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Abstract

Prior studies using behavioral tasks and neuroimaging have shown that children and adolescents 

with bipolar disorder (BD) have deficits in cognitive flexibility (CF)—defined as adaptation 

to changing rewards and punishments. However, no study, to our knowledge, has examined 

the white matter microstructural correlates of CF in youth with BD. To address this gap, we 

examined the relationship between CF assessed with the Cambridge Neuropsychological Testing 

Automated Battery (CANTAB)’s Intra-Extra Dimensional Set Shift task (ID/ED) and diffusion 

tensor imaging analyzed with FSL’s preprocessing tools and Tract-Based Spatial Statistics 

(TBSS). We found a significantly different relationship between microstructural integrity of 

multiple white matter regions and CF performance in BD (n=28) and age-matched typically 

developing control (TDC) youths (n=26). Evaluation of the slopes of linear regressions in BD vs. 

TDC (ID/ED Simple Reversal error rate vs. fractional anisotropy) revealed significantly different 

slopes across the groups, indicating an aberrant relationship between CF and underlying white 

matter microstructure in youth with BD. These results underscore the importance of examining 

specific CF-neuroimaging relationships in BD youth. Future longitudinal studies could seek to 

define the white matter microstructural trajectories in BD vs. TDC, and relative to CF deficits and 

BD illness course.
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1. Introduction

Cognitive flexibility (CF) is defined as the ability to adjust one’s cognitive and/or behavioral 

response based on shifting rewards and punishments. CF can be assessed using reversal 

learning tasks, whereby participants must first acquire the stimulus/reward association by 

choosing the correct (rewarded) stimulus from two simultaneously presented images, and 

then adapt when the stimulus/reward relationship reverses—i.e., the previously rewarded 

stimulus is now punished, and vice versa. CF deficits have been described in children, 

adolescents, and adults with bipolar disorder (BD) using tasks such as the Intra-Extra 

Dimensional (ID/ED) Set Shift task (a computerized analog of the Wisconsin Card 

Sorting Test), which is part of the Cambridge Neuropsychological Test Automated Battery 

(CANTAB) (Dickstein et al., 2004; Dickstein et al., 2007; Gorrindo et al., 2005; Wegbreit 

et al., 2016; Lee et al., 2014; O’Donnell et al., 2017). Moreover, CF deficits are clinically 

relevant in BD. For example, CF has been associated with occupational difficulties (e.g., 

attendance, performance at work) in a prospective longitudinal study of adults with BD 

(O’Donnell et al., 2017). Functional magnetic resonance imaging (fMRI) studies have 

shown that youth with BD have alterations during CF as indexed by reversal learning 

tasks incorporating probabilistic feedback to increase task difficulty. Compared to TDCs, 

youth with BD have shown greater activation in the reversal phase in fronto-parietal regions, 

suggesting inefficient recruitment of these regions in the CF task (Dickstein et al., 2010). 

Additionally, children and adolescents with BD had reduced functional activation compared 

to TDC youth in the right caudate in response to errors during a reversal learning paradigm 

(Adleman et al., 2011).

However, to the best of our knowledge, no study has evaluated the white matter (WM) 

microstructural alterations underlying these CF deficits in BD youth using diffusion tensor 

imaging (DTI). DTI assesses WM microstructural organization and integrity, via the fact that 

water diffuses anisotropically (asymmetrically) in axons (Beaulieu, 2002). DTI outcomes 

include: fractional anisotropy (FA; a composite measure that ranges between 0 and 1 and 

reflects the degree of diffusion anisotropy within a voxel); axial diffusivity (AD; diffusion 

along the principal axis of the diffusion ellipsoid); radial diffusivity (RD; average diffusivity 

in the plane, perpendicular to the principal axis); and mean diffusivity (MD; average water 

diffusion amount in a voxel) (Curran et al., 2016). In TDC youth, FA in the corpus 

callosum and superior corona radiata was found to correlate with CF as assessed with 

Stroop or Stroop-like tasks (Seghete et al., 2013; Treit et al., 2014). Interestingly, DTI 

studies have shown that BD youths have decreased FA compared to TDC in areas associated 

with attention and cognitive control, including the anterior corona radiata (Lagopoulos et 

al., 2013; Pavuluri et al., 2009) and WM areas adjacent to the cingulate cortex (Frazier 

et al., 2007; Gao et al., 2013; Gonenc et al., 2010) and prefrontal and orbitofrontal 
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cortices (Kafantaris et al., 2009; Adler et al., 2006). BD youths also have decreased FA, 

compared to TDCs, in the corpus collosum, a tract essential for facilitating interhemispheric 

communication (Barnea-Goraly et al., 2009; James et al., 2011; Lagopoulos et al., 2013; 

Saxena et al., 2012).

We sought to address this gap in knowledge about WM alterations underlying CF deficits in 

BD vs. TDC youth. We hypothesized that the microstructural integrity (as measured by FA, 

AD and/or RD) of frontally-projecting WM regions (including fronto-striatal tracts) would 

correlate with performance on a CF task in TDC, such that higher FA would correlate with 

lower error rate on the CF task, and that the relationship between CF performance and WM 

integrity would be altered in youth with BD vs. TDC.

2. Methods

2.1. Participants

Twenty-eight children and adolescents with BD and twenty-six age-matched TDC youth 

participated in an IRB-approved study at Bradley Hospital and Brown University. Prior to 

study participation, child participants and their parent/guardian provided informed assent 

and informed consent, respectively. Participants were recruited from the local community 

through a variety of methods, including contact with local child health care providers and 

parent support groups, presentations to community groups, information on hospital and other 

web pages, and referral from other research studies.

BD participant inclusion criteria were: (1) age between 7–17 years, (2) English fluency, 

and (3) diagnosis of bipolar I disorder, confirmed by the Kiddie Schedule for Affective 

Disorders and Schizophrenia-Present and Lifetime version (K-SADS-PL), a semi-structured 

psychiatric diagnostic interview (Kaufman et al., 1997). BD exclusion criteria were: (1) 

implanted metal due to MRI safety, (2) IQ of less than 70, (3) active psychosis, autism 

spectrum disorder, or substance abuse within the last 2 months, and (4) medical/neurological 

disorders that could mimic BD (e.g., thyroid disease). BD participants were not excluded 

if they had other comorbid psychiatric diagnoses (other than the conditions listed in the 

exclusion criteria above).

TDC participant inclusion criteria were: (1) age between 7–17 years, (2) English fluency, 

and (3) no lifetime diagnosis of a mental health disorder (including substance use disorder) 

in the participant or his/her first-degree relatives. TDC exclusion criteria were: (1) implanted 

metal due to MRI safety, (2) IQ of less than 70, and (3) psychiatric illness in the participant 

or their first-degree relatives (per the K-SADS-PL and parental report respectively).

BD participants continued their outpatient medication regimen, as it would be unethical to 

withdraw them from their effective medications for this non-treatment study. However, BD 

participants were asked (but not required) to withhold their ADHD stimulant medication for 

4 drug half-lives prior to their MRI scan, since such ADHD stimulant medication holidays 

are common in clinical practice (e.g., on weekends and/or school vacations).
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Five participants (3 with BD and 2 TDC) were excluded due to poor quality of the DTI data 

(including artifacts due to excessive motion), leaving a final sample of 28 BD and 26 TDC 

youths for the current report. The participants in the current analysis overlap partially with 

the participants included in a report by Cabeen et al., 2018; notably, the focus of their paper 

was the correlates of indices of WM integrity with age rather than with CF.

2.2. Assessment procedures

Psychiatric diagnoses for BD and TDC participants’ inclusion/exclusion criteria were 

established by the K-SADS-PL administered by licensed child psychologist and psychiatrist 

with inter-rater reliability (kappa >0.85) (Kaufman et al., 1997). To further characterize the 

sample, clinicians rated participants using the Young Mania Rating Scale (YMRS) (Young 

et al., 1978), Children’s Depressive Rating Scale-Revised (CDRS-R) (Poznanski EO and 

Mokros HB, 1996), and Children’s Global Assessment Scale (CGAS) (Shaffer et al., 1983). 

Full-scale intelligence quotient (FSIQ) was assessed using the Wechsler Abbreviated Scales 

of Intelligence (WASI) (Wechsler, 2005).

2.3. Cognitive flexibility (CF) testing

As described above, the CANTAB ID/ED Set Shift task is a computerized analog of the 

Wisconsin Card Sorting Test administered on a touch-screen laptop. Participants progress 

through nine stages whereby a series of stimuli pairs, consisting initially of purple shapes 

to which white line designs are added in stage 3. Participants must choose one of the two 

stimuli and receive feedback about whether or not their selection was correct. After six 

consecutive correct responses, the rule and/or the stimuli are changed, though this transition 

is not explicitly announced. The new rule could be based on the same stimuli (e.g., white 

lines) that guided the selection rule in the prior stage (intra-dimensional shift) or on the 

alternative stimuli (e.g., purple shapes) (extra-dimensional shift). Here, we focused our 

analyses on the Stage 2 Simple Reversal Stage Errors—as this is the first stage where the 

stimulus/reward relationship reverses. Prior studies have shown that participants with BD 

have higher error rates in this stage of the ID/ED task compared to TDC (Dickstein et al., 

2004; Dickstein et al., 2007; Dickstein et al., 2016; Wegbreit et al., 2016).

2.4. Neuroimaging data acquisition

All participants completed neuroimaging data acquisition on a SIEMENS Tim Trio 3T 

scanner with a 12-channel head coil. Prior to MRI scanning, participants completed a 

training session in an MRI scan simulator. This allowed the participants to get accustomed 

with the scanner set up, and practice staying still in the scanner. Participants completed a 

DTI scan with the following acquisition parameters: 64 gradient directions, voxel size=1.8 

× 1.8 × 1.8 mm, interleaved axial slice acquisition, number of slices=70, TR= 10,100 ms, 

TE=103 ms, b-value=1000 s/mm2, at least one B0 volume without diffusion weighting, and 

DTI scan duration of 11.27 min.

2.5. Neuroimaging data analyses

DTI data was preprocessed using FSL 6.0.0. (Smith et al., 2004). The preprocessing 

incorporated skull-stripping of the B0 volume, Eddy current, slice-to-volume motion 
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correction and replacement of outlier slices (Andersson and Sotiropoulos, 2016; Andersson 

et al., 2016; Andersson et al., 2017). A tensor model was fit to the data, and FA, AD, RD, 

and MD maps were generated. Next, Tract-Based Spatial Statistics (TBSS) data analysis 

was conducted on the FA maps (Smith et al., 2006). Specifically, the FA maps for all 

participants were nonlinearly aligned to each other, and the most representative brain across 

all participants was selected to serve as the initial template for the current sample. The 

most representative brain was then affine-aligned to the MNI152 template (to resolution 

of 1 × 1 × 1 mm). The respective nonlinear and affine transformation were applied to 

each participant’s FA map. Next, the aligned FA maps for all participants were averaged to 

generate an averaged FA map. A WM skeleton (with FA threshold of 0.2) was created based 

on the averaged brain FA map. Further statistical analyses were conducted only within the 

WM skeleton. The coregistration parameters (nonlinear and affine transformations) derived 

from the FA analyses were also applied to the AD, MD, and RD maps, and averaged AD, 

MD, and RD maps were created.

FSL’s randomise algorithm (Winkler et al., 2014) was used to compare the FA, AD, RD, 

and MD maps between the BD and TDC groups, while controlling for Age (as a proxy for 

development). Next, FSL’s randomise was used to correlate ID/ED Stage 2 (simple reversal) 

error rate and FA, AD, RD, or MD, incorporating Diagnosis information in the model, 

and controlling for Age. As in prior studies (Kikinis et al., 2017), 5000 permutations were 

implemented for all analyses. To correct for multiple comparisons, threshold-free cluster 

enhancement (tfce) threshold was applied (p<0.05), a widely used technique for cluster-free 

thresholding (Smith and Nichols, 2009; Kikinis et al., 2017; Gao et al., 2013).

To learn more about the correlations within specific WM regions, the union between the 

Johns Hopkins WM atlas regions and statistically significant voxels (derived from the ID/ED 

analysis above) was obtained. Average FA within each TBSS-ROI-CF union region for each 

participant was extracted and correlated with ID/ED Stage 2 error rate as post-hoc analyses. 

SPSS was used for the majority of these follow-up analyses, except for (1) the comparison 

between regression line slopes (which was completed in GraphPad Prism 8); and (2) false 

discovery rate (FDR) multiple comparison corrections (completed in R software, version 

3.6).

3. Results

3.1. Participant characteristics

Twenty-eight children and adolescents with BD, type I (12 girls and 16 boys, average age 

13.9 ± 2.8 years), and twenty-six age-matched TDC: n=26 (16 girls and 10 boys, average 

age12.7 ± 3.4 years) were included in the current report (Table 1). The BD and TDC groups 

did not differ significantly on age, sex, and FSIQ (Table 1). Eight of the participants were 

prescribed stimulant ADHD medication. Per our protocol, the families were offered (but not 

required) to withhold stimulant medication prior to the scan, and for 6 (out of 8) participants 

the stimulant medication was held for 22–48 hours prior to the scan (Concerta was held for 

48hrs; Ritalin for 22–48hrs; Adderall for 24–48hrs; Focalin for 24–48hrs); for the remaining 

2 participants (out of 8) the stimulant medication was not held prior to the scan.
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3.2. WM correlates of BD diagnosis in children and adolescents (main effect of diagnosis)

While age did not differ across the groups, all neuroimaging analyses included age in the 

models as a proxy for development. When controlling for age, FA was significantly lower 

in participants with BD than in TDC youth in two regions: WM in the anterior temporal 

lobe (including portions of the uncinate fasciculus) and WM underlying the parietal lobe 

(superior parietal lobule/TPJ) (Fig. 1). There were no significant differences between BD 

and TDC for AD, RD, and MD. ANOVAs with dependent variables FA in either the anterior 

temporal lobe or the parietal lobe region, and independent variable Group (BD vs. TDC) and 

covariate Age, showed the following: for the anterior temporal lobe region: significant main 

effect of Group (F=32.977, p<0.001; Average FABD 0.387 ± 0.007; Average FATDC 0.442 ± 

0.007); and significant effect of Age (F(1,51)=5.696, p=0.021); for the parietal lobe region: 

Average FABD =0.458 ± 0.020; Average FATDC 0.569 ± 0.020 (F(1,51)=15.291, p<0.001); 

Age: N.S.

3.3. Diagnosis X CF interaction

There was no significant main effect of Stage 2 Error Rate on any of the WM 

microstructural indices. There was a significant interaction between diagnosis and Stage 

2 Error Rate on FA in multiple WM regions, including WM regions projecting to frontal 

lobes, such as the Anterior and Superior Corona Radiata, Genu of the Corpus Callosum and 

Superior Longitudinal Fasciculus (Fig. 2, Table 2, Supplementary Table 1). There were no 

significant Diagnosis X CF interactions for AD, RD or MD.

To evaluate for differences in the nature of the relationship between FA and Stage 2 Error 

rate between BD and TDC participants, we assessed whether the slopes (in the Stage 2 Error 

rate vs. FA regressions) were significantly different in BD vs. TDC youth. We found that the 

slope was significantly different in the BD youth than in TDC youth across multiple WM 

regions (Table 2). While we found significant negative correlations between CF and FA for 

TDC in all regions listed in Table 2 (more errors on the CF task correlating with worse WM 

integrity via lower FA), this was not the case for BD youth. In fact, for some regions [genu 

of the corpus callosum (GCC), left superior corona radiata (SCR), left retrolenticular part 

of internal capsule (RPIC), and right cingulum], we found the opposite relationship: more 

errors/worse CF task performance correlating with greater FA (Supplementary Table 1, Fig. 

2).

3.4. Post-hoc analyses of potential medication effects

To evaluate the potential role of medications in our primary findings, we conducted post
hoc analyses of the two most common antimanic agents that our BD sample was taking: 

lithium and second-generation antipsychotic agents (SGAs) (Table 1). We used independent 

samples t-tests with independent variable lithium use OR SGA use and dependent variable 

region-specific FA values (derived from the analyses described in section 3.3.). We focused 

only on WM regions that showed significant regressions both in the BD and TDC groups, 

with opposite signs of the regression slopes (original p-value<0.05 in Supplementary Table 

1). Given the exploratory nature of our analyses, we present both the original and multiple 

comparison-corrected (FDR-corrected) p-values (Table 3a and 3b).
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BD participants taking lithium (BD+lithium) had greater FA vs. BD youth not taking 

lithium (BD-lithium) in the genu and body of the corpus callosum (GCC, BCC) and the 

left SCR (original p-value<0.05, pFDR: N.S.) (Table 3a). Supplementary Figure 1 visualizes 

the relationship between ID/ED Stage 2 error rate and FA in each WM region that showed 

significance in the independent samples t-test (lithium vs. no lithium use). Overall, the 

BD+lithium and BD-lithium groups had a similarly altered relationship between FA and 

CF as compared to TDC. We did not test for differences in the slopes or intercepts of the 

regressions within the subgroups given the small sample sizes. There were no significant 

differences in FA across the antipsychotic medication groups (BD+SGA vs. BD-SGA) 

(Table 3b).

3.5. Post-Hoc analyses of clinical features

We also conducted post-hoc correlations between clinical scales of depression (CDRS), 

mania (YMRS) and global functioning (CGAS) and our WM findings. YMRS mania scores 

were associated with FA in the Superior Corona Radiata bilaterally (pFDR<0.05) (Table 4, 

Supplementary Figure 1 and 2) and with ID/ED Stage 2 error rate (Supplementary Figure 

2). CDRS and CGAS were not significantly associated with FA in any of the tested regions 

(Table 4).

4. Discussion

Our current report is the first to examine the relationship between CF (ID/ED set-shifting 

task) and WM microstructural organization (as assessed with DTI) in children and 

adolescents with BD. We found an altered WM microstructural-CF relationship in youth 

with BD as compared to TDC across multiple WM regions, most notably in those projecting 

to the frontal lobes (such as the Anterior and Superior Corona Radiata, Genu of the 

Corpus Callosum and Superior Longitudinal Fasciculus) and other regions (Posterior Corona 

Radiata, Posterior Thalamic Radiation, Posterior Limb of the Internal Capsule). Post-hoc 
analyses suggested that some of the variability in WM microstructure appeared to also 

correlate with lithium use and mood state (mania ratings), though these findings did not 

seem to explain the altered WM microstructural-CF relationship in youth with BD vs. TDC. 

Our results point to the importance of examining specific neurocognitive-neuroimaging 

relationships in BD, and emphasize the need to consider additional potentially contributing 

variables in neuroimaging studies such as medication use, clinical features, and age.

The association between FA and CF performance (Simple Reversal Error Rate) had opposite 

direction as compared to TDC: namely, positive correlation was often observed in BD while 

negative correlation was seen in TDC. Our findings of higher error rate in the CF task in 

TDC correlating with lower FA in WM regions, including tracts that project to/from the 

frontal lobes (Table 2), are consistent with prior work in TDC (Treit et al., 2014; Seghete 

et al., 2013). Our findings in BD could be related to WM microstructural alterations in 

some participants with BD (e.g., aberrant/inefficient axonal transfer of information between 

regions involved in CF processing). Support for this idea comes from prior fMRI work 

by Dickstein and colleagues (2010) that demonstrated greater activation in youth with 

BD (than in TDC youth) in the reversal phase of a CF task in fronto-parietal regions, 
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including the dorsomedial prefrontal cortex, anterior cingulate, middle and superior frontal 

gyri bilaterally, right inferior parietal lobule and left inferior frontal gyrus. This finding 

implicated inefficient recruitment of these regions during the CF task. Notably, we found 

abnormally higher FA associated with worse CF performance in areas projecting to frontal 

and parietal regions, including the anterior, superior and posterior corona radiata, superior 

longitudinal fasciculus, cingulum, and the genu and body of the corpus callosum. It 

is possible that aberrant axonal pruning may be associated with higher, but inefficient, 

axonal transfer along with higher activation in fronto-parietal regions in BD. Likewise, in 

schizophrenia, abnormally high FA in certain WM tracts has been postulated to correlate 

with aberrant axonal pruning and maintenance of inefficient neural networks (Alba-Ferrara 

and de Erausquin, 2013).

In a post-hoc analysis, we found a positive correlation between YMRS scores and 

portions of the SCR bilaterally. The association between high FA in the SCR and both 

higher mania ratings and deficits in CF may suggest that abnormal connectivity, perhaps 

hyperconnectivity, in the SCR may be a contributor to both of these intertwined/co-occurring 

clinical and neurocognitive deficits. Disrupted structural connectivity (underconnectivity) 

has been previously reported in mania in adults with BD, specifically in the cingulum; 

however, that study focused only on the cingulum in a region-of-interest analysis, and did 

not evaluate structural connectivity of other WM regions (Martino et al., 2016).

Through post-hoc testing, we also found that lithium use was associated with higher FA 

values in BD in portions of several WM regions, including the right GCC, BCC and the 

left SCR, although this finding did not pass FDR multiple comparison correction and thus 

should be interpreted with caution. Yet, prior literature has also described higher FA in 

participants with BD taking lithium, including: (1) an increase in left hippocampal cingulum 

FA at follow-up as compared to baseline in a prospective clinical trial of lithium in BD 

youth; and (2) higher global FA in adults with BD taking lithium as compared to BD 

adults not taking lithium (Gildengers et al., 2015; Kafantaris et al., 2017; Abramovic et al., 

2018). It has been postulated that lithium may attenuate WM microstructural differences 

between participants with BD and controls (Abramovic et al., 2018), through re-myelination 

induced by lithium based on animal work (Chen et al., 2016). Our current report along 

with prior DTI studies in BD highlights the importance of taking medication use into 

consideration in neuroimaging studies of BD, especially as medication use may contribute to 

the heterogeneity of neuroimaging data.

Another important factor to consider in our study is age. Prior work has demonstrated that 

WM undergoes a maturational trajectory during childhood, adolescence, and into young 

and middle adulthood in TDC (Peters et al., 2014; Lebel et al., 2012). Alterations in WM 

maturational trajectories in youth with BD have been reported for multiple tracts [including 

in the corpus callosum, limbic structures (fornix, uncinate) and/or frontal-projecting tracts 

(inferior longitudinal fasciculus, anterior thalamic radiation, and inferior fronto-occipital 

fasciculus)] (Toteja et al., 2015; Cabeen et al., 2018). Given these prior findings, we ensured 

that our TDC and BD groups were well-matched on age, and we also incorporated age as a 

covariate in all of our neuroimaging analyses.
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The current study has several limitations including sample size, limited behavioral score 

variability in the CF task, limited post-hoc examination of FA-clinical features/medication 

use, and comorbidity with other psychiatric disorders. Although our sample size is 

comparable to or larger than the sample sizes of the majority of prior DTI reports of youth 

with BD [n’s=10–26 youth with BD (Barnea-Goraly et al., 2009; Kafantaris et al., 2009; 

Pavuluri et al., 2009; Teixeira et al., 2014; Frazier et al., 2007; Saxena et al., 2012)], it 

should be noted that our sample size is still relatively small and is overall a limitation of our 

current report. Another potential limitation is the narrow range of the behavioral CF scores, 

i.e., error rates in the ID/ED Stage 2 ranging from 1 to 7. Future studies could incorporate 

additional paradigms to assess CF, and/or compute a composite CF score across several 

CF paradigms. Here, we also emphasize that we did not systematically assess correlations 

between WM microstructure and clinical variables, medication use (including whether a 

medication was held vs. not held prior to the scan—as was the case for the stimulant 

medication class), and all analyses were restricted to post-hoc follow-up analyses based 

on our main findings (CF-FA correlations in specific subregions of the TBSS skeleton). 

Thus, we did not evaluate the full TBSS-JHU atlas WM overlapping regions (e.g., the 

entire cingulum-TBSS or entire SCR-TBSS) but only focused on the subsections of these 

regions, in which FA was significantly associated with CF performance. Future larger 

and fully-powered studies could specifically focus on clinical features-medication use-WM 

microstructural correlates in youth with BD.

Another important consideration is that a relatively large number of our participants 

with BD had co-occurring psychiatric disorders, including attention-deficit/hyperactivity 

disorder (ADHD), oppositional defiant disorder (ODD) and anxiety disorders. The high 

rate of comorbid psychopathology observed in our study corresponds with other studies 

of participants with BD, and increases the generalizability of our findings to participants 

with BD. Yet, it is important to acknowledge that given the relatively small sample of 

participants within each subcategory, we lacked sufficient power to assess the potential 

individual contributions of psychiatric comorbidities to the altered CF-FA relationship in 

BD (e.g., BD without ADHD, BD without ODD, or BD with individual anxiety disorders). 

Future larger samples would be in a better position to differentiate whether some of the 

currently observed heterogeneity in the CF-FA relationship in BD may be partially related to 

underlying neural mechanisms of co-occurring psychiatric disorders. Moreover, longitudinal 

studies of BD may be best suited to carefully track the developmental trajectories in 

youth with BD (vs. TDC), evaluate for altered relationships between cognition and 

WM microstructural organization across development, and begin to disentangle potential 

contributions of medication use, mood states, and/or co-occurring psychiatric disorders.

In summary, we found an altered relationship between FA (an index of WM microstructural 

integrity) in multiple WM regions and CF performance in youth with BD vs. TDC children 

and adolescents. We also found that some of the variability of FA in youth with BD was 

associated with lithium use and mood state (mania scores). One intriguing future research 

direction for potential clinical intervention strategies/targets (raised by our results) is to 

explore whether youth with BD may benefit from concurrent treatment with lithium and 

targeted cognitive flexibility remediation/training: thus, potentially harnessing (or retraining) 

a normalized-by-lithium underlying WM circuit. In terms of broader implications, our 
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results point to the importance of understanding the specific neurocognitive-neuroimaging 

relationships in BD, and emphasize the need to be mindful of additional variables (such as 

medications and clinical features).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
FA Differences in youth with Bipolar Disorder as compared to TDC. Voxels with significant 

p-values are displayed in blue/light blue) with thickened outline for better visualization. The 

remaining portions of the TBSS skeleton are shown in green. Error bars show ± 2SE.
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Fig. 2. 
Interaction between Diagnosis and ID/ED Simple Reversal Error Rate: (A) Significant 

voxels across the TBSS skeleton (green) are displayed in blue/light blue, with thickened 

outline for better visualization; (B) Graphs representing the interaction in a subset of 

significant regions in the TBSS skeleton.
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