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Abstract

Objectives—Bipolar disorder (BD) is a severe mental illness with high healthcare costs and poor
outcomes. Increasing numbers of youths are diagnosed with BD, and many adults with BD report
their symptoms started in childhood, suggesting BD can be a developmental disorder. Studies
advancing our understanding of BD have shown alterations in facial emotion recognition in both
children and adults with BD compared to healthy comparison (HC) participants, but none have
evaluated the development of these deficits. To address this, we examined the effect of age on
facial emotion recognition in a sample that included children and adults with confirmed
childhood-onset type-I BD, with the adults having been diagnosed and followed since childhood
by the Course and Outcome in Bipolar Youth study.

Methods—Using the Diagnostic Analysis of Non-Verbal Accuracy, we compared facial emotion
recognition errors among participants with BD (n = 66; ages 7—-26 years) and HC participants (n =
87; ages 7-25 years). Complementary analyses investigated errors for child and adult faces.

Results—A significant diagnosis-by-age interaction indicated that younger BD participants
performed worse than expected relative to HC participants their own age. The deficits occurred for
both child and adult faces and were particularly strong for angry child faces, which were most
often mistaken as sad. Our results were not influenced by medications, comorbidities/substance
use, or mood state/global functioning.

Conclusions—Younger individuals with BD are worse than their peers at this important social
skill. This deficit may be an important developmentally salient treatment target, i.e., for cognitive
remediation to improve BD youths’ emotion recognition abilities.
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Bipolar disorder (BD) is a severe mental illness that often has debilitating emotional,
psychosocial, and occupational consequences for patients and their families (1-6), including
a high risk for suicide and psychiatric hospitalization (4-10). In adults, BD is among the
more common psychiatric disorders, with an estimated prevalence of 1-4% (11, 12), and
was twice as expensive as major depressive disorder during the 1990s and 2000s in terms of
health care costs and missed workdays (5, 6). BD diagnoses are also on the rise among
children and adolescents, with increasing rates of youths discharged from inpatient
hospitalization and outpatient visits since the mid-1990s in the United States and abroad
(13-15). Studies suggest that the psychological and economic costs of BD in youths are
comparable to those of BD in adults (1-4, 7-9). Childhood-onset BD often continues into
adulthood, leading to additional poor outcomes and reduced quality of life (1-3, 16, 17).
Moreover, up to 40% of adults report their BD started as children or adolescents, rather than
as adults (18, 19).

In concert, these data support two positions. First, BD is often a developmental disorder,
which can start in childhood/adolescence and continue into adulthood (1-3, 16, 17). Second,
we need greater understanding of the developmental underpinnings of cognitive and
emotional dysfunction occurring in BD throughout the transition from childhood to
adulthood (20). Such knowledge is vital to increasing diagnostic specificity, whereby
biological markers and assays can augment clinical history. This knowledge is also a key to
identifying new biologically informed treatment targets for BD, including both
pharmacological agents (21-23) and cognitive remediation (24, 25).

Towards this end, studying facial emotion recognition in youths and adults with BD may
begin to advance our knowledge of the developmental neurobiology of BD. According to
several models of BD, alterations in emotional face processing may represent a key
pathophysiological change related to the emotional disturbances present in the illness (26—
28). For example, a consensus model based on neuroimaging findings suggests that BD
influences a network of brain regions that modulate responses to external emotional signals
such as affective faces (26). Emotional facial expressions serve as critical social signals,
with humans hard-wired to have a neural response to faces from birth (29-31). Across
numerous studies, adults with BD show deficits in facial emotion recognition compared to
healthy comparison (HC) adults (32-43). Moreover, these deficits correlate with mood
symptom severity, impairments in social functioning, and reduced quality of life (35-40),
suggesting that altered emotional face processing may be related to the functional
impairments involved in BD. Functional magnetic resonance (fMRI) studies of adults with
BD during facial emotion processing tasks have shown alterations in several brain regions,
including the amygdala, prefrontal cortex, and striatum (26, 44). Youths with BD show
similar behavioral deficits in facial emotion recognition (45-54) and alterations in
prefrontal, limbic, and striatal functioning (26, 44, 55-59). Youths may be particularly
vulnerable to the negative effects of BD on the brain networks underlying the conscious
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regulation of affective experience, including a response to emotional facial expressions,
because the brain regions involved in the ability to apply cognitive control over automatic
behavioral responses have not yet fully matured (28, 60, 61).

Advancing our knowledge of developmental alterations in facial emotion recognition in BD
requires more studies incorporating both youths and adults with BD (20, 41). To our
knowledge, no behavioral studies of facial emotion recognition have yet done so, but several
pioneering fMRI studies have (62—64). In these, youths with BD had greater amygdala
hyperactivation than adults with BD in response to emotional faces (62, 63) but adults with
BD showed greater recruitment of the sub-genual cingulate cortex in response to increasing
facial anger intensity than youths with BD (64). Nonetheless, both youths and adults with
BD showed similar amygdala hyperactivation to fearful faces (62), similar frontal, striatal,
and limbic dysfunction during passive viewing and explicit rating of facial emotions (63),
and similar failures to recruit increasing amygdala and cuneus activity in response to
increasing angry and happy face intensity (64).

These studies highlight the need to examine the role of development in these facial emotion
recognition alterations in childhood-onset BD across a continuum of participant ages.
Unfortunately, past studies were limited by the traditional division of participants into child
and adult samples, both due to research regulation and also training of investigators, but this
approach does not account for important longitudinal imaging data showing the continuity
of brain development from childhood into adulthood (65-67). A longitudinal study could
potentially address this continuum of development by testing facial emotion recognition in
individuals with childhood-onset BD as they age from childhood into adulthood, but the
inherent costs—including time and money—could be substantial. Another approach that we,
along with others, have taken recently is a meta-analysis comparing studies of youths with
BD to studies of adults with BD (32, 44). Nevertheless, few original datasets have
prospectively established the childhood-onset of BD in their BD adults and could directly
address developmental effects in childhood-onset BD (44). A third way to examine facial
emotion recognition developmentally would be a cross-sectional study incorporating data
from children with type-1 BD and also from BD adults whose type-1 BD was prospectively
followed since childhood, thus confirming the childhood-onset of their illness. This cross-
sectional strategy could examine potential developmental alterations in facial emotion
processing in individuals with childhood-onset BD, while avoiding the recall bias inherent in
enrolling a new sample of adults with BD whose illness onset could only be ascertained
retrospectively (18, 19).

Therefore, we used this third approach to evaluate facial emotion recognition in childhood-
onset type-1 BD across a developmental range from late childhood to young adulthood. We
used the Diagnostic Analysis of Nonverbal Accuracy (DANVA) as our facial emotion
recognition measure because of its construct validity and reliability across a wide age range
(first graders to young adults) (68—70) and its prior use in both youths and adults with BD
(33, 45-49). In our present cross-sectional study, we used the DANVA to assess the facial
emotion recognition skills in youths with type-1 BD and also in adults with BD whose
childhood-onset type-1 BD was established and prospectively followed since childhood by
the ongoing Course and Outcome of Bipolar Youth (COBY) study (2). In ongoing work, the
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COBY study has demonstrated that these participants with BD unfortunately remain
symptomatic and impaired years after their childhood-onset BD symptoms (1, 2, 17), so this
group can serve as a good cross-sectional comparison for our newly diagnosed and
symptomatic sample of youths with type-1 BD. Moreover, to account for normal
development in facial emotion recognition occurring from childhood to adulthood, we also
enrolled age-matched HC youths and adults (61, 68, 69, 71).

The only prior studies that directly compared youths and adults with BD suggested that
youths with BD show more pronounced neural alterations during facial emotion recognition
than adults with BD (62—64). Our own recent developmental fMRI meta-analysis revealed
more consistent neural alterations during emotional face processing in youths with BD than
adults with BD (44). Based on this prior work, we hypothesized that, among participants
who all had childhood-onset type-I BD, younger participants would show a greater deficit in
facial emotion recognition than older participants.

Methods

Participants

Participants aged 7-30 years old were enrolled in studies approved by the Institutional
Review Boards of Bradley Hospital and Brown University. After informed parental consent
and child assent (youths) or informed consent (adults), participants were evaluated for
psychopathology using the Child Schedule for Affective Disorders and Schizophrenia,
Present and Lifetime version (K-SADS-PL) (72) administered to parents and youths
separately, or the Structured Clinical Interview for DSM-1V (SCID) (73) for adult
participants. All interviews were conducted by either a board-certified child/adolescent
psychiatrist or a licensed clinical psychologist with high inter-rater reliability on both
KSADS and SCID (x > 0.85). To balance between sample heterogeneity and sample
representativeness, participants with primary type-1 BD were not excluded for comorbid
conditions (e.g., oppositional defiant disorder, attention-deficit hyperactivity disorder) or
substance abuse/dependence.

For participants with BD, inclusion criteria were: age 7-17 years (youths) or age 18-30
years (adults), English fluency of the participant (including one parent for youths), and
meeting DSM-IV-TR criteria for type-1 BD with at least one episode of mania (= 7 days)
wherein the participant exhibited abnormally elevated/expansive and/or irritable mood and >
3 DSM-IV criterion ‘B’ mania symptoms (= 4 if predominantly irritable mood). Thus, both
groups had childhood-onset type-1 BD as defined by a similar set of symptoms. Age of onset
was operationally defined as the age of first manic episode. All adults with BD were
originally enrolled as youths in the Brown University site of the COBY study (2), and their
childhood-onset type-1 BD diagnoses were confirmed by the same research interviewers
who diagnosed the child participants with type-1 BD. No participants were biologically
related.

Exclusion criteria for participants with BD were: Wechsler Abbreviated Scale of
Intelligence full-scale intelligence quotient (WASI FSIQ) < 70 (74), autism or primary
psychosis, color-blindness, and medical/neurological conditions potentially mimicking BD.
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All participants with BD remained on their outpatient medications because this was not a
treatment study. However, those taking stimulant medications were asked, but not required,
to hold those medications for four drug half-lives before behavioral testing, as such
medication holidays are common in standard clinical care.

For HC participants, inclusion criteria were: age 7-17 years (youths) or age 18-30 years
(adults), no current or lifetime psychiatric illness or substance abuse/dependence in the
participant themself, and no first-degree relatives with a history of psychiatric illness or
substance abuse/dependence.

Exclusion criteria for HC participants were: WASI FSIQ < 70, color-blindness, learning
disorders, and serious non-psychiatric medical disorders (e.g., epilepsy).

DANVA Facial Emotion Recognition Task

Facial emotion recognition ability was assessed using the DANVA-2. The DANVA-2 has
separate subtests for child and adult emotional face expressions (69). Each subtest includes
24 standardized photographs of models (12 male, 12 female) displaying one of four facial
emotions (angry, sad, fearful, or happy) at two levels of intensity (high or low). Faces were
presented for two seconds, and participants chose which of the four emotions listed was
expressed in the photograph. Both DANVA subtests have been standardized and
demonstrate construct validity, internal reliability (Cronbach’s a = 0.64-0.77), and test-
retest reliability for first graders to young adults (68—70). Outcome variables for each subtest
include total errors, errors per intensity level, and errors per emotion type. All participants,
including the adults with BD who had been prospectively followed since childhood, were
completing the DANVA for the first time.

Mood/functional measures

To characterize the BD sample with respect to mood and functional status, mania symptoms
were assessed via the Young Mania Rating Scale (YMRS) (75). Depression symptoms were
assessed in youths with BD with the Children’s Depression Rating Scale-Revised (CDRS-R)
(76) and in adults with BD with the Hamilton Rating Scale for Depression (HAM-D) (77).
Since depression symptoms were measured with different scales in youths and adults with
BD, we created a sample-specific Depression z-score for each youth and adult participant
with BD based on their age group mean and standard deviation (SD) [i.e., (youth
participant’s CDRS-R score — mean youths’ CDRS-R score)/SD of youths” CDRS-R scores;
(adult participant’s HAM-D score — mean adults’ HAM-D score)/SD of adults’ HAM-D
scores]. Overall functional impairment was assessed via the Children’s Global Assessment
Scale (78) among youths with BD and the Global Assessment of Functioning (79) among
adults with BD, as both use the same 1-100 scale with similar, but developmentally
appropriate, prompts every 10 points (80).

Data analysis

We evaluated between-group differences in demographic variables using analysis of
variance (ANOVA) for continuous data (age, FSIQ) or chi-squared tests for categorical data
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(sex, race). Participant’s ages were measured using the date they completed the DANVA
and their date of birth.

For the DANVA data, we analyzed performance on child and adult face subtests separately,
as in prior work (45-49). For our primary analyses, we focused on total errors labeling
emotions for child and adult face stimuli with age as a continuous predictor variable.
Secondary multivariate analyses examined the effect of facial emotion intensity (i.e., high
versus low) and the effects of specific emotion types (i.e., angry, sad, fearful, or happy) on
facial emotion recognition, as in prior work (46-49).

In each case, to evaluate the effect of age continuously across both BD and HC samples, we
used multiple linear regression with all independent variables (i.e., diagnosis, age, diagnosis-
by-age interaction, FSIQ) standardized to reduce multi-collinearity (81, p. 287). To facilitate
interpretable and direct comparisons between regression analyses, we report standardized
beta-weights (81, p, 80). All statistical tests were two-tailed with a 0.05 significance
criterion.

For the regression analyses, we used a layered approach to avoid a potential issue with
multiple comparisons, with primary analyses of total errors on child or adult faces, followed
by secondary analyses testing for the effects of emotion type or intensity, and finally, with
post-hoc analyses to measure the effects of potentially confounding variables. To be
conservative, only analyses with a significant diagnosis-by-age interaction were
decomposed via separate univariate regressions for each diagnosis group, as recommended
by statistical experts (81, p. 187). Similarly, for the multivariate regression analyses,
univariate regressions were only conducted if a significant diagnosis-by-age interaction was
found (81, p. 617). Finally, while our primary interest was examining facial emotion
recognition across age as a dimensional variable, we also examined categorical comparisons
between BD and HC within separate child (< 18-years-old) versus adult (= 18-years-old) age
groups. Specifically, we ran a 2 x 2 age group (child versus adult) by diagnosis (BD versus
HC) ANCOVA with 1Q as a covariate.

Participant characteristics (Table 1)

No between-group differences between the BD and HC groups in age, race, or sex were
found, whether the entire diagnostic groups were considered, or whether youths and adults
were considered separately (Table 2). With respect to FSIQ, the diagnosis-by-age-group
interaction was not significant [F(1,149) = 0.04, p = 0.84], and youths and adults also did
not differ in FSIQ [F(1,149) = 0.16, p = 0.69]. However, participants with BD, as a whole,
had a significantly lower mean FSIQ (106.4 + 11.2) than HC participants (110.9 £ 7.5),
[F(1,149) = 8.52, p = 0.004]. Thus, to be conservative, all DANVA analyses co-varied for
FSIQ to control for main effect of diagnosis.

Of note, there was no significant difference in prospectively recorded age of illness onset
between youths and adults with BD, indicating that all of our participants with BD could be
aggregated as childhood-onset BD for our dimensional analyses. In addition, including age
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of onset had no effect on any analyses. Youths with BD had significantly more comorbid
conditions and higher YMRS scores, and were more likely to be currently taking
psychotropic medications than adults with BD (Table 2). We examined potential influences
of these and other factors in post-hoc regression analyses below which either covaried for
these effects within the BD group (e.g., YMRS scores) or excluded participants (e.g., by
medication).

Primary analyses: child face total errors

Our regression analysis of DANVA total child face errors using age as a continuous
predictor revealed that participants with BD made significantly more errors than HC and
younger participants made significantly more errors than older participants. However, a
significant diagnosis-by-age interaction indicated that this effect of participant age on child
face recognition errors was greater for participants with BD than for HC (Fig. 1) (Table 3).
Confirming these findings, follow up regressions for each diagnosis revealed a significant
effect of age in participants with BD and a much weaker, albeit statistically significant,
effect of age in HC participants (Table 3). FSIQ exhibited no significant effects in any
analysis.

Primary analyses: adult face total errors

Our regression analysis of DANVA total adult face errors using age as a continuous
predictor also revealed that participants with BD made significantly more errors than HC
participants, and younger participants made significantly more errors than older participants.
This analysis also showed a significant interaction, indicating that the effect of participant
age on adult face recognition errors was greater for participants with BD than for HC
participants (Fig. 2 and Table 3). Follow-up regressions revealed that the participants with
BD showed a significant effect of age on performance, but the effect of age in HC
participants was not significant (Table 3).

Secondary analyses: child face intensity and emotion effects

When evaluating child face errors by intensity level using multivariate regression, a
significant interaction indicated that the effect of age differed between participants with BD
and HC participants. In addition, participants with BD made significantly more errors than
HC participants, and younger participants made significantly more errors than older
participants (Table 4). In separate follow-up analyses for each intensity level, a significant
diagnosis-by-age interaction occurred for high, but not low, intensity child faces (Table 5).
Follow-up analyses for high intensity child faces split by diagnosis revealed that participants
with BD showed a significant effect of age, and that HC participants showed a weaker,
albeit significant, effect of age (Table 5).

When evaluating child face errors by emotion type using multivariate regression, a
significant interaction indicated that the effect of age differed between participants with BD
and HC participants. In addition, participants with BD made significantly more errors than
HC participants, and younger participants made significantly more errors than older
participants (Table 4).
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Follow-up analyses of child face emotion errors split by emotion type revealed that, for
angry child faces, there was a significant interaction between diagnosis and age and that
there were significant main effects of diagnosis and age (Table 6). For sad child faces,
individuals with BD showed worse performance overall than HC participants, young
participants showed worse performance overall than older participants, but the effect of age
did not differ across diagnoses. For fearful child faces, only a significant effect of age was
found, and no significant effects were found for happy child faces (Table 6). Confirmatory
analyses separated by diagnosis for angry child faces revealed that the effect of age was only
significant for participants with BD and was not significant for HC participants (Table 6).

As an exploratory analysis to determine whether angry child faces were mistaken for other
categories differently across groups, we conducted a repeated-measures multiple regression
analyses with the type of error that participants made in response to angry child faces as the
dependent variable (i.e., sad-instead-of-angry, fearful-instead-of-angry, happy-instead-of-
angry). This analysis showed that angry child faces were mislabeled differently across sad,
fearful, and happy categories, but also that participants with BD and HC participants, across
age groups, differed in the types of errors they made (Table 7). This effect was found even
while accounting for the main effects of diagnosis, age, and their interaction (Table 7).
Follow up t-tests between participants with BD and HC participants, pooled across ages, for
each error type showed that participants with BD mislabeled significantly more angry child
faces as sad [t(151) = 3.52, p = 0.001] than HC participants, but not as fearful [t(151) = 0.78,
p = 0.44] or happy [t(151) = 1.63, p = 0.11].

Secondary analysis: adult face intensity and emotion effects

When evaluating adult face errors by intensity level using multivariate regression, a
significant interaction indicated that the effect of age differed between participants with BD
and HC participants. In addition, participants with BD made significantly more errors than
HC participants, and younger participants made significantly more errors than older
participants (Table 4). As in the analyses of child face errors, in separate follow-up analyses
of adult face errors for each intensity level, this diagnosis-by-age interaction occurred for
high, but not low, intensity adult faces (Table 5). Follow-up analyses for high intensity adult
faces split by diagnosis confirmed that participants with BD showed a significant effect of
age whereas HC participants did not (Table 5).

When evaluating adult face errors by emotion type using multivariate regression, a
significant effect of age was found, but the effects of diagnosis and the diagnosis-by-age
interaction were not significant (Table 4).

Categorical analysis: comparisons between child and adult age groups

Evaluating age categorically, the ANCOVA for child face errors found significant main
effects for diagnosis [F(1,148) = 11.94, p < 0.001] and age group [F(1,148) = 13.59, p <
0.001], but the diagnosis-by-age-group interaction was non-significant [F(1,149) = 3.83,p =
0.05]. Similarly, the ANCOVA for adult face errors also found significant main effects for
diagnosis [F(1,148) = 9.05, p = 0.003] and age group [F(1,148) = 6.28, p = 0.013], but the
diagnosis-by-age-group interaction was non-significant [F(1,148) = 3.39, p = 0.07]. Follow
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up comparisons between the four groups (youths with BD, HC youths, adults with BD, and
HC adults) were not conducted due to the non-significant interactions.

Post-hoc analyses: global functioning and mood state

To examine the potential effects of mood state or global functioning on our results, we re-
ran the child and adult face analyses excluding non-euthymic participants with BD [defined
as YMRS > 12 (youths/adults); and/or CDRS-R > 40 (youths) or HAM-D > 7 (adults) (82)].
Excluding non-euthymic participants did not change our findings in either child or adult face
analyses (Supplementary Table S1). We ran additional analyses solely within the BD
sample, which included covariates for participants’ global functioning, YMRS, or
depression scores and still found significant effects of age (Supplementary Table S2).
Intriguingly, BD participants’ global functioning also showed a significant effect on child
face errors even after accounting for participants’ age and FSIQ (Supplementary Table S2).

Post-hoc analyses: effect of comorbid conditions and substance abuse

To determine the influence of comorbid conditions on our results, we conducted separate

regression analyses for child and adult faces within the BD group with variables coding for
the presence versus absence of attention-deficit hyperactivity disorder, generalized anxiety
disorder, or oppositional defiant disorder (Supplementary Table S3). Even after accounting
for BD participants’ comorbid conditions, the effect of age was significant for all analyses.

To determine the influence of substance abuse on our results, we re-ran our primary analyses
excluding participants with BD who had any diagnosis of abuse/dependence (Supplementary
Table S1). In addition, we re-ran our primary child and adult face analyses with the presence
or absence of substance abuse/dependence included as a covariate (Supplementary Table
S3). Our results were consistent even after accounting for BD participants’ substance abuse/
dependence.

Even though none of the participants met criteria for a psychotic disorder, two adults with
BD reported some specific psychosis symptoms. When we excluded these two participants,
the results of our primary child and adult face analyses did not change (Supplementary
Table S1).

Post-hoc analyses: effect of medications

To determine the influence of medication usage on our findings, we ran analyses excluding
participants taking each medication class (i.e., sequentially excluding all participants taking
lithium, atypical neuroleptics, stimulants, antidepressants, or antiepileptic drugs) and re-ran
our primary analyses. For both analyses (i.e., total errors on child faces and total errors on
adult faces), we found significant effects of diagnosis, age, and the diagnosis-by-age
interaction when we excluded participants taking each class of medication except atypical
neuroleptics (Supplementary Table S4). Specifically, when excluding participants taking
atypical neuroleptics, the diagnosis-by-age interaction was not significant for adult face total
errors (p = 0.18), but the same interaction was significant for child face total errors (p =
0.02) and the interaction effects were in the same direction. The lack of a significant
diagnosis-by-age interaction in this case may be a Type-II error due to lack of power
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because over one third of the participants with BD were taking an atypical neuroleptic. As
further support for the position that medication usage did not influence our results, we
conducted analyses covarying for the presence vs. absence of any medication and still found
significant effects of age within the BD group (Supplementary Table S2). As a whole, the
results of these post-hoc analyses suggest that the effects of diagnosis and age and the
diagnosis-by-age interaction are unlikely to be due to medication effects.

Regression diagnostics

We also tested the assumptions and validity of the regression model (e.g., independent
observations, no collinearity of predictors, etc.) for the primary child face error and adult
face error analyses (81), and both analyses passed these checks (Supplementary Table S5).
We also evaluated the effect of potential outliers on our model using outlier, residual, and
influence statistics (Supplementary Table S5) (81). We confirmed the results of our primary
analyses of child and adult faces even after excluding outliers or any potentially overly
influential cases (Supplementary Table S6). Thus, our results are very unlikely to have been
caused by the presence of outlying or overly influential data points.

Discussion

Our study compared facial emotion recognition in youths and adults with childhood-onset
type-I BD relative to age-matched participants without psychopathology by including the
continuous variable of age in the analysis. Our primary finding was a deficit in facial
emotion recognition in individuals with childhood-onset type-1 BD that was especially
pronounced in younger participants, even after accounting for the normative development of
facial emotion recognition ability that occurs between childhood and adulthood. This
interaction was not significant when participants were dichotomized by the age of 18-years-
old as is commonly done in research regulation, suggesting analyses treating age as a
continuous variable may be more sensitive than those treating it categorically and may
reduce the likelihood of Type-II errors. This facial emotion recognition deficit appeared to
be largest for angry child faces, as participants with BD were more likely than HC
participants to mistake such faces as sad. Our findings suggest that youths with childhood-
onset type-1 BD are impaired relative to their HC peers in facial emotion recognition ability,
possibly due to a delay in the normal development of this social skill. Facial emotion
recognition errors for child faces also showed a significant relationship with BD
participants’ global functioning, suggesting that these deficits could be relevant to their daily
lives. Future studies should follow up on these cross-sectional findings by conducting a
longitudinal study prospectively following individuals with childhood-onset BD into
adulthood to investigate whether indeed these individuals do show delays in the
development of facial emotional recognition and if so, what the consequences are of this
altered developmental trajectory.

Our behavioral results align with prior developmental comparisons made in individuals with
BD using fMRI. These studies found increased amygdala activation in response to facial
emotions specifically in youths with BD relative to adults with BD and HC youths (62) and
greater modulation of neural activity in response to increasing emotion intensity in adults
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with BD versus youths with BD (64). In addition, our own quantitative meta-analysis of
fMRI studies in BD found that amygdala hyperactivation versus HC was more consistently
found in youths with BD than in adults with BD (44). The current findings, along with the
prior work, suggest that facial emotion recognition deficits are more specific to younger
participants with BD and have an underlying neurobiological signature.

Our approach was inspired by pioneering longitudinal neuroimaging studies demonstrating
that brain development proceeds continuously from childhood to young adulthood (65-67).
Prior developmental studies investigating BD dichotomized their samples into youth and
adult groups using the 18 years of age cutoff commonly used in research regulation. These
studies also employed adult BD groups whose mean age was older than the mean adult age
in our study, and in the 75 studies of adult BD samples in our meta-analysis (44), the
participants with BD were an average of 37 years old. However, these older participants are
less similar to youths with BD due to their substantially longer history of BD and potentially
greater differences from youths with BD in medication use, substance abuse, and life stress.
Furthermore, all of the previous studies compared youths with childhood-onset BD to adults
with adult-onset BD, so these studies could have been comparing different phenotypes of
BD. In contrast, our study employed youths with childhood-onset BD and adults with type-I
BD whose childhood-onset was confirmed prospectively. Thus, the impaired facial emotion
recognition in younger BD participants was not an artifact caused by comparing different
presentations of the illness, suggesting that the impairment is a key feature of childhood-
onset type-I BD.

Moreover, our behavioral assessment contained both child and adult faces, unlike the prior
fMRI studies comparing youths and adults with BD, which only used adult faces. We used
both child and adult faces because behavioral data from paradigms such as the DANVA
indicate that youths with BD may show greater deficits in recognizing other children’s
emotions (48, 49). In this context, our current findings suggest that developmental studies of
facial emotion recognition in BD should examine age as a continuous, rather than a discrete,
variable to avoid potential Type-II errors, should include child faces in addition to adult
faces, and should compare youths with BD to adults who also have childhood-onset BD.

Previous studies of facial emotion recognition in BD have found specific effects for certain
emotions (33, 37, 40, 42, 43, 48-53), but the specific emotion that participants with BD have
deficits in identifying has varied and was not consistent in a meta-analysis of many such
studies (32). However, a recent study by Ruocco et al. (42), which included a large number
of participants with BD and their relatives, did find strong evidence of a specific recognition
deficit for angry faces. We also found evidence of a specific deficit in identifying angry
child faces (33, 42, 43, 48-50), which were most often misidentified by our participants with
BD as sad. Individuals with BD, across ages, were also less accurate than HC participants at
identifying sad child faces, and younger participants, across diagnoses, were less accurate
than older participants at identifying fearful child faces. The fact that we did not find
diagnosis-by-age interactions for the child face emotions other than anger (i.e., sad, happy,
fearful faces) may indicate that younger participants with BD are particularly impaired at
recognizing anger in other children, which could have serious psychosocial consequences.
This finding may also reflect a limitation of the DANVA, namely that a relatively small
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number of facial emotion exemplars are used for the child and adult face subtests. In
addition, the DANVA does not include some emotions (e.g., disgust, surprise), so we could
not test for specific alterations in recognizing these emotions (37, 40, 53). We also found
stronger effects for high-intensity faces than low-intensity faces, unlike some studies that
found the opposite (46, 49). In our case, the low intensity child and adult faces were more
difficult for our HC sample than the high intensity faces [t(86) = 13.44, p < 0.001; t(86) =
8.47, p < 0.001, respectively], which may have obscured the diagnosis-by-age interaction.
However, the relatively limited number of exemplars at each intensity on the DANVA might
cause reduced power to detect the specific diagnosis-by-age interaction that was of greatest
interest to us. Of note, the overall main effects of diagnosis (BD worse than HC) and age
(younger worse than older) were found for both high and low intensity child and adult faces.
In addition to only labeling a limited number of exemplars, participants did not rate their
subjective impressions of the intensity of each face’s emotional expression. Such
information would have allowed us to determine whether participants over- or
underestimated the intensity of the emotion on each face (50). Thus, further study is
warranted using facial emotion recognition paradigms with greater numbers of stimuli
across a variety of emotion types and intensities [including ecologically valid blends of basic
emotional facial expresses such as ‘happy surprised’ and ‘fearful surprised’ (83)], thus
increasing sensitivity for emotion- and intensity-specific deficits and enhancing these studies
generalizability to real-world situations.

Limitations of our study include differences in medication status and psychiatric
comorbidities found between our samples of youths and adults with BD. Specifically, the
youths with BD were more likely to be taking medication than the adults with BD, so the
increases in BD youths’ facial recognition errors could be medication-induced. However,
neither sequentially removing participants taking each class of medication nor covarying for
medication usage meaningfully influenced the statistical significance of our findings.
Furthermore, medication usage may normalize many symptom-level and neural-level
abnormalities in individuals with BD (84), so medication usage appears unlikely to have
caused these increased emotion recognition deficits found in youths with BD (51). Youths
with BD also had significantly more comorbid conditions than the adults with BD, but the
results remained significant when we accounted for the increased comorbidities in the
younger participants. Furthermore, previous studies investigating the effects of common
comorbidities in youths with BD (e.g., anxiety, attention-deficit hyperactivity disorder)
suggest a relatively BD-specific deficit in facial emotion recognition (46-49). Finally, the
adults with BD in our study were part of an ongoing longitudinal study of the course and
outcomes of childhood-onset BD (2, 17), so these participants may have been different from
community-dwelling individuals with type-1 BD who were not participating in a longitudinal
study. However, the ongoing COBY study has shown that adults with childhood-onset BD
continue to experience poor clinical outcomes and significant impairments in psychosocial
functioning (1, 2, 8, 17), suggesting that the adults in our sample were not a biased group
that was less symptomatic than adults with BD in general (4-6). Furthermore, the enrollment
of COBY participants with BD is also a major strength of the study, as this strategy avoids
retrospective recall bias about the onset of our participants” BD illness. A final limitation of
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our study is that we only tested for linear relationships between age and facial emation
recognition performance. Although using age as a continuous linear predictor of
performance is better than a categorical split between children and adults, the development
of brain regions involved in many behaviors, including facial emotion recognition, may also
have nonlinear components (60, 61, 71). However, our study was not designed to test for
nonlinear relationships between age and performance, as we were concerned both about
being underpowered and over-fitting such models with our current sample size. Future work
in larger, more adequately powered samples is required to explore this important question.
Overall, these cross-sectional results and their caveats underscore the need for longitudinal
studies tracking the same youths with childhood-onset type-I BD into adulthood in order to
better understand the altered developmental trajectory of facial emotion recognition and its
functional consequences.

Conclusions

Comparing youths and adults with childhood-onset, type-1 BD using age as a continuous
variable, we identified a developmentally salient facial emotion recognition deficit in
childhood-onset BD. Our analyses treated age continuously in accordance with known brain
development and found significant and robust results, suggesting this may be a productive
strategy in future developmental research in BD. Our data show that younger participants
with BD are significantly worse than their age-matched child/adolescent peers in the
important social skill of recognizing others’ facial emotions and also that this deficit may be
related to their global functioning. Further research is warranted to test facial emotion
recognition as a developmentally salient treatment target, such as for cognitive remediation
to improve BD youths’ recognition of others’ emotions (24, 25). Finally, imaging studies are
warranted to probe the neurodevelopmental mechanisms for these deficits (21-23), which
could ultimately lead to better, more personalized diagnostic and intervention strategies,
facilitating earlier recognition and improved outcomes for individuals with BD, their
families, and society.
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Fig. 1.
Total child facial emotion recognition errors for individuals with bipolar disorder or healthy

comparison participants. BD = bipolar disorder; HC = healthy comparison.
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Fig. 2.
Total adult facial emotion recognition errors for individuals with bipolar disorder or healthy

comparison participants. BD = bipolar disorder; HC = healthy comparison.
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