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Bipolar disorder (BD) is characterized by temporal instability of mood and energy, but the neural correlates of this instability are
poorly understood. In previous cross-sectional studies, mood state in BD has been associated with differential functional
connectivity (FC) amongst several subcortical regions and ventromedial prefrontal cortex. Here, we assess whether BD is associated
with longitudinal instability within this mood-related network of interest (NOI). Young people with BD-I/II were scanned 4-6 times
and healthy controls (HC) were scanned 4 times over 9 months. Following preprocessing of 20-min resting-state scans, we assessed
across-scan correlation of FC, focusing on FC between regions previously associated with BD mood state. Utilizing Bayesian models,
we assessed the relationship between diagnostic group and within-person, across-scan correlation, adjusting for motion, time-of-
day, and inter-scan interval; prediction intervals (PI) are reported. In a sample of 16 youth (11 BD, 5 HC; 16.3-23.3 years old) with
70 scans (50 BD, 20 HC), across-scan NOI stability was higher within- than between-person (0.70 vs. 0.54; p < 0.0001). BD (vs. HC)
within-person scan-pairs showed lower NOI stability (mean −0.109; 95% PI −0.181, −0.038), distinguishing BD vs. HC with excellent
accuracy (AUC= 0.95). NOI instability was more pronounced with manic symptoms (mean −0.012; 95% PI −0.023, −0.0002) and in
BD-II (vs. BD-I; mean −0.071; 90% PI −0.136, −0.007). Results persisted after accounting for medications, comorbidity, and sleep/
arousal measures. Within this pilot sample, BD is characterized by less within-person stability of a mood-related NOI. While
preliminary, these results highlight a possible role for precision imaging approaches to elucidate neural mechanisms underlying BD.
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INTRODUCTION
Bipolar disorder (BD) is a serious mental illness that, particularly if
undiagnosed, is associated with impairment in psychosocial
functioning, substance use, psychiatric hospitalizations, and
suicidal thoughts and behaviors [1–3]. Peak onset of BD is in
adolescence and young adulthood [4], when this disorder can also
disrupt attainment of education, employment, and other mile-
stones. Currently, average delays between initial mood episode
and accurate diagnosis are over five years [5] and even longer in
those with earlier age of onset [5, 6]. A better understanding of the
underlying neurobiology of BD could lead to the identification of
neural markers, which would have substantial clinical and public
health implications. Studies utilizing functional MRI have pointed
to reproducible differences in BD (vs. healthy controls; HC),
particularly in regions such as the amygdala and striatum [7];
however, while important, these findings do not distinguish
individuals with BD (vs. HC) on the individual level.
Given that BD is defined by episodic changes in mood and

energy, it follows that the disorder may also be characterized by
instability of brain networks that give rise to these mood changes.
One way to assess brain networks is to evaluate the degree to
which fluctuations in blood-oxygen level dependent (BOLD) signal
are correlated across brain regions, even in the absence of stimuli

[8]. This measure of correlation, known as functional connectivity
(FC), has provided insights into the composition of brain networks
and individual differences [9]. Recent developments in precision
imaging methods have indicated that, given sufficient resting-
state data (e.g., >20min) and implementation of advanced
denoising strategies, FC in healthy adults is relatively stable over
time [10]. However, this network stability can be disrupted given
perturbation, as shown by the acute and reversible effects of arm
casting on the sensorimotor network [11]. Network stability may
also be a marker of psychological functioning, higher in
individuals with better social skills, and lower (and not showing
appropriate developmental increases) in individuals with psycho-
pathology [12, 13]. Given these recent and intriguing findings, it is
possible that individuals with BD may also show longitudinal
instability of relevant networks, particularly those related to mood
state. Indeed, such “dense” longitudinal sampling of individual
patients has been proposed as an important tool for better
understanding the dynamic nature of psychiatric disorders [14].
Several cross-sectional studies have found associations between

FC and mood state in individuals with BD. This includes increased
mania-related FC between ventral striatum (VS) and midbrain [15],
between thalamus and middle frontal gyrus [16], and amongst a
network centered around amygdala, midbrain, and frontal cortex
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[17]. In contrast, depression severity has been associated with less
FC between ventral striatum and thalamus [18]. Across studies, FC
between ventromedial prefrontal cortex (vmPFC) and amygdala
have been correlated with mood state [19]. Taken together, these
cross-sectional, group-level findings point to a network, including
ventral striatum, midbrain (ventral tegmental area), vmPFC,
amygdala, and thalamus, that show mood-related changes in
individuals with BD (eFigure 1); interestingly, this network overlaps
extensively with regions implicated in reward processing [20].
While findings imply that this network may also show within-
subject instability in BD, this hypothesis has not yet been tested.
The current study is the first to utilize precision imaging to

assess network stability longitudinally in BD, focusing on circuitry
previously found to be associated with mood state (and largely
overlapping with a canonical reward-related network). Specifically,
we collected 20min of resting-state data in young people with BD
4-6 times over a nine-month window, preferentially scanning
during different mood states; HC were scanned four times. We
hypothesized that individuals with BD (vs. HC) would show less
longitudinal stability in a mood-related network, differences that
would be accentuated with hypomania and depression.

METHODS
Participants
Young people (age range: 13-30 years old) with BD were recruited from
Child and Adolescent Bipolar Services (CABS), an outpatient specialty clinic
at the University of Pittsburgh Medical Center. As part of the CABS clinic
evaluation, a detailed and comprehensive clinical assessment based on the
Kiddie Schedule for Affective Disorders and Schizophrenia – Present/
Lifetime (KSADS-PL) [21] was conducted; clinical diagnoses were obtained
via an examination of medical records and discussion with the treatment
team, and confirmed with the participant at intake. Young people without
psychopathology (HC), group-matched on age to the BD participants, were
recruited from a research registry at the University of Pittsburgh (Pitt
+Me®). The KSADS-PL was used to screen HC for psychopathology and past
treatment; family history was also assessed.
To maximize diverse mood states across follow-up, we preferentially

recruited currently or recently symptomatic BD participants, specifically
those with BD-I/II who had experienced ≥1 depressive episode and ≥1
manic, hypomanic, or mixed episode in the past year. BD participants
could not have a primary psychotic disorder or schizophrenia. HC
participants could not have a current or past DSM-5 diagnosis, and could
not have a first-degree family history of BD. Exclusion criteria for both
groups included: pregnant or planning to become pregnant within the
next 6 months; history of head injury, neurological or systemic medical
disease, or pervasive developmental disorder that could impact MRI scans;
substance use disorder within the past year; and the presence of metallic
foreign objects.

Ethics approval and consent to participate
Informed consent was obtained from all adult participants; for adolescents,
informed consent was obtained from a parent/guardian and the
adolescent gave assent. All procedures were approved by the University
of Pittsburgh Institutional Review Board (STUDY19100081) and were
performed in accordance with relevant guidelines and regulations.

Procedures (BD)
Following intake, the first MRI scan was scheduled within 1-2 weeks. Within
24 h prior to the scheduled scan, participants completed an interview that
included (1) dimensional assessments of manic (Young Mania Rating Scale;
YMRS) [22] and depressive symptoms (Montgomery-Åsberg Depression
Rating Scale; MADRS) [23]; and (2) the Psychiatric Status Rating (PSR) Scale
from the Longitudinal Interview Follow-up Evaluation (LIFE) [24] (past three
months). Based on PSR depression and hypomania rating lines, mood state
over the week prior to scan was classified as (1) euthymic (<3 on
depression and hypomania); (2) depressed (≥3 on depression; <3 on
hypomania); (3) hypomanic (≥3 on hypomania; <3 on depression); or (4)
mixed (≥3 on depression and hypomania). Threshold depression and
hypomania were defined according to a rating of ≥5 on the depression
and hypomania lines, respectively. Medications and substance use over the
preceding follow-up period were also recorded. All assessments were

conducted by a trained interviewer (JF), who presented to a child
psychiatrist for consensus (DMH).
Participants then underwent an hour-long MRI protocol, which included

two 5-min resting-state runs (fixation cross, eyes open), interleaved with
two 5-min Inscapes runs (minimally engaging video that activates similar
circuitry to resting state [25]) (total: 20 min of resting fMRI). At the scan,
participants completed questionnaires to assess state arousal/sleepiness
(ABCD Questionnaire [26]) and sleep-related impairment over the past
week (PROMIS Sleep-Related Impairment) [27].
Over a 9-month follow-up, participants with BD were scanned 3-5

additional times (using the protocol described above), preferentially during
different mood states. To facilitate this, weekly brief self-report questionnaires
were administered to assess changes in depressive (Patient Health
Questionnaire-9) [28] and manic symptoms (Altman Mania Rating Scale)
[29]. Participants were invited for a pre-scan visit if: (1) questionnaires
indicated a previously unscanned threshold mood state (PSR≥ 5; e.g.,
hypomania), with ≥2 weeks since previous scan; (2) questionnaires indicated
a recurrent scanned threshold mood state (PSR≥ 5) or subthreshold episode
(PSR= 3 or 4) of a previously unscanned polarity (e.g., subthreshold mania),
with ≥4 weeks since previous scan; or (3)≥ 12 weeks since previous scan (see
eFigure 1). If the above scanning criteria were confirmed based on the PSR
depression and hypomania rating lines over the past week, participants were
scanned within 24 h of the scan visit.

Procedures (HC)
Following confirmation of eligibility at intake, HC participants were
scheduled for their initial scan. Scanning procedures were identical to
those described above. Following initial scan, an additional 3 scans were
scheduled approximately every 12 weeks. HC participants did not
complete mood questionnaires; however, they did complete the ABCD
and PROMIS questionnaires to assess state arousal/sleepiness and sleep-
related impairment, respectively.

Scanning parameters
All data were collected on a single Siemens 3 T Prisma scanner at the Pitt-
CMU Bridge Center using a 64-channel head coil. At the first scan only,
high-resolution T1- and T2-weighted images were acquired (T1: MPRAGE,
2.3 s TR, 1 × 1 × 1mm voxels; T2: 3.0 s, 1 × 1 × 1mm voxels). During all
scans, functional imaging data were collected using a multiband (MB)
gradient-echo EPI sequence (TR= 1.5 s, TE= 30ms, flip angle = 74, voxel
size = 2 × 2 × 2mm, 68 slices, MB= 4). Two acquisitions in opposite field
encoding directions were utilized to construct fieldmaps.

Data analysis
Details regarding preprocessing steps and parameters can be found in the
eMethods. Briefly, initial preprocessing steps were implemented using
fmriprep 20.2.6 LTS, implemented in Flywheel. Functional images were
processed via the following steps: (1) susceptibility distortion correction; (2)
co-registration to the T1w reference; (3) slice-time correction; (4) normal-
ization to MNI space; and (5) creation of a confounds file, including motion
nuisance regressors and global signal. The following postprocessing steps
were conducted using xcp_d, implemented within a singularity framework:
(1) outlier detection, excluding volumes with low-pass filtered (<0.1 Hz)
framewise displacement (FD) greater than 0.1 mm [30]; (2) despiking,
mean-centering, and linear detrending; and (3) nuisance regression using
36 confounds from fmriprep output (six motion parameters, global signal,
mean white matter signal, and mean CSF signal; temporal derivatives of
these parameters; and quadratic expansion of the above). Sessions with
>20% data loss due to high motion were removed.
Using nilearn’s NiftiLabelsMasker, we extracted functional timeseries and

correlation matrices from residualized BOLD signals for the Shen atlas (268
parcels) [31]. We utilized this atlas because it includes both cortical and
subcortical parcels, and has been frequently used in the literature to
predict clinical and behavioral outcomes (e.g., [32]). Nilearn scripts were
also used to assess coverage; outlier scans with poor coverage were
removed. To ensure adequate coverage and minimize variability due to
differential within- or between-person coverage of a particular parcel
(which can lead to less reliability across scan [33]), we only included parcels
with >90% coverage across all participants in final analysis (194/268; 72.4%
of parcels included). For the network-of-interest (NOI) analysis, we used
Neurosynth [34] (default thresholds) to identify Shen parcels correspond-
ing to the following a priori terms: “ventral striatum” [121, 125, 258, 259],
“ventral tegmental area” [132, 265], “ventromedial prefrontal cortex” [3, 5,
134, 138], “amygdala” [92, 228], and “thalamus” [126-128, 262-264].
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Seventeen of 18 (94%) of parcels had >90% coverage and were included in
analysis; parcel 3 was excluded (eFigure 2).
In R 4.2.0, we first linearized the upper triangle of the correlation matrix

and averaged across resting-state and Inscapes runs (eFigure 3). To test
similarity, we assessed within- versus between-person correlation for NOI
and whole-brain analyses. Nesting within individual and scan, we then
assessed whether BD (vs. HC) within-person scan pairs showed different
levels of NOI and whole-brain stability (i.e., Pearson correlation across
scans). All scan-pair-level models were adjusted for motion (mean FD),
interscan interval, and time-of-day differences. Due to the complex nesting
structure, frequentist models did not converge; thus, we used Bayesian
models with default priors (R package rstanarm) to run models, with group
(BD vs. HC) as an independent variable and scan-pair stability as the
dependent variable. We report 95% and, where relevant (to assess for
marginal associations), 90% prediction intervals (PI). We also assessed
person-level relationship between group and average scan-pair stability,
using Mann-Whitney U tests due to a limited number of observations. To
determine the degree to which scan-pair stability distinguished BD vs. HC,
we calculated the Area Under the Receiver Operating Characteristic Curve
(AUC) for NOI analysis.
We also used Bayesian models (as above) to assess the relationship

between scan-pair NOI instability and mood symptoms, testing the
association between (1) YMRS and MADRS, averaged across scan pair
(independent variables) and (2) scan-pair stability (dependent variable).
Second, we assessed whether group results (BD vs. HC) persisted after
removing scans in relevant mood states (determined by the PSR the week
of scan) and when only including mood-congruent scan pairs (i.e. both
scans in the same mood state). In addition, Bayesian models were used to
assess the effect of BD subtype, testing within the BD sample whether BD
subtype (BD-I vs. -II; independent variable) was associated with scan-pair
NOI stability (dependent variable).
Further analyses were performed, on the scan-pair and subject level as

appropriate, to assess the effect of bipolar subtype, as well as potential
confounds including comorbidity, medications, and sleep/arousal. Addi-
tionally, we assessed whether findings were specific to the pre-specified
NOI as constructed via the Shen atlas, or if they were also found in (1)
another subcortical atlas (Tian; [35]) and/or (2) Shen canonical networks.
Finally, we assessed whether NOI instability was found within-scan, testing
(1) split-half and (2) cross-condition (i.e., Rest vs. Inscapes) stability. As
above, Bayesian mixed models (nested within subject) were used to assess
whether diagnostic group (BD vs. HC; independent variable) was
associated with within-scan stability (dependent variable), adjusting for
motion, interscan interval, and time-of-day differences.

RESULTS
Sample
Twelve young people with BD were recruited, along with six HC.
One participant with BD withdrew after a single scan and is not
included in analysis; an additional BD scan was excluded due to
poor coverage. The remaining eleven participants had a total of 50
high-quality scans: 20 euthymic; 21 depressed (7 threshold); 6
hypomanic (5 threshold); and 3 mixed (all subthreshold) (see
Methods for definitions; eFigure 4). Two BD participants only
completed three scans due to loss to follow-up. Of the six HC, one
participant was excluded due to excessive motion; the remaining
5 participants had a total of 20 high-quality scans. In total, these
high-quality scans generated 1831 between-person scan-pairs and
124 within-person scan-pairs (94 BD, 30 HC). BD vs. HC did not
differ according to motion, as measured by mean FD (p= 0.6).
Participants were a median of 19.3 years old (range 16.3 to 23.3

years old), 75% female, and majority white (68.8%) (Table 1), with
no significant differences in demographic characteristics across
groups. Comorbidity in the BD youth was common; 8/11 (72.7%)
had an anxiety disorder and 3/11 (27.3%) had ADHD. Most BD
participants were on an atypical antipsychotic (10/11; 90.9%),
lamotrigine (6/11; 54.5%), and/or an antidepressant (7/11; 63.6%)
during at least one scan visit.

Within- vs. between-person scan-pair similarity (Fig. 1)
Across the entire sample, average NOI across-scan similarity was
higher within-person (r= 0.70) than between-person (r= 0.54)

(t= 8.05, p < 0.0001). Replicating previous work [10], average
whole-brain across-scan connectome similarity was higher within-
person (r= 0.71) than between-person (r= 0.51) (t= 19.9,
p < 0.0001).

Within-person scan-pair stability in BD vs. HC
Within the mood-related circuitry NOI, BD youth (vs. HC) showed
lower scan-pair stability (mean −0.109; 95% PI −0.181, −0.038)
(Figs. 1a, 2). This strength of this relationship was not
significantly impacted by sex or age (eResults: Demographic
Characteristics). On average, BD youth (vs. HC) showed lower
scan-pair stability (Mann-Whitney U p= 0.003) and NOI scan-pair
stability distinguished youth with BD vs. HC with excellent
accuracy (AUC= 0.95). The optimal threshold for distinguishing
BD vs. HC (based on Youden’s index) was 0.75 (specificity = 0.8,
sensitivity= 1). There were no substantial between-group (BD vs. HC)
differences in whole-brain scan-pair stability (mean −0.031; 95%
PI −0.08, 0.014; Mann-Whitney U p= 0.18) (Fig. 1b).

Mood symptoms/state and within-person scan-pair stability
Within BD youth, more manic symptoms (i.e., average of YMRS across
scan pair) was associated with lower NOI scan-pair stability (mean
−0.012; 95% PI −0.023, −0.0002) (Fig. 3). There was no appreciable

Table 1. Demographic and Clinical Characteristics of the Sample.

BD
(n= 11)

HC (n= 5) Total
(n= 16)

Age: Median [Min, Max] 19.2 [17.1,
23.3]

19.4 [16.3,
21.2]

19.3 [16.3,
23.3]

Sex: n (%) Female 8 (72.7%) 4 (80.0%) 12 (75.0%)

Gender Identity n (%)
Women

6 (54.5%) 4 (80.0%) 10 (62.5%)

Race

Asian 2 (18.2%) 1 (20.0%) 3 (18.8%)

White 7 (63.6%) 4 (80.0%) 11 (68.8%)

Biracial 2 (18.2%) 0 (0%) 2 (12.5%)

Ethnicity

Hispanic 1 (9.1%) 0 (0%) 1 (6.3%)

Non-Hispanic 10 (90.9%) 5 (100%) 15 (93.8%)

Bipolar Disorder Subtype

Bipolar I 6 (54.5%)

Bipolar II 5 (45.5%)

Medications

Lithium 4 (36.4%)

Lamotrigine 5 (45.5%)

Atypical Antipsychotic 10 (90.9%)

Antidepressant 7 (63.6%)

Benzodiazepine 4 (36.4%)

Stimulant 3 (27.3%)

Comorbid Disorders

ADHD 3 (27.3%)

GAD 6 (54.5%)

Panic Disorder 1 (9.1%)

Social Anxiety Disorder 4 (36.4%)

PTSD 2 (18.2%)

OCD 2 (18.2%)

BD bipolar disorder; HC healthy control; ADHD attention-deficit hyper-
activity disorder; GAD generalized anxiety disorder; PTSD post-traumatic
stress disorder; OCD obsessive-compulsive disorder.
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relationship between depressive symptoms across scans (measured
via MADRS) and NOI stability (mean 0.002; 90% PI −0.001, 0.006).
Whole-brain scan-pair stability was not associated with depressive or
manic symptoms within BD youth (YMRS: mean −0.002; 90% PI
−0.009, 0.004; MADRS: mean 0.000; 90% PI −0.002, 0.002).

After removing scans classified as hypomanic or mixed (35/94
BD scan pairs removed), BD (vs. HC) still showed less NOI scan-pair
stability, though the effect size was slightly attenuated (mean
−0.089; 95% PI −0.170, −0.006). On the subject level, after
excluding hypomanic or mixed scans, BD youth (vs. HC) also

Fig. 1 Relationship between manic symptoms and NOI stability. Each dot represents a within-subject scan pair, plotted by mean YMRS
score and NOI stability, with color indicating the corresponding subject. As indicated by the trend line, there is a negative relationship
between YMRS and NOI stability. NOI (a) and whole brain (b) similarity across between- and within-subject scans. Each square represents a
scan-pair. Dotted lines demarcate individual subjects. Larger boxes distinguish BD (lower-left) vs. HC (upper-right) participants. Both NOI (a)
and whole-brain (b) plots show higher within-subject vs. between-subject similarity. Within-subject NOI similarity (a, within dotted boxes) is
lower in BD (lowerleft) vs. HC (upper-right).
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showed significantly less within-person stability (Mann-Whitney U
p= 0.02); and still distinguished BD vs. HC youth with very good
accuracy (AUC= 0.87). These findings also persisted after remov-
ing scan pairs with discordant mood states (60/94 BD scan pairs)
(mean −0.1; 95% PI −0.183, −0.017), indicating that NOI instability
was not attributable to across-scan mood changes.

Effect of bipolar subtype
To assess the effect of BD subtype, we first assessed whether BD-I
differed from BD-II. We found that BD-II showed marginally less
NOI scan-pair stability than BD-I (mean −0.071; 95% PI −0.149,
0.006; 90% PI −0.136, −0.007). Compared to HC, both BD-I and
BD-II groups showed less scan-pair stability, though the effect was
larger in BD-II (BD-I vs. HC: mean −0.078; 95% PI −0.148, −0.006;
BD-II vs. HC: mean −0.148; 95% PI −0.222, −0.075) (eFigure 5).

Sensitivity analyses: potential confounds
Comorbid disorders. At the subject level, we assessed whether
group differences in NOI stability persisted after sequentially
removing youth with each comorbidity listed in Table 1. All

models remained significant (Mann-Whitney U p-values 0.003 to
0.02), indicating that group-level differences (BD vs. HC) were not
driven by a comorbid disorder. At the scan-pair level, we assessed
whether comorbid diagnoses had an independent effect on NOI
stability across the sample, including BD status in the model. All
90% PIs (for each comorbid disorder, as well as for combined
anxiety disorders) included the null, while the 95% PIs for BD in
each model excluded the null (eTable 1). While substance use
disorder in the past year was exclusionary, four participants had
subthreshold substance use (cannabis or alcohol) over at least one
follow-up period (5 scans). After removing scans following a
period of substance use, findings were still significant (mean
−0.096; 95% PI −0.168, −0.02).

Medications. To test the effect of medications, we assessed both
across-scan medication changes and individual medication classes
at time of scan (listed in Table 1). Within the BD sample, we did
not observe an association of NOI stability with across-scan
medication changes (mean −0.006; 90% PI −0.024, 0.012). After
removing BD scan-pairs with discordant medications (51/94 BD

Fig. 2 NOI Within-Subject Stability in BD vs. HC Youth. Dots indicate the similarity between each within-subject scan pair; the horizontal line
demarcates the median subject-level similarity across scan pairs. HC, shown in blue, have overall higher average NOI stability than BD youth.

Fig. 3 Relationship between scan-pair mean YMRS and NOI stability, grouped by subject.
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scan-pairs excluded), we still found that BD (vs. HC) showed lower
NOI stability (mean −0.096; 95% PI −0.177, −0.006), indicating
that results were not explained by across-scan medication
changes. To test the effect of medication classes on NOI stability,
we included exposure to medication class (in one or both scans)
as a covariate and, in separate models, assessed the effects of
each medication class. Across models, all 90% PIs for each
medication class included the null; and BD remained associated
with decreased NOI stability (95% PIs did not include the null)
(eTable 2). Of note, we did not assess as-needed medications or
medication adherence, so we cannot rule out that fluctuations in
these factors may have influenced network stability.

Sleep and arousal. To test effects of changes in sleep and arousal,
we assessed (1) observed sleepiness during scan (defined as >5 s
of eyes closed, assessed via eye-tracking), (2) state sleepiness at
the time of scan (average of “tiredness” and “sleepiness” items on
the ABCD questionnaire), and (3) sleep-related impairment over
the past week (PROMIS).
Sleepiness was observed during at least one scan of 15/94

(16.0%) of BD scan-pairs and 9/30 (30%) of HC scan-pairs. Including
sleepiness (yes/no) in the model, BD remained a significant
predictor of lower NOI stability (mean −0.115; 95% PI −0.181,
−0.047); sleepiness was also marginally associated with lower NOI
stability (mean −0.054; 90% PI −0.102, −0.008). In whole-brain
analysis, observed sleepiness was also associated with lower
stability (mean −0.042; 95% PI −0.078, −0.006). Regarding self-
report measures of sleep-related impairment and arousal at scan,
there was no relationship between these measures on NOI stability
(90% PIs included the null) and, even after adjustment for these
variables, the effect of BD remained (95% PIs excluding the null).

Methodological factors. We conducted additional sensitivity
analyses to ensure that observed findings were not due to (1)
variable number of scan pairs in the BD youth or (2) the exclusion
of Shen parcels with incomplete (<90%) coverage. Findings
persisted even when these factors were accounted for (eResults).

Supplemental analyses
Specificity of findings to the Shen atlas. To assess specificity of
findings to the selected NOI, we conducted stability analyses in
anatomically analogous nodes of the subcortical Tian parcellation
(Tian, scale 1; [35]). Utilizing the Tian parcellation, BD (vs. HC) still
showed lower NOI stability (mean −0.08; 95% PI −0.16, −0.005),
indicating that findings were not parcellation-specific (eResults).

Specificity of findings to the hypothesized NOI. To assess specificity
of findings to the selected NOI, we conducted stability analyses in
canonical Shen networks. BD vs. HC showed lower stability in the
Cerebellum (mean −0.12; 95% PI −0.235, −0.006) and, to a lesser
extent, in the Basal Ganglia (mean −0.093; 90% PI −0.166, −0.015)
networks (eTable 3). However, these findings did not distinguish BD
vs. HC youth as accurately as the hypothesized NOI (AUCs=0.76,
0.80; Mann-Whitney p-values > 0.05) (eResults). Thus, instability may
not be specific to the hypothesized NOI, but also found to a lesser
degree in a subset of other (subcortical) networks.

Stability within scan. To test whether NOI instability was also
present within-scan, we assessed split-half and cross-condition
(i.e., Rest vs. Inscapes) stability. We found that both were
significantly lower in BD vs. HC (split-half NOI stability: mean
−0.073; 95% PI −0.129, −0.018; cross-condition NOI stability:
mean −0.078; 95% PI −0.147, −0.01). Because previous work has
found within-scan stability to relate to arousal, we adjusted for
observed sleepiness; this did not impact findings (eResults). BD (vs.
HC) still showed lower scan-pair instability in the mood-related
NOI, even after adjusting for within-scan stability measures,
indicating that within-scan stability did not explain the primary

observed relationship (eResults). Whole-brain, within-scan stability
did not differ across groups.

DISCUSSION
In a sample of 70 scans, collected from 11 youth with BD and 5
HCs, we assessed NOI stability as a possible neural correlate of BD.
We found that, similar to previous work, both whole-brain and NOI
FC were relatively stable within-person (average correlation ~0.7).
FC within a mood-related NOI (and to some extent subcortical
networks, but not the whole brain) was less stable in BD youth vs.
HCs. FC NOI in particular distinguished the 11 BD youth (especially
youth with BD-II) from 5 HC. Manic symptoms, but not depressive
symptoms, were marginally correlated with less NOI stability,
although diagnostic group differences persisted even after
removing predominantly manic/hypomanic scans. Results did
not appear to be explained by potential confounds, including
time-of-day differences, time between scans, motion, comorbid-
ities, medications, sleep and arousal, or methodological factors;
however, scan-pairs with observed sleepiness during at least one
scan showed less stability over time. Interestingly, BD youth (vs.
HC) also showed lower within-scan (split-half and cross-condition)
stability in the NOI, indicating that instability may be observable
on a range of timescales; however, within-scan stability did not
explain the observed relationship between BD and NOI scan-pair
instability.
For network instability to be a potential person-level marker of

BD, an important prerequisite is that networks are longitudinally
stable in HC. While test-retest reliability of individual edges
obtained from resting-state data using standard acquisition times
(e.g., 5-min) remains fairly low [36], the growing field of precision
imaging has demonstrated that within-person stability is
enhanced with increased data acquisition times and advanced
denoising strategies [10]. Consistent with this work, we find that
whole-brain networks are stable across time in both BD and HC
(r ~ 0.7), and within vs. between-subject scan pairs show higher
correlations. Our findings add to this work by demonstrating that
even a smaller, subcortical network (mood-related NOI) shows
similar within-subject stability (r ~ 0.7), which is similarly higher
than between-subject correlation, thus presenting an opportunity
to assess NOI instability as a potential person-level neural marker
of BD. This stability is in contrast to reward task activation, which
shows lower test-retest reliability (i.e. ICCs<0.5), particularly in a
reward network (that overlaps substantially with the mood-related
network assessed here) [37]; thus, while a reward task reliably
activates the network examined here, this activation does not
demonstrate the necessary longitudinal stability in healthy
populations to directly assess within-person instability in BD.
The current approach also overlaps with the field of functional

connectome fingerprinting, which indicates a high within-subject
(vs. between-subject) similarity across resting-state scans, allowing
for the identification of a subject’s second scan based on their first,
even in large samples [38]. Functional connectome stability may
increase across development, and delays in this increase, both
brain-wide and within specific networks, have been associated
with psychopathology [13] and lower social skills [12]. In addition,
a recent study found that lower fingerprinting accuracy within the
cingulo-opercular network over a 4-month period also predicted
psychological distress in adolescents [39]. This work points to
longitudinal instability, particularly in networks of interest, as a
possible and novel marker of psychopathology. To our knowledge,
the current study is the first to test and demonstrate such
longitudinal instability in BD.
We hypothesized that a mood-related NOI would show long-

itudinal within-person instability in BD youth due to previously
observed mood-related correlations in cross-sectional studies.
Consistent with our hypotheses, we found an effect of mood state,
such that scan-pairs with a higher level of manic symptoms showed
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a greater extent of NOI instability. However, BD vs. HC still showed
less NOI stability even when scans with manic symptoms were
removed, indicating that this may also be a trait marker of BD. These
mood-state independent (i.e., trait) findings highlight the possibility
that NOI instability may not just be a consequence of mood change
but may also be related to the propensity for hypomania (even
during euthymic mood). This is consistent with the computational
theory that BD is related to an underlying oscillation of networks [40]
coupled with positive feedback loops [41] that give rise to mood
episodes. Interestingly, NOI instability was not related to depressive
symptoms, indicating that this marker may underlie manic
symptoms more specifically. Such specificity also provides some
indication that this marker may be particular to BD (as opposed to
found in unipolar depression as well); however, this hypothesis
should be tested in future studies.
Interestingly, we found that, while both BD-I and -II showed less

NOI stability than HC, the effect was strongest in BD-II. While this
may seem counterintuitive if we consider BD-I to be more severe
than BD-II, it is consistent with work that shows that, in tertiary
referral centers, BD-II patients are in some ways more severely
affected than BD-I patients; for example, they are more likely to
have rapid cycling, ≥10 prior mood episodes, and worse overall
functioning [42]. The finding is also in line with earlier work
indicating that BD-II patients are more likely to have mood lability
and neuroticism, compared to both BD-I and unipolar depressed
[43]. While extremely preliminary, the possibility that NOI
instability may be especially prominent in BD-II highlights
potential clinical utility, given that the differential diagnosis of
BD-II (vs. unipolar depression) can be quite challenging.
We conducted several sensitivity analyses to assess the effects

of potential confounds on network instability, including medica-
tions, comorbid disorders, and sleep/arousal. Of the tested
covariates, the only predictor of network instability (both NOI
and whole-brain) was observed sleepiness during scan. This
network instability is consistent with previous work that has found
within-scanner sleep to be associated with lower within-DMN
connectivity and altered thalamo-cortical connectivity [44]. In the
current study, observed sleepiness was not associated with
diagnostic group or mood symptoms, and adjustment for this
covariate did not impact results; in fact, the mean group effect was
slightly increased with adjustment. However, future studies of
network instability should take this potential confound into
account. Of note, self-report measures of arousal and sleepiness
do not show this relationship to network instability, so the careful
documentation of closed eyes appears to be critical.
Results should be interpreted in the context of the following

limitations. First, although our analyses included 70 high-quality 20-
min fMRI scans, we only included 11 BD youth and 5 HC. While
recent high-impact precision imaging studies have been published
with even fewer participants [45, 46], such an approach limits the
assessment of person-level confounds and potentially the general-
izability of results. We also had a small number of scans during
hypomanic or mixed states, limiting the assessment of the impact of
hypomanic symptoms. In addition, in the setting of an under-
powered pilot study, interpretation of negative findings is limited.
Thus, a future study with a larger number of participants will be
necessary to rigorously assess this marker in a racially, ethnically, and
clinically diverse sample. Second, as a first pass, we compared BD to
HC. A critical next step would be to assess whether it specifically
distinguishes BD from other disorders (e.g., unipolar depression).
Third, we selected participants with at least one episode of each
polarity in the past year and scanned them preferentially during
different mood states. While such an approach was critical to assess
the relationship between NOI stability and mood symptoms, this
finding may not hold in a sample of relatively asymptomatic
participants with BD. Fourth, most of our participants were female
and, given recent work demonstrating that FC may fluctuate with the
menstrual cycle [47], this is an important confound will be measured

in the future; however, given the lack of an observed relationship
between sex and NOI stability, it is unlikely that this factor would
explain observed group (BD vs. HC) differences. Fifth, while we did
not observe an effect of medication, we did not collect information
about as-needed medications or medication adherence; thus, it is
possible that these factors may have confounded observed results.
In conclusion, this study is (to our knowledge) the first to apply

precision imaging methods to BD, scanning youth with BD multiple
times (preferentially in mood episodes) over a 9-month period, along
with HC. Results indicate that instability in a mood-related network
may be a potential neural marker for BD, with a person-level
interpretation. While additional studies are necessary to assess the
specificity and generalizability of this measure, this novel approach
may shed light on the neural origins of mood instability in BD.

DATA AVAILABILITY
The dataset generated and analyzed in the current study is available from the
corresponding author upon reasonable request. Code for primary analyses are
available on GitHub (https://github.com/danella/BDLONG_Analysis).

REFERENCES
1. Goldstein TR, Merranko J, Hafeman D, Gill MK, Liao F, Sewall C, et al. A risk

calculator to predict suicide attempts among individuals with early-onset bipolar
disorder. Bipolar Disord. 2022;24:749–57.

2. Hower H, Lee EJ, Jones RN, Birmaher B, Strober M, Goldstein BI, et al. Predictors of
longitudinal psychosocial functioning in bipolar youth transitioning to adults. J
Affect Disord. 2019;246:578–85.

3. Goldstein BI, Strober M, Axelson D, Goldstein TR, Gill MK, Hower H, et al. Predictors of
first-onset substance use disorders during the prospective course of bipolar spec-
trum disorders in adolescents. J Am Acad Child Adolesc Psychiatry. 2013;52:1026–37.

4. Bolton S, Warner J, Harriss E, Geddes J, Saunders KEA. Bipolar disorder: Trimodal
age-at-onset distribution. Bipolar Disord. 2021;23:341–56.

5. Dagani J, Signorini G, Nielssen O, Bani M, Pastore A, Girolamo GD, et al. Meta-
analysis of the interval between the onset and management of bipolar disorder.
Can J Psychiatry. 2017;62:247–58.

6. Joslyn C, Hawes DJ, Hunt C, Mitchell PB. Is age of onset associated with severity,
prognosis, and clinical features in bipolar disorder? A meta-analytic review.
Bipolar Disord. 2016;18:389–403.

7. Schumer MC, Chase HW, Rozovsky R, Eickhoff SB, Phillips ML. Prefrontal, parietal,
and limbic condition-dependent differences in bipolar disorder: a large-scale meta-
analysis of functional neuroimaging studies. Mol Psychiatry. 2023;28:2826–38.

8. Greicius MD, Krasnow B, Reiss AL, Menon V. Functional connectivity in the resting
brain: a network analysis of the default mode hypothesis. Proc Natl Acad Sci USA.
2003;100:253–8.

9. Shen X, Finn ES, Scheinost D, Rosenberg MD, Chun MM, Papademetris X, et al.
Using connectome-based predictive modeling to predict individual behavior
from brain connectivity. Nat Protoc. 2017;12:506–18.

10. Gratton C, Laumann TO, Nielsen AN, Greene DJ, Gordon EM, Gilmore AW, et al.
Functional brain networks are dominated by stable group and individual factors,
not cognitive or daily variation. Neuron. 2018;98:439–452.e435.

11. Newbold DJ, Laumann TO, Hoyt CR, Hampton JM, Montez DF, Raut RV, et al.
Plasticity and spontaneous activity pulses in disused human brain circuits. Neu-
ron. 2020;107:580–589.e586.

12. Vanderwal T, Eilbott J, Kelly C, Frew SR, Woodward TS, Milham MP, et al. Stability
and similarity of the pediatric connectome as developmental measures. Neuro-
Image. 2021;226:117537.

13. Kaufmann T, Alnaes D, Doan NT, Brandt CL, Andreassen OA, Westlye LT. Delayed
stabilization and individualization in connectome development are related to
psychiatric disorders. Nat Neurosci. 2017;20:513–5.

14. Yip SW, Konova AB. Densely sampled neuroimaging for maximizing clinical
insight in psychiatric and addiction disorders. Neuropsychopharmacology.
2022;47:395–6.

15. Altinay M, Karne H, Anand A. Lithium monotherapy associated clinical
improvement effects on amygdala-ventromedial prefrontal cortex resting state
connectivity in bipolar disorder. J Affect Disord. 2018;225:4–12.

16. Guo Y-B, Gao W-J, Long Z-L, Cao W-F, Cui D, Guo Y-X, et al. Shared and specific
patterns of structural and functional thalamo-frontal disturbances in manic and
euthymic pediatric bipolar disorder. Brain Imaging Behav. 2021;15:2671–80.

17. Spielberg JM, Beall EB, Hulvershorn LA, Altinay M, Karne H, Anand A. Resting state
brain network disturbances related to hypomania and depression in medication-
free bipolar disorder. Neuropsychopharmacology. 2016;41:3016.

D.M. Hafeman et al.

7

Translational Psychiatry          (2025) 15:187 

https://github.com/danella/BDLONG_Analysis


18. Satterthwaite TD, Kable JW, Vandekar L, Katchmar N, Bassett DS, Baldassano CF,
et al. Common and dissociable dysfunction of the reward system in bipolar and
unipolar depression. Neuropsychopharmacology. 2015;40:2258–68.

19. Chase HW, Phillips ML. Elucidating neural network functional connectivity
abnormalities in bipolar disorder: toward a harmonized methodological
approach. Biol Psychiatry: Cognit Neurosci Neuroimaging. 2016;1:288–98.

20. Silverman MH, Jedd K, Luciana M. Neural networks involved in adolescent reward
processing: an activation likelihood estimation meta-analysis of functional neu-
roimaging studies. NeuroImage. 2015;122:427–39.

21. Kaufman J, Birmaher B, Brent D, Rao U, Flynn C, Moreci P, et al. Schedule for
affective disorders and schizophrenia for school-age children-present and life-
time version (K-SADS-PL): initial reliability and validity data. J Am Acad Child
Adolesc Psychiatry. 1997;36:980–8.

22. Young RC, Biggs JT, Ziegler VE, Meyer DA. A rating scale for mania: reliability,
validity and sensitivity. Br J Psychiatry. 1978;133:429–35.

23. Davidson J, Turnbull CD, Strickland R, Miller R, Graves K. The Montgomery-Åsberg
Depression Scale: reliability and validity. Acta Psychiatrica Scandinavica. 1986;73:544–8.

24. Keller MB, Lavori PW, Friedman B, Nielsen E, Endicott J, McDonald-Scott P, et al. The
Longitudinal Interval Follow-up Evaluation: a comprehensive method for assessing
outcome in prospective longitudinal studies. Arch Gen Psychiatry. 1987;44:540–8.

25. Vanderwal T, Kelly C, Eilbott J, Mayes LC, Castellanos FX. Inscapes: A movie
paradigm to improve compliance in functional magnetic resonance imaging.
Neuroimage. 2015;122:222–32.

26. Casey BJ, Cannonier T, Conley MI, Cohen AO, Barch DM, Heitzeg MM, et al. The
Adolescent Brain Cognitive Development (ABCD) study: Imaging acquisition
across 21 sites. Dev Cogn Neurosci. 2018;32:43–54.

27. Yu L, Buysse DJ, Germain A, Moul DE, Stover A, Dodds NE, et al. Development of
short forms from the PROMIS™ sleep disturbance and Sleep-Related Impairment
item banks. Behav Sleep Med. 2011;10:6–24.

28. Löwe B, Kroenke K, Herzog W, Gräfe K. Measuring depression outcome with a
brief self-report instrument: sensitivity to change of the Patient Health Ques-
tionnaire (PHQ-9). J Affect Disord. 2004;81:61–66.

29. Altman EG, Hedeker D, Peterson JL, Davis JM. The altman self-rating mania scale.
Biol Psychiatry. 1997;42:948–55.

30. Gratton C, Dworetsky A, Coalson RS, Adeyemo B, Laumann TO, Wig GS, et al. Removal
of high frequency contamination from motion estimates in single-band fMRI saves
data without biasing functional connectivity. NeuroImage. 2020;217:116866.

31. Shen X, Tokoglu F, Papademetris X, Constable RT. Groupwise whole-brain par-
cellation from resting-state fMRI data for network node identification. Neuro-
Image. 2013;82:403–15.

32. Rosenberg MD, Finn ES, Scheinost D, Papademetris X, Shen X, Constable RT, et al.
A neuromarker of sustained attention from whole-brain functional connectivity.
Nat Neurosci. 2016;19:165–71.

33. Teves JB, Gonzalez-Castillo J, Holness M, Spurney M, Bandettini PA, Handwerker
DA. The art and science of using quality control to understand and improve fMRI
data. Front Neurosci. 2023;17:1100544.

34. Yarkoni T, Poldrack RA, Nichols TE, Van Essen DC, Wager TD. Large-scale automated
synthesis of human functional neuroimaging data. Nature methods. 2011;8:665–70.

35. Tian Y, Margulies DS, Breakspear M, Zalesky A. Topographic organization of the
human subcortex unveiled with functional connectivity gradients. Nat Neurosci.
2020;23:1421–32.

36. Noble S, Scheinost D, Constable RT. A decade of test-retest reliability of functional
connectivity: A systematic review and meta-analysis. NeuroImage. 2019;203:116157.

37. Baranger DAA, Lindenmuth M, Nance M, Guyer AE, Keenan K, Hipwell AE, et al.
The longitudinal stability of fMRI activation during reward processing in ado-
lescents and young adults. NeuroImage. 2021;232:117872.

38. Finn ES, Shen X, Scheinost D, Rosenberg MD, Huang J, Chun MM, et al. Functional
connectome fingerprinting: identifying individuals using patterns of brain con-
nectivity. Nat Neurosci. 2015;18:1664.

39. Shan ZY, Mohamed AZ, Schwenn P, McLoughlin LT, Boyes A, Sacks DD, et al. A
longitudinal study of functional connectome uniqueness and its association with
psychological distress in adolescence. NeuroImage. 2022;258:119358.

40. Goldbeter A. A model for the dynamics of bipolar disorders. Prog Biophys Mol
Biol. 2011;105:119–27.

41. Mason L, Eldar E, Rutledge RB. Mood instability and reward dysregulation—a
neurocomputational model of bipolar disorder. JAMA Psychiatry. 2017;74:1275–6.

42. Dell’Osso B, Holtzman JN, Goffin KC, Portillo N, Hooshmand F, Miller S, et al.
American tertiary clinic-referred bipolar II disorder compared to bipolar I disorder:
More severe in multiple ways, but less severe in a few other ways. J Affect Disord.
2015;188:257–62.

43. Akiskal HS, Kilzieh N, Maser JD, Clayton PJ, Schettler PJ, Traci Shea M, et al. The
distinct temperament profiles of bipolar I, bipolar II and unipolar patients. J Affect
Disord. 2006;92:19–33.

44. Soehner AM, Chase HW, Bertocci MA, Greenberg T, Stiffler R, Lockovich JC, et al.
Unstable wakefulness during resting-state fMRI and its associations with network
connectivity and affective psychopathology in young adults. J Affect Disord.
2019;258:125–32.

45. Laumann Timothy O, Gordon Evan M, Adeyemo B, Snyder Abraham Z, Joo Sung
J, Chen M-Y, et al. Functional system and areal organization of a highly sampled
individual human brain. Neuron. 2015;87:657–70.

46. Gordon EM, Laumann TO, Gilmore AW, Newbold DJ, Greene DJ, Berg JJ, et al. Pre-
cision functional mapping of individual human brains. Neuron. 2017;95:791–807.e797.

47. Pritschet L, Santander T, Taylor CM, Layher E, Yu S, Miller MB, et al. Functional
reorganization of brain networks across the human menstrual cycle. NeuroImage.
2020;220:117091.

ACKNOWLEDGEMENTS
The authors would like to acknowledge the study participants. This work was
supported by the Brain and Behavior Research Foundation (2019 NARSAD Young
Investigator Award; PI: Hafeman), the Galena-Yorktown Foundation, and
K23MH110421 (PI: Hafeman). This research was supported in part by the University
of Pittsburgh Center for Research Computing, RRID:SCR_022735, through the
resources provided. Specifically, this work used the HTC cluster, which is supported
by NIH award number S10OD028483.

AUTHOR CONTRIBUTIONS
Dr. Hafeman made substantial contributions to the conception and design of this
work; the acquisition, analysis, and interpretation of the data; and drafting and
revising the manuscript critically for intellectual content. Ms. Feldman and Ms. Mak
made substantial contributions to the acquisition of the data; and revising the work
critically. Mr. Merranko and Dr. Gratton made significant contributions to the analysis
and interpretation of the data; and revising the work critically. Drs. Goldstein, Phillips,
and Birmaher made substantial contributions to the interpretation of the data; and
revising the work critically for intellectual content. All authors approve the final
version to be published and agree to be accountable for all aspects of the work,
ensuring that questions regarding accuracy or integrity have been addressed.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41398-025-03404-5.

Correspondence and requests for materials should be addressed to
Danella M. Hafeman.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,

which permits any non-commercial use, sharing, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if youmodified
the licensed material. You do not have permission under this licence to share adapted
material derived from this article or parts of it. The images or other third partymaterial in
this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s
Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

D.M. Hafeman et al.

8

Translational Psychiatry          (2025) 15:187 

https://doi.org/10.1038/s41398-025-03404-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Longitudinal stability of mood-related resting-state networks in youth with symptomatic bipolar-I/II disorder
	Introduction
	Methods
	Participants
	Ethics approval and consent to participate
	Procedures (BD)
	Procedures (HC)
	Scanning parameters
	Data analysis

	Results
	Sample
	Within- vs. between-person scan-pair similarity (Fig. 1)
	Within-person scan-pair stability in BD vs. HC
	Mood symptoms/state and within-person scan-pair stability
	Effect of bipolar subtype
	Sensitivity analyses: potential confounds
	Comorbid disorders
	Medications
	Sleep and arousal
	Methodological factors

	Supplemental analyses
	Specificity of findings to the Shen atlas
	Specificity of findings to the hypothesized NOI
	Stability within scan


	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




