baseline 

to week 6 changes for the two drugs, or when the model included data from all three points 

(p > 0.05).

Task Performance Results

Task performance for all participants was recorded (see Table S1, available online). 

At all three time points, patients showed poorer CPT-IP task performance (i.e., lower 
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percent correct and discriminability) compared with healthy individuals (p < 0.05). 

Longitudinal analyses showed no significant improvement over time (reflected in group-by-

time interactions) in these cognitive measures in either treatment group relative to healthy 

individuals (p > 0.05).

wSBC Alterations Before Treatment

Figure 1 illustrates areas of significant regional connectivity differences in healthy vs. 

bipolar study participants while performing the CPT-IP task before treatment. We found 

significantly increased connectivity between left VLPFC and left temporal pole (p = 0.037), 

left OFC and right postcentral gyrus (p = 0.010) and right amygdala and right occipital 

pole (p = 0.005), and decreased connectivity between left VLPFC (p = 0.024) and left 

insula (p = 0.007) with bilateral anterior cingulate cortex (ACC) in patients compared to 

healthy individuals (Table 2). After using the conservative Bonferroni correction for multiple 

comparisons, only the connectivity between right amygdala and right occipital pole (p = 

0.005) survived the correction.

wSBC Changes After Medication Treatment

To study changes after one and six weeks of treatment, we used three models: one with only 

the first two points in time (baseline and week one) to identify early changes in regions with 

pre-treatment connectivity alterations, and one with baseline and week six data to study net 

change over the trial). We also report findings from the model including all three points in 

time (baseline, week one and six). For the model including baseline and week one data, we 

found significant differences among the lithium, quetiapine, and healthy groups in change of 

connectivity from baseline between left VLPFC and left temporal pole (F = 3.26, p = 0.042) 

and between left OFC and right postcentral gyrus (F = 3.45, p = 0.035). Post-hoc Tukey 

tests showed that the quetiapine group showed decreased connectivity between left VLPFC 

and left temporal pole (p = 0.032) and decreased connectivity between left OFC and right 

postcentral gyrus (p = 0.030) relative to controls. These changes represented a normalizing 

effect towards FC of healthy individuals after only one week of drug treatment. There were 

no significant differences of one-week connectivity changes between the lithium and healthy 

group or between the quetiapine and lithium group (p > 0.05) (Figure 2A).

For the model testing for change between baseline and week 6, we did not find significant 

differences in connectivity changes between the lithium and quetiapine groups. Therefore, 

the combined treatment group was used for further analyses. The group-by-time interaction 

effect was significant for functional connectivity between left insula and bilateral ACC 

(F = 4.79, p = 0.031) and right amygdala and right occipital pole (F = 5.18, p = 0.025) 

(Figure 2B). For the model including all three points in time, we did not find significant 

differences in change of connectivity over the study among the lithium, quetiapine, and 

healthy groups. Combining the lithium and quetiapine groups for further analyses, we found 

that the group-by-time interaction effect was significant only in the connectivity between left 

insula and bilateral ACC (F = 3.74, p = 0.026) (Figure 2C). For within group longitudinal 

analysis of patients, we found connectivity between left VLPFC and left temporal pole (F = 

6.02, p = 0.003), left OFC and right postcentral gyrus (F = 6.66, p = 0.002) and left insula 

and bilateral ACC (F = 7.20, p = 0.001) decreased significantly towards healthy individuals 
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over time in the patient group. Connectivity did not change in healthy individuals for any 

seed region.

Since the included participants had different pubertal development (Tanner Stage II, n = 4; 

Tanner stage III, n = 26; Tanner stage IV, n = 46; Tanner stage V, n = 50), in exploratory 

analyses we tested for differences in in connectivity change over the course of treatment in 

relation to Tanner stage of patients, combining Tanner II and III stage participants in this 

analysis. We did not find significant interactions between group, time and Tanner stage in 

any analysis.

Correlation Analysis

Since one-week connectivity changes were only seen in the quetiapine treatment group, 

correlational analyses focused on the two treatment groups separately. The six-week changes 

were explored using the combined patient group. Change in connectivity at 1 week was not 

correlated with changes in manic symptom severity at one week (p > 0.05) or cognitive task 

performance in either the lithium or quetiapine treatment group.

Correlation analysis with the combined patient group testing for relations between 

connectivity and symptom change at six weeks demonstrated that connectivity between left 

VLPFC and left temporal pole was associated with changes in YMRS scores (r = 0.27, p 
= 0.029, Figure 3A). Moreover, baseline connectivity between left insula and bilateral ACC 

predicted change in YMRS scores at 6 weeks (r = 0.24, p = 0.047, Figure 3B).

We followed these analyses with examination of characteristics of patients with the greatest 

change in symptoms and connectivity between left VLPFC and left temporal pole during 

treatment. We identified the patients with greater-than-average change in both connectivity 

and YMRS scores, which included 23 of the 71 patients. We compared the age, sex and 

YMRS scores between this subgroup and the remaining patients, and found that the patients 

with greater symptom and connectivity changes were older (15.08 ± 1.75 years old vs 14.04 

± 1.96 years old, t = 2.250, p = 0.029), but did not differ in demographic or baseline clinical 

features (p > 0.05).

Considering the possibility that the connectivity changes precede the changes in symptoms, 

we looked at correlation between change in connectivity between baseline and week 1 and 

the change in YMRS between baseline and week 6. While, we did not find any significant 

correlation results (p > 0.05).

Discussion

In the current study, we examined brain connectivity abnormalities and pharmaceutical 

treatment effects on these deficits in youth with mixed/manic states of BD. Case control 

differences at baseline were observed in regions related to sensory processing, affective 

reactivity and cognitive control. Some of these functional connectivity deficits were reduced 

by treatment with lithium and quetiapine within six weeks. Normalization of connectivity 

was evident at 1-week with quetiapine but not lithium therapy.
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At baseline, individuals with BD displayed decreased connectivity between bilateral 

ACC with left insula and left VLPFC. Connectivity between insula and ACC is an 

important aspect of the salience network and autonomic reactivity.35 Via this network, 

the exteroceptive and interoceptive stimuli can be used to allocate attentional resources to 

context appropriate aspects of the environment.36 The salience network abnormalities have 

been widely reported by fMRI studies in BD.37 Consistent with our results, McTeague 

et al. found that the salience network disruption was related to dysfunction of emotional 

processing in a variety of psychiatric disorders, including BD.38 In correlation analyses, our 

results showed that the baseline connectivity between insula and ACC was correlated with 

treatment-related reduction of YMRS ratings, suggesting that salience network dysfunction 

provide a predictor of treatment response in youth with BD.

Atypical connectivity between VLPFC and ACC was also identified in patients prior to 

treatment. Increased emotional reactivity of amygdala has been reported in prior studies,12,39 

and the VLPFC and rostral ACC are involved in down-regulation of amygdala reactivity.40 

As a result, reduced connectivity between VLPFC and ACC might be associated with 

hyperactivity of the amygdala that has been previously reported in BD.

We also observed increased connectivity between our seeds and temporal pole, occipital 

pole, and right postcentral gyrus. The temporal and occipital poles and the postcentral 

gyrus are important areas for affective, visual and sensorimotor processes, respectively 

systems. Prior studies shown that the activity in the interoceptive system (high physiological 

arousal states) are correlated with heightened activity in exteroceptive sensory systems41, 

perhaps related to shared connectivity.42 Our observation of increased connectivity between 

our seeds related to emotion processing (VLPFC, OFC and amygdala) and sensory cortex 

without an explicit emotional stimulus may indicate a heightened reactivity in both systems 

in the context of increased cognitive demand. This pattern of results is consistent with our 

first hypothesis that abnormal connectivity related to emotion and attention in patients with 

BD are prominent in BD and can be reduced with medications that are clinically effective in 

treating mania symptoms.

Beyond informative observations of baseline alterations in the functional brain connectome 

in manic bipolar youth prior to treatment, our analyses demonstrate that clinically effective 

psychopharmacological treatment can reduce functional brain connectivity alterations 

evident during acute mixed/manic episodes.43,44 After the first week of treatment, patients 

treated with quetiapine, but not lithium, showed a significant shift toward normalized 

functional connectivity between left VLPFC and left temporal pole, and between left OFC 

and right postcentral gyrus. We did not find significant correlations between change in 

connectivity and mania symptoms at one-week follow-up, suggesting that the improvement 

in connectivity and symptom severity may follow somewhat different courses in different 

patients. Future work is needed with more frequent assessment of early changes in brain 

function and symptom severity to better understand these relationships.

After six-weeks of treatment, no significant differences between the lithium and quetiapine 

group were found, though a normalization of connectivity in the combined group of 

treated patients with BD. This suggests overlaps in the broad systems-level changes in 
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the functional brain connectome after treatment with lithium and quetiapine, something 

reported in prior fMRI studies. Dandash et al. found that lithium led to more rapid 

treatment normalization of abnormally increased connectivity between ventral striatum and 

cerebellum22 during a three-month treatment period when compared with quetiapine. Using 

a sustained attentional task with emotional stimuli, Strakowski et al. found that lithium 

treatment showed more rapid suppression of amygdala overactivation in BD compared with 

quetiapine treatment after one-week of treatment.45 Differences in observed differential 

drug effects on brain connectivity between ours and these studies need to be considered in 

the context of several significant differences in study design and methodology. First, both 

Dandash et al. and Strakowski et al. included adults diagnosed with bipolar I disorder, while 

we recruited youth. Second, BD patients were receiving different treatments at baseline, as 

Dandash et al. study recruited patients that were receiving a combination of quetiapine and 

lithium and then randomized to monotherapy with one of these treatments after remission. 

Third, the fMRI task design and ROI selection were different. Dandash et al. treated ventral 

and dorsal areas of the caudate nucleus and putamen as ROIs, and Strakowski et al. used an 

attention task with emotion distractors with a focus on prefrontal regions related to emotion 

processing as their ROIs. In the current study, we used a simple attention/working memory 

task with no emotional features in task stimuli. Fourth, fMRI measures were different. 

Dandash et al. and our study used FC as the target measurement, while Strakowski et al. 

used regional ROI activation as the target measurement. Therefore, it is difficult to establish 

mechanisms of different treatment outcomes, which notably were in speed of functional 

connectivity changes rather than in varying brain regions where treatments exerted effects. 

This pattern suggests both drugs impact functional connectivity alterations in overlapping 

ways at the level of the functional brain connectome. Future studies with larger samples, 

considering dose-related effects influencing speed of clinical recovery, and with more 

frequent imaging and behavioral ratings in the early treatment period, may help establish 

the validity of our findings and better clarify their relation to distinct and overlapping areas 

of treatment effect on brain function.

We also observed that task performance was not improved across the course of treatment, 

indicating that recovery of function seen in brain connectivity and mania symptoms was not 

evident in the cognitive domain, at least with this task. This observation is consistent with 

prior studies that reported CPT and other cognitive impairments in bipolar disorder and in 

studies of cognition across studies of other affective disorders and psychotic illnesses.4,46–48 

Future fMRI studies including a wider range of task conditions may better clarify the 

stability of cognitive deficits seen during acute episodes of illness, and relationships changes 

in manic symptoms, brain function and cognitive functions over time.

The present study had several limitations that merit consideration. First, we used multiple 

seeds to evaluate functional connectivity, which reduces statistical power and limits 

assessment of connectivity changes involving other brain regions. While all seeds were 

chosen based on a priori knowledge of brain regions believed to be affected in BD, other 

interregional connectivity features may be important for fully understanding mechanisms 

of treatment effect and differential effects of treatments on brain systems.34 Second, 

the current study focused on short-term changes in functional connectivity influenced 

by medications. Future efforts to clarify the long-term effects of medication effects on 
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functional connectivity in patients with BD are needed. Third, our study focused on a 

cognitive task with its own advantages and limitations, and the interplay between attention 

and emotion processing systems might be better clarified using other task conditions.

Despite these limitations, the present study is one of few fMRI studies focusing on the 

changes in functional connectivity during cognitive task performance related to effective 

pharmacological treatment in youth with mixed/manic BD. Significant normalization of 

some alterations of functional brain connectivity were observed as early as the first week 

of treatment with quetiapine, suggesting that imaging approaches as used in our study 

may provide a useful approach for establishing target engagement for standard as well as 

promising novel treatments for BD.
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Figure 1. Abnormal Connectivity in Patients With Bipolar Disorder (BD) Compared to Healthy 
Individuals
(A) using the L VLPFC as the seed, we found increased L VLPFC-L temporal pole 

connectivity and decreased L VLPFC-ACC connectivity. (B) using the L OFC, we found 

increased L OFC-R postcentral gyrus connectivity. (C) using the L insula as the seed, we 

found decreased L insula-ACC connectivity. (D) using the R amygdala as the seed, we found 

increased R amygdala-R occipital pole connectivity. ACC = anterior cingulate cortex; L = 

left; OFC = orbital frontal cortex; R = right; VLPFC = ventrolateral prefrontal cortex.
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Figure 2. Connectivity Changes From Baseline to Week 1 and Week 6 During Drug Treatment
(A) one-week changes of L VLPFC-L temporal pole connectivity and L OFC-R postcentral 

gyrus connectivity in the quetiapine, lithium, and healthy group. The quetiapine group 

showed significant normalization relative to the control group while the lithium group 

did not show this effect. (B) Six-week changes from baseline of L insula-ACC and right 

amygdala and right occipital pole connectivity in patients and healthy individuals. Patients 

with BD showed significant normalization relative to the control group in connectivity 

between L insula and ACC and between R AMY to R Occipital pole. (C) Six-week 
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changes (three points in time) of L insula-ACC connectivity in patients and healthy 

individuals. Patients with BD showed significant normalization relative to the control group 

in connectivity between L insula and ACC. ACC = anterior cingulate cortex; HC = healthy 

controls; L = left; Li = lithium; OFC = orbital frontal cortex; Que = quetiapine; R = right; 

WK = week; VLPFC = ventrolateral prefrontal cortex.
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Figure 3. Correlations Between Young Mania Rating Scale (YMRS) Changes and Baseline 
Functional Connectivity Alterations
Note: (A) L VLPFC – L temporal pole connectivity changes were positively correlated 

with YMRS changes (baseline – week six, %). (B) baseline L insula and ACC connectivity 

was positively correlated with YMRS changes (baseline – week six, %). YMRS, the Young 

Mania Rating Scale; WK, week; ACC = anterior cingulate cortex; L = left; R = right; 

VLPFC = ventrolateral prefrontal cortex.
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Table 1.

Demographic and Clinical Information for Study Participants

BD (n=71), Mean ± SD p-value (Li 
vs. Que)

HC (n=55), Mean ± SD p-value (BD vs. 
HC)

Lithium group (n=26) Quetiapine group (n=45)

Age, years 14.9 ± 1.9 14.0 ± 1.9 0.058 14.8 ± 1.9 0.203

Gender, female/male 17/9 29/16 1.000 30/25 0.326

IQ 104.5 ± 11.8 103.42 ± 12.2 0.721 110.5 ± 12.9 0.004

YMRS 27.2 ± 5.3 27.3 ± 5.0 0.978 0.5 ± 1.1 <0.001

CDRS 38.1 ± 7.6 37.2 ± 9.6 0.644 17.5 ± 0.9 <0.001

CGI severity overall 5.0 ± 0.5 4.9 ± 0.6 0.405 0 ± 0 <0.001

CGI severity 
depression

4.4 ± 1.0 4.3 ± 1.1 0.842 0 ± 0 <0.001

CGI severity mania 4.8 ± 0.5 4.7 ± 0.7 0.225 0 ± 0 <0.001

Note: BD = bipolar disorder; CDRS = Children’s Depression Rating Scale; CGI = Clinical Global Impression; HC = healthy controls; YMRS = 
Young Mania Rating Scale.
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Table 2.

Baseline Frontal Cortex (FC) Differences Between Bipolar Disorder (BD) and Healthy Controls

Seeds Clusters Size MNI Coordinate for the peak Cluster-size FDR corrected p-value

LVLPFC L Temporal Pole 311 [−48, 20, −20] 0.037

ACC 434 [0, 34, 4] 0.024

L OFC R Postcentral Gyrus 532 [12, −40, 74] 0.010

L Insula ACC 586 [0, 16, 38] 0.007

R AMY R Occipital Pole 583 [26, −92, −12] 0.005

Note: ACC = anterior cingulate cortex; AMY = amygdala; L = left; R = right; OFC = orbital frontal cortex; VLPFC = ventrolateral prefrontal 
cortex.
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