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Endothelial Function in Youth With Bipolar Disorder:
Preliminary Evidence for Mood Polarity Differences
Kody G. Kennedy, PhDa,b; Sudhir Karthikeyan, MSca; Alysha A. Sultan, PhDa,b;  
Brian W. McCrindle, MD, MPHc,d; Gregory E. Miller, PhDe; and Benjamin I. Goldstein, MD, PhDa,b,f,*

ABSTRACT
Background: Bipolar disorder (BD) confers risk for accelerated 
atherosclerosis and early cardiovascular disease (CVD). In adults, 
mood symptom burden is associated with CVD. Here we examine 
endothelial dysfunction, considered an early predictor of CVD, in 
relation to mood states and symptoms among youth with BD.

Methods: Participants were 209 youth, aged 13–20 years, including 
114 with BD and 95 healthy controls (HC) recruited between 2012 
and 2020. Diagnoses and mood symptoms were ascertained using 
validated, semi-structured interviews based on DSM-IV-TR criteria. 
Reactive hyperemia index (RHI), a measure of endothelial function, 
was assessed non-invasively via pulse amplitude tonometry (PAT). 
RHI was compared across 4 groups: BD-euthymic (n = 34), BD-
depressed (n = 36), BD-hypomanic/mixed (n = 44), and HC (n = 95) 
controlling for age, sex, and obesity. Analyses also examined for 
RHI-mood associations in the overall BD group.

Results: RHI was significantly different between groups 
(F3,202 = 4.47, P = .005, ηp

2 = 0.06). Specifically, RHI was lower in the 
BD-depressed group compared to HC (P = .04, d = 0.4). Additionally, 
the BD-hypomanic/mixed group had higher RHI compared to the 
BD-euthymic (P = .02, d = 0.55), BD-depressed (P < .001, d = 0.79), 
and HC (P = .04, d = 0.55) groups. Lastly, within the BD group, higher 
RHI was associated with higher mania scores (P = .006, β = 0.26), 
but not depression scores. All analyses remained significant in 
sensitivity analyses further controlling for cardiovascular risk 
factors and for current lithium, second-generation antipsychotic, 
and any medication use.

Conclusions: We found that symptomatic youth with BD have 
anomalous RHI, which varies according to mood polarity. Future 
studies in larger samples, with prospective repeated measures, 
should investigate whether endothelial dysfunction partially 
subserves the psychiatric symptoms and cardiovascular risk 
observed in BD.
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B ipolar disorder (BD) is a chronic mood disorder 
associated with excessive and premature cardiovascular 

mortality.1 Cardiovascular disease (CVD) is excessively 
prevalent in BD, occurs over a decade prematurely in 
people with BD, and exceeds what can be explained by 
traditional cardiovascular risk factors (eg, hypertension, 
obesity, smoking), psychiatric medications, and substance 
use.2,3 A recent scientific statement from the American Heart 
Association4 recognized BD in youth to be a moderate-risk 
condition for accelerated atherosclerosis and early CVD. 
However, it remains unclear as to what underlying factors 
may be driving the excess and prematurity of CVD in 
individuals with BD. Assessment of endothelial function in 
youth with BD can provide valuable insights into the nascent 
stages of CVD prior to decades of elevated cardiovascular 
risk.5

Endothelial dysfunction, an indicator of early 
atherosclerosis, is a leading noninvasive vascular measure 
in youth.6 Importantly, endothelial function predicts 
CVD mortality independent of traditional cardiovascular 
risk factors (CVRFs).7 Endothelial function is measured 
using several methods, most commonly brachial arterial 
ultrasound (yielding measures of flow-mediated dilation) 
and pulse amplitude tonometry (PAT; yielding measures of 
reactive hyperemia index [RHI])8; for each measure, lower 
values indicate poorer endothelial function. In distinction 
from brachial arterial ultrasound measures of endothelial 
function, PAT serves as an assay of microvascular function.

Systematic reviews and meta-analyses have reported 
that adults with clinical depression have poorer endothelial 
function versus healthy controls (HC)9 and that higher 
levels of depression symptoms are associated with poorer 
endothelial function.10 Furthermore, one prospective study11 
found that an increase in depressive symptoms was associated 
with decreased endothelial functioning a year later. Thus far, 
few studies have assessed endothelial function in individuals 
with BD. Two studies in adults with BD12,13 reported no 
significant differences in endothelial function compared to 
HC, and a third14 found no associations between endothelial 
function and mood symptoms. In contrast, one study15 
found that lower endothelial function was associated with 
higher manic/hypomanic symptoms in adults with BD.

While there are fewer studies in youth, the literature on 
this topic has evolved in recent years. In a large prospective 
study16 of healthy adolescent females (N = 135) at high risk 
of developing a mood disorder, greater depressive symptoms 
were associated with lower concurrent endothelial function 
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over time. Similar findings regarding depression symptoms 
and endothelial function have been observed in other studies 
in healthy youth17 and youth with clinical depression18; 
however, some discordant findings do exist.19 In the two 
prior studies on this topic in adolescents with BD,20,21 our 
group reported no significant differences in endothelial 
function between BD patients and HC. Further research 
in larger youth samples is warranted to examine whether 
endothelial function is relevant to particular mood states 
and/or subtypes of BD.

Youth with BD have elevated levels of proinflammatory 
markers like C-reactive protein (CRP) and traditional 
CVRFs including obesity, hyperglycemia, hypertension, 
and dyslipidemia.22,23 Additionally, CRP and CVRFs 
are associated with worse mood symptoms,14,20,24,25 
neurocognition,26,27 and brain structure28,29 in youth with 
BD. Given that poorer endothelial function is associated 
with greater CRP and CVRFs,6,9,30–32 it is important to assess 
whether endothelial function is independently associated 
with mood states/symptoms among youth with BD.

The present study aimed to evaluate endothelial function 
via PAT (ie, RHI) in a large sample of youth with BD 
compared to HC. We examined endothelial function across 
BD mood states versus HC, and, within the BD group, we 
examined the association between endothelial function 
and mood symptom scores. We hypothesized that youth 
with BD, specifically those with current depression and/or 
hypomania, would have lower RHI versus HC. We further 
hypothesized that lower RHI values would be associated with 
greater depression and mania/hypomania mood scores in 
youth with BD.

METHODS

Participants
Consent was obtained from all participants and their 

parent and/or guardian prior to participating. Ethical 
approval was granted by Sunnybrook Research Institute 
Research Ethics Board (REB 347–2011, 408–2011, 032–2012, 
409–2013, 405–2014, 435–2015). All data were collected 
at Sunnybrook Research Institute. However, all data were 

transferred with the Centre for Youth Bipolar Disorder’s 
relocation to the Centre for Addiction and Mental Health 
(CAMH). Thus, ethical approval was also granted by CAMH 
Research Ethics Board (REB 152/2020, 163/2020, 164/2020, 
165/2020, 168/2020, 170/2020),

A total of 209 youth participants (114 BD, 95 HC), aged 
13–20 years, English-speaking, and of any race/ethnicity, 
were included in this dataset. All participants (BD and HC) 
completed semistructured diagnostic interviews (described 
subsequently in the Methods) to ensure they met the criteria 
for BD and/or did not meet exclusion criteria for HC. BD 
participants who met diagnostic criteria for BD-I, BD-II, 
or BD not otherwise specified (NOS) were recruited from 
a tertiary subspecialty clinic (Center for Youth Bipolar 
Disorder) in Toronto, Ontario. HC participants were recruited 
through advertisements in the community, primarily using 
posters on the local public transit system, but also using 
local flyers and social media advertisements. Participant 
data for the current study were collated from 6 independent 
studies from our research group (conducted between 2012 
and 2020) that included measures of endothelial function by 
PAT. With the exception of one prior preliminary publication 
(n = 30 BD),21 there have been no prior publications of our 
PAT data.

Exclusion criteria for participants in this dataset varied 
across the respective studies they participated in. All studies 
had the following exclusion criteria: (i) inability to provide 
informed consent; (ii) chronic inflammatory illness; (iii) 
use of anti-inflammatory, antiplatelet, antihypertensive, 
or hypoglycemic medication; (iv) infectious illness in the 
past 14 days; and (v) neurologic or cognitive impairment. 
Two of the studies had the additional exclusion criterion 
of (vi) contraindications to magnetic resonance imaging 
(MRI; eg, cardiac pacemaker or other implanted device). To 
be included as HC, participants could not have any major 
psychiatric disorders (eg, BD, major depressive disorder 
[MDD], psychosis, or recent substance use disorders) or 
first- or second-degree family history of BD.

Psychiatric Measures
Present and lifetime history of psychiatric diagnoses 

were determined using the Schedule for Affective Disorders 
and Schizophrenia for School-Age Children–Present and 
Life Version (K-SADS-PL),33 a semistructured interview. 
Extended mood sections, the K-SADS Depression Rating 
Scale (DRS)34 and K-SADS Mania Rating Scale (MRS),35 
were used in place of the mood sections of the K-SADS-PL. 
DRS and MRS symptom scores during the worst week in the 
past month were used as measures of current mood state. 
Diagnoses were determined using Diagnostic and Statistical 
Manual of Mental Disorders, Fourth Edition, Text Revision 
(DSM-IV-TR), criteria.36 DSM-IV-TR criteria were used, as 
the DSM-5 version of the K-SADS-PL was available starting 
only in December 2016; this sample was recruited from 2012 
through 2020. BD-NOS was defined using operationalized 
criteria outlined in the Course and Outcome of Bipolar Youth 
(COBY) study.37 The Children’s Global Assessment Scale 

Clinical Points
 ■ Youth with bipolar disorder are at increased risk for 

cardiovascular disease, which in turn confers greater mood 
symptom burden. While cardiovascular disease is rare 
in youth, endothelial dysfunction, an early predictor of 
cardiovascular disease, begins in youth. Evaluating whether 
endothelial dysfunction is present in youth with bipolar 
disorder may yield new therapeutic opportunities.

 ■ Compared to controls, youth with bipolar disorder in 
a depressive episode had poorer endothelial function, 
whereas those in a hypomanic/mixed episode had better 
endothelial function.

 ■ Symptomatic youth with bipolar disorder have anomalous 
endothelial function independent of obesity, psychiatric 
medications, and traditional cardiovascular risk factors.
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(CGAS) was used as a global assessment of psychosocial 
functioning and current and lifetime psychiatric symptoms.38 
A licensed child and adolescent psychiatrist confirmed all 
diagnoses during consensus conferences prior to inclusion 
in the study.

In addition to diagnoses, information regarding 
treatment, physical and/or sexual abuse, and smoking 
was obtained during the K-SADS-PL interview.33 The 
Family History Screen method39 was used to assess family 
psychiatric history for all first- and second-degree relatives. 
The Hollingshead Four-Factor Index40 was used to ascertain 
socioeconomic status (SES). Both the participant and a 
parent/guardian were independently interviewed to obtain 
information for the aforementioned instruments.

Physical Measurements
Measurements of height and weight were collected for all 

participants using a Tanita digital scale (Tanita Corporation 
of America, Inc; Arlington Heights, Illinois) and a wall-
mounted stadiometer, respectively. Body mass index (BMI) 
was calculated as weight in kilograms divided by the square 
of height in meters. Participants were asked to locate their 
waist, and waist circumference was measured using a flexible 
tape measure. Blood pressure was assessed based on current 
clinical guidelines in children and adolescents41 using an 
automated sphygmomanometer between 9:00 am and noon 
after participants were rested and seated for a minimum of 
10 minutes. All anthropometric measurements were taken 

twice, and the average of the two readings was used for data 
analyses.

Blood samples were collected in a subset of participants 
(of the 6 independent studies, 4 included bloodwork and 
1 had optional bloodwork) for assessment of CVRFs and/
or CRP. Blood collection via antecubital venipuncture was 
performed between 9:00 am and 11:00 am. Participants were 
instructed to fast for at least 10 hours prior to the blood 
draw and to refrain from tobacco, alcohol, or any illicit drug 
use for 24 hours prior to their visit. Samples were sent to 
the hospital blood laboratory for analysis of fasting blood 
glucose, triglycerides, high-density lipoprotein (HDL-C), 
low-density lipoprotein (LDL-C), total cholesterol, and 
CRP. CRP was assayed using an immunoturbidimetric 
assay (CRPL3 Tina-quant C-Reactive Protein Gen. 3; Roche 
Diagnostics; Indianapolis, Indiana) on a Roche Cobas 702 
analyzer; the detection limit for CRP was 0.2 pg/mL.

Pulse Amplitude Tonometry
RHI, a measure of endothelial function, was assessed 

by pulse amplitude tonometry (PAT) using the EndoPAT 
2000 device (Itamar Medical; Caesarea, Israel). PAT was 
performed after a minimum of 30 minutes following blood 
pressure measurement and prior to blood collection. The 
procedure was conducted by trained research personnel in 
a quiet, dimly lit, temperature-controlled room. Participants 
rested in a supine position, and a deflated blood pressure cuff 
was positioned on their left arm (arm to be occluded). The 

Table 1. Sociodemographic and Physiologic Characteristics of BD and HC Participantsa

Variable
BD  

(n = 114)
HC  

(n = 95)
Test  

Statistic
Effect  
Size

P  
Value

Demographics
Age, y 17.6 ± 1.6 17.2 ± 1.8 t = –1.86 d = 0.24 .33
Socioeconomic status 4.19 ± 0.92 4.37 ± 0.79 U = 4,907.50 d = –0.21 .20
Socioeconomic status breakdown, n (%) χ2 = 6.40 V = 0.17 .17

Socioeconomic status: 1 2 (2) 2 (2)
Socioeconomic status: 2 4 (4) 0 (0)
Socioeconomic status: 3 15 (13) 6 (6)
Socioeconomic status: 4 42 (37) 40 (42)
Socioeconomic status: 5 51 (45) 47 (49)

Female, n (%) 76 (67) 50 (53) χ2 = 4.26 V = 0.14 .04
White, n (%) 89 (78) 52 (55) χ2 = 12.85 V = 0.25 < .001
Intact family, n (%) 68 (60) 62 (65) χ2 = 0.70 V = 0.06 .41
Tanner stage, n (%) χ2 = 9.11 V = 0.21 .03

Stage 1 0 (0) 0 (0)
Stage 2 0 (0) 1 (1)
Stage 3 9 (8) 9 (9)
Stage 4 40 (35) 50 (53)
Stage 5 64 (57) 35 (37)

Physiologic Characteristics
RHI 1.85 ± 0.61 1.86 ± 0.60 t = 0.16 d = 0.02 .87
Total cholesterol, mmol/L 4.29 ± 0.85 4.11 ± 0.88 U = 2,986 d = 0.21 .11
LDL-C, mmol/L 2.35 ± 0.71 2.24 ± 0.74 U = 2,997.50 d = 0.15 .19
HDL-C, mmol/L 1.50 ± 0.36 1.51 ± 0.40 U = 3,416 d = –0.03 .82
Triglycerides, mmol/L 0.98 ± 0.58 0.80 ± 0.39 U = 2,944 d = 0.36 .11
Non–HDL-C, mmol/L 2.79 ± 0.86 2.60 ± 0.80 U = 2,965 d = 0.23 .10
Body mass index, kg/m2 24.4 ± 4.6 22.0 ± 4.2 U = 3,486.50 d = 0.53 < .001
Resting systolic blood pressure, mm Hg 129.3 ± 93.0 122.0 ± 79.5 U = 5,079 d = 0.09 .44
Resting diastolic blood pressure, mm Hg 70.4 ± 8.3 68.6 ± 8.1 t = 1.55 d = 0.22 .77
C-reactive protein, mg/mL 1.94 ± 3.99 0.76 ± 0.86 t = –2.8 d = –0.40 .009
aValues are shown as mean ± SD or n (%) unless otherwise noted. Boldface denotes statistical significance.
Abbreviations: BD = bipolar disorder, HC = healthy controls, HDL-C = high-density lipoprotein cholesterol, 

LDL-C = low-density lipoprotein cholesterol, RHI = reactive hyperemia index.
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Table 2. Clinical Characteristics of the BD Mood Groupsa

Variable
BD-Euthymic  

(n = 34)
BD-Depressed  

(n = 36)
BD-Hypomanic/

Mixed (n = 44)
Test  

Statistic
Effect  
Size

P  
Value

Demographics
Age, y 17.8 ± 1.6 18.0 ± 1.6 17.2 ± 1.9 F = 2.02 ηp

2 = 0.04 .14
Socioeconomic status 4.18 ± 0.87 4.39 ± 0.77 4.05 ± 1.06 H = 2.21 ηp

2 = −0.02 .33
BD
Bipolar subtype χ2 = 9.37 V = 0.20 .052

BDI 12 (35) 17 (47) 9 (20)
BDII 8 (24) 12 (33) 19 (43)
BD-NOS 14 (41) 7 (19) 16 (36)

Age at onset of BD, y 14.4 ± 2.9 15.4 ± 2.1 14.6 ± 2.8 H = 1.90 ηp
2 = −0.02 .39

Clinical Characteristics
Lifetime psychosis 10 (29) 13 (36) 6 (14) χ2 = 5.68 V = 0.22 .06
Lifetime suicide attempts 3 (9) 7 (19) 14 (32) χ2 = 5.92 V = 0.23 .052
Self-injurious behavior 16 (47) 20 (56) 25 (57) χ2 = 0.58 V = 0.07 .75
Lifetime suicidal ideation 19 (56) 21 (58) 34 (77) χ2 = 4.43 V = 0.20 .11
Legal history (police contact/arrest) 13 (38) 11 (31) 13 (30) χ2 = 0.95 V = 0.09 .62
Lifetime physical abuse 1 (3) 4 (11) 2 (5) χ2 = 2.34 V = 0.15 .31
Lifetime sexual abuse 2 (6) 5 (14) 5 (11) χ2 = 1.36 V = 0.11 .51
Lifetime psychiatric hospitalization 15 (44) 16 (44) 21 (48) χ2 = 0.13 V = 0.03 .94
Current depression rating score 3.12 ± 3.57 23.50 ± 6.34 21.43 ± 10.71 H = 62.66 ηp

2 = 0.53 < .001b,c

Most severe past depression rating score 24.68 ± 11.57 33.19 ± 11.38 34.22 ± 7.19 H = 14.50 ηp
2 = 0.10 .001b,c

Current mania rating score 1.71 ± 3.21 2.33 ± 3.59 20.91 ± 6.62 H = 84.88 ηp
2 = 0.73 < .001c,d

Most severe lifetime mania rating score 28.76 ± 9.56 34.72 ± 10.46 29.45 ± 7.83 F = 4.52 ηp
2 = 0.08 .01b,d

Most severe past episode 45.38 ± 10.33 42.71 ± 7.94 43.36 ± 9.98 H = 1.33 ηp
2 = −0.02 .51

Past year highest level of functioning 74.09 ± 10.17 69.09 ± 9.10 63.23 ± 10.09 F = 11.27 ηp
2 = 0.17 < .001c,d

Current functioning 74.79 ± 9.71 60.31 ± 10.75 58.16 ± 9.43 F = 30.04 ηp
2 = 0.35 < .001b,c

Lifetime Comorbid Diagnosis
ADHD 13 (38) 15 (42) 20 (45) χ2 = 0.41 V = 0.06 .81
ODD 5 (15) 10 (28) 16 (36) χ2 = 4.55 V = 0.20 .10
CD 0 (0) 1 (3) 3 (7) χ2 = 2.72 V = 0.15 .26
GAD 18 (53) 24 (67) 33 (75) χ2 = 4.82 V = 0.21 .09
Any anxiety 22 (65) 30 (83) 40 (91) χ2 = 10.19 V = 0.30 .006c

SUD 7 (21) 13 (36) 12 (27) χ2 = 2.11 V = 0.14 .35
OCD 3 (9) 7 (19) 9 (20) χ2 = 2.25 V = 0.14 .32
Family History (First- or Second-Degree)
Mania/hypomania lifetime 18 (53) 16 (44) 26 (59) χ2 = 2.02 V = 0.13 .36
Depression lifetime 24 (71) 28 (78) 39 (89) χ2 = 5.15 V = 0.21 .08
Anxiety lifetime 17 (50) 26 (72) 31 (70) χ2 = 5.16 V = 0.21 .08
ADHD lifetime 11 (32) 14 (39) 17 (39) χ2 = 0.49 V = 0.07 .78
Lifetime Medications
Second-generation antipsychotics 27 (79) 27 (75) 25 (57) χ2 = 5.41 V = 0.22 .07
Lithium 10 (29) 11 (31) 7 (16) χ2 = 2.91 V = 0.16 .23
SSRI antidepressants 12 (35) 16 (44) 25 (57) χ2 = 3.66 V = 0.18 .16
Non-SSRI antidepressants 4 (12) 5 (14) 12 (27) χ2 = 3.79 V = 0.18 .15
Stimulants 9 (26) 10 (28) 8 (18) χ2 = 1.22 V = 0.10 .54
Lamotrigine 8 (24) 7 (19) 7 (16) χ2 = 0.72 V = 0.08 .70
Divalproex 2 (6) 4 (11) 2 (5) χ2 = 1.40 V = 0.11 .50
Any medications 29 (85) 33 (92) 35 (80) χ2 = 2.29 V = 0.14 .32
Current Medications
Second-generation antipsychotics 20 (59) 20 (56) 22 (50) χ2 = 0.63 V = 0.07 .73
Lithium 5 (15) 9 (25) 5 (11) χ2 = 2.79 V = 0.16 .29
SSRI antidepressants 4 (12) 1 (3) 8 (18) χ2 = 4.66 V = 0.20 .10
Non-SSRI antidepressants 2 (6) 1 (3) 3 (7) χ2 = 0.69 V = 0.08 .71
Stimulants 3 (9) 4 (11) 2 (5) χ2 = 1.23 V = 0.10 .54
Lamotrigine 7 (21) 7 (19) 6 (14) χ2 = 0.77 V = 0.08 .68
Divalproex 0 (0) 0 (0) 0 (0) NA NA NA
Any medications 26 (76) 28 (78) 30 (68) χ2 = 1.44 V = 0.11 .49
aValues are shown as mean ± SD or n (%) unless otherwise noted. Boldface denotes statistical significance.  
bSignificant difference between BD-euthymic and BD-depressed.
cSignificant difference between BD-euthymic and BD-hypomanic/mixed.
dSignificant difference between BD-depressed and BD-hypomanic/mixed.
Abbreviations: ADHD = attention-deficit/hyperactivity disorder, BD = bipolar disorder, CD = conduct disorder, GAD = generalized anxiety 

disorder, NA = not applicable, NOS = not otherwise specified, OCD = obsessive-compulsive disorder, ODD = oppositional defiant disorder, 
SSRI = selective serotonin reuptake inhibitor, SUD = substance use disorder.
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upper arm (ie, brachial artery) was the location of occlusion 
for the majority of participants; however, the occlusion site 
was switched to the forearm in 2018 for better tolerability 
(ie, less discomfort). A prior study in healthy adults42 
reported no significant difference in the RHI between 
forearm and upper-arm occlusion. Nevertheless, to account 
for any potential effects, we included occlusion location as a 
covariate in sensitivity analyses.

Noninvasive pneumatic finger probes connected to the 
EndoPAT device were placed on the index fingers of both 
hands and inflated. PAT signals were recorded continuously 
for a duration of 16 minutes, consisting of a baseline 
calibration period of 6 minutes, followed by 5 minutes of 
occlusion during which the blood pressure cuff was inflated 

to 220 mm Hg and a 5-minute post-occlusion period after 
deflation of the cuff. RHI values for each participant were 
calculated by the provided software using an automated 
computer algorithm. Briefly, a PAT ratio was calculated for 
the occluded arm using the mean pulse wave amplitudes pre- 
and post-occlusion. This ratio was then divided by the same 
ratio for the contralateral arm to compensate for potential 
systemic changes, yielding the RHI value. Lower RHI values 
reflect a greater risk for coronary atherosclerosis and poorer 
endothelial function. Data for all participants were manually 
screened for the absence of any operational errors by two 
independent research personnel masked to participant status 
prior to inclusion in any data analysis.

Statistical Analysis
Clinical study data were collected and managed using 

REDCap, (Research Electronic Data Capture), a secure web-
based software platform designed to support data capture for 
research studies.43 Data analyses were performed using IBM 
SPSS Statistics, version 27 (IBM Corp.; Armonk, New York).

Classification of participants with BD into BD-euthymic, 
BD-depressed, or BD-hypomanic/mixed episode groups 
was based on the K-SADS-PL depression and mania rating 
scales. BD-euthymic was defined as a score of < 13 on 
both the K-SADS-PL depression and K-SADS-PL mania 
scales. BD-depressed was defined as a score of ≥ 13 on 
the K-SADS-PL depression rating scale but < 13 on the 
K-SADS-PL mania rating scale. BD-hypomanic/mixed was 
defined as a score of ≥ 13 on the K-SADS-PL mania rating 
scale regardless of depression score.

Between-group differences were examined using χ2 tests 
for categorical variables and independent-samples t tests 
or F tests for continuous variables; Mann-Whitney U tests 
and Kruskal-Wallis H tests were used when assumptions 
of normality were violated. Effect sizes were reported as a 
Cohen d or ηp

2 for continuous variables and the Cramer 
V for categorical variables. Two approaches were used to 
investigate RHI and mood in youth with BD versus HC. 

Figure 1. Differences in RHI Between BD Episode Groups 
and HCa 

aRHI was significantly lower in the BD-depressed group compared to 
HC; the BD-hypomanic/mixed group had significantly higher RHI 
compared to the BD-euthymic, BD-depressed, and HC groups.

Abbreviations: BD = bipolar disorder, HC = healthy controls, 
RHI = reactive hyperemia index.
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Figure 2. Dimensional Associations Between RHI and Mood Scores for (A) Mania and (B) Depression in Youth With BDa

aHigher mania scores were significantly associated with higher RHI (β = 0.26, P = .006). Depression scores were not associated with RHI (β = 0.01, 
P = .90).

Abbreviations: BD = bipolar disorder, RHI = reactive hyperemia index.
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Table 3. Sensitivity Analyses for Covariates Relating to Methodology, 
Medications, and Physiologic Characteristicsa

Variable
Mood States Analysis

Mania Scores 
Analysis

F Value ηp
2 P Value β P Value

Method
Occlusion site 0.12 < 0.001 .73 −0.06 .5
Occlusion duration 0.07 < 0.001 .79 −0.02 .79
Medications
Second-generation antipsychotics 0.003 < 0.001 .96 0.02 .8
Lithium 0.35 0.002 .56 −0.1 .28
SSRI antidepressants 2.55 0.01 .11 0.19 .047
Stimulants 0.05 < 0.001 .82 −0.06 .48
Antimanics 0.008 < 0.001 .93 0.02 .86
Any medications 0.35 0.002 .56 −0.6 .51
Physiologic Characteristics
Total cholesterol (mmol/L) 0.02 < 0.001 .90 −0.06 .61
LDL-C (mmol/L) 0.05 < 0.001 .83 −0.04 .71
HDL-C (mmol/L) 0.32 0.002 .57 0.12 .26
Triglycerides (mmol/L) 1.10 0.007 .30 −0.1 .41
Resting systolic blood pressure (mm Hg) 0.60 0.003 .44 −0.07 .46
Resting diastolic blood pressure (mm Hg) 9.50 0.05 .002 −0.1 .31
C-reactive protein (mg/mL) 0.50 0.003 .48 −0.03 .77
Smoking 0.16 < 0.001 .69 −0.17 .07
aBoldface denotes statistical significance.
Abbreviations: HDL-C = high-density lipoprotein cholesterol, LDL-C = low-density lipoprotein 

cholesterol, SSRI = selective serotonin reuptake inhibitor.

First, to test for differences in RHI across youth with BD in 
different mood states and HC, general linear models (GLMs) 
were used, with RHI as the dependent variable and mood 
state (ie, euthymia, depression, hypomanic/mixed or HC) as 
a predictor with age, sex, and BMI as covariates. Second, the 
RHI-mood association was analyzed within the BD group 
by substituting mood state with mood scores (ie, depression 
or mania) as the predictor. Lastly, sensitivity analyses were 
conducted to evaluate the effect of various medications 
(including current second-generation antipsychotic [SGA], 
lithium, antidepressant, antimanic, and any medication 
use), CVRFs (lipids, blood pressure, smoking), CRP, and 
occlusion location.

RESULTS

Demographic and Clinical Characteristics
This study included 209 youth, 114 with BD (38 BD-I, 39 

BD-II, 37 BD-NOS) and 95 HC; a total of 167 youth (84 HC, 
82 BD) also had measures of serum lipids, and a total of 177 
youth (84 HC, 93 BD) had CRP measures. Sociodemographic 
and physiologic characteristics of participants with BD 
and HC are presented in Table 1. Compared to HC, the 
BD group had fewer White participants (78% vs 55%; 
P < .001, V = 0.25), higher Tanner stage development (Stage 
5: 65% vs 35%; P = .03, V = 0.21), higher BMI (24.4 ± 4.6 vs 
22.0 ± 4.2; P < .001, d = 0.53), and higher CRP (1.94 ± 3.99 vs 
0.76 ± 0.86; P = .009, d = –0.40). RHI and other demographic 
and physiologic characteristics did not differ significantly. 
Within the BD group, there were 34 BD-euthymic, 36 
BD-depressed, and 44 BD-hypomanic/mixed participants. 
Additionally, within the BD-depressed and BD-hypomanic/
mixed groups, 72 youth with BD were experiencing clinically 

significant depression. Clinical characteristics of the BD 
mood groups are presented in Table 2. There were significant 
differences in current depression scores (P < .001, ηp

2 = 0.53), 
most severe lifetime depression scores (P = .001, ηp

2 = 0.10), 
current mania scores (P < .001, ηp

2 = 0.73), most severe 
lifetime mania scores (P = .01, ηp

2 = 0.08), past-year highest 
level of functioning (P < .001, ηp

2 = 0.17), current functioning 
(P < .001, ηp

2 = 0.35), and any anxiety (P = .006, V = 0.30). All 
other clinical characteristics were not significantly different.

Between-Group Differences in RHI
Significant between-group differences in RHI were found 

when controlling for age, sex, and BMI (F3,202 = 4.47, P = .005, 
ηp

2 = 0.06; Figure 1). Post hoc pairwise comparisons revealed 
that RHI was significantly lower in the BD-depressed group 
(P = .04, d = 0.4) compared to the HC group. In addition, 
the BD-hypomanic/mixed group had significantly higher 
RHI compared to the BD-euthymic (P = .02, d = 0.55), 
BD-depressed (P < .001, d = 0.79), and HC group (P = .04, 
d = 0.55).

Dimensional Associations Between RHI and Mood
Given the significant between-group differences in RHI, 

the association of RHI with mania and depression mood 
scores was further examined within the overall BD group 
(n = 114). Higher RHI was associated with higher mania 
scores (β = 0.26, P = .006), whereas there was no significant 
association with depression mood scores (β = 0.01, P = .90) 
(Figure 2).

Sensitivity Analyses
We undertook sensitivity analyses to examine the effect 

of current medication use (lithium, SGA, antidepressants, 
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stimulant, antimanic, and any medication use) and CVRFs 
(LDL-C, HDL-C, triglycerides, CRP, and systolic and 
diastolic blood pressure) on RHI. Each medication or 
CVRF was separately included as an additional covariate in 
our analyses. Lastly, we also conducted sensitivity analyses 
incorporating the site of occlusion (ie, bicep vs forearm) 
and duration of occlusion as an additional covariate. All 
sensitivity analyses are summarized in Table 3. Higher 
diastolic blood pressure was associated with lower RHI 
(F3,201 = 9.50, P = .002, η2

p = 0.05) in the mood states analysis, 
and current selective serotonin reuptake inhibitor (SSRI) 
use was associated with greater RHI (β = 0.19, P = .047) 
in the within BD group mania analysis. Both the mood 
state differences in RHI and the RHI-mania association 
remained significant in all sensitivity analyses.

DISCUSSION

This study investigated the association between 
endothelial function and mood states/symptoms in youth 
with BD. In analyses investigating differences in RHI in BD 
mood states and HC, we found evidence of mood polarity–
specific differences: the BD-hypomanic/mixed group had 
significantly higher RHI compared to the BD-euthymic, 
BD-depressed, and HC groups, whereas the BD-depressed 
group had significantly lower RHI compared to the HC 
group. Furthermore, within the overall BD cohort, higher 
RHI was associated with higher mania scores. Importantly, 
these findings remained significant after controlling for 
various confounders such as obesity, blood pressure, lipids, 
and psychiatric medications (ie, current use of SGAs, 
lithium, antidepressants, antimanics, or any medications). 
These findings advance knowledge regarding the 
association between mood states and endothelial function 
among youth early in their course of BD and invite future 
studies probing underlying mechanisms.

Present findings build on prior evidence of endothelial 
dysfunction in individuals with mood disorders. Prior 
meta-analyses have found that adults with clinical 
depression have poorer endothelial function versus HC9 
and that higher symptoms of depression are associated 
with poorer endothelial function.10 Similarly, studies 
have found that youth with a current major depressive 
episode have poorer endothelial function versus HC18 and 
that symptoms of depression are associated with poorer 
endothelial function.17 In contrast, prior studies have 
generally not found endothelial dysfunction in adults with 
BD, either in comparison to HC or across mood states.13,14 
However, one study15 found that lower endothelial function 
was associated with higher levels of manic/hypomanic 
symptoms in adults with BD. Given the sparse literature 
in BD, it remains unclear whether the difference between 
current findings in youth and prior findings in adults is 
methodological or a true difference. However, mood 
polarity differences in vascular-related metrics have been 
observed before. For example, cerebral blood flow, which 
is influenced by endothelial function,44 has also been found 

to be higher during mania and lower during depression in 
adults.45

There may be several mechanisms underlying the 
observation that greater manic symptom severity is 
associated with higher endothelial function. From a 
psychological perspective, as summarized in a recent 
American Heart Association scientific statement,46 
positive psychological health has been associated with 
indices of positive cardiovascular health, whereby 
positive psychological health can improve cardiovascular 
health through behavioral factors (ie, greater exercise) or 
biologically by positively influencing the autonomic nervous 
system.46 Indeed, prior research has demonstrated that 
positive affect, such as joy47 and laughter,48,49 is associated 
with increased endothelial function in normative samples. 
Hypomanic symptoms in this outpatient sample, including 
elation, may have similar beneficial associations with 
endothelial function. Importantly, the current study does 
not address mania, but rather hypomanic symptoms. Given 
prior evidence that the prospective burden of manic episodes 
is associated with increased cardiovascular mortality50 and 
with cardiac autonomic dysregulation,51,52 we speculate 
that current findings may not extend to full-fledged mania. 
Nonetheless, future studies are warranted to evaluate 
endothelial function among youth with more severe manic 
symptoms and evaluate specific symptoms of hypomania/
mania individually, as there may be heterogeneity in their 
associations with RHI.

Further mechanisms underlying the observed polarity 
differences in mood and endothelial function may relate to 
physiological differences between mood states. As Kraepelin 
contemplated in his seminal text over a century ago, “If one 
prefers the assumption of chemical causes, one might think 
that the same poison, which engenders the alternation of 
psychic states, affects also the arterial walls.”53(p163) While 
CVRFs and inflammation are elevated in youth with BD22,23 
and are associated with mood symptoms14,20,24,25 and 
poorer endothelial function6,9,30–32 in BD, few blood-based 
biomarkers differ according to mood polarity. While we 
anticipated that CVRFs and CRP would be associated with 
differences in endothelial function, all findings persisted 
even after controlling for CVRFs and CRP. However, a 
recent study from our group25 found that triglycerides 
and the triglyceride-to–HDL-C ratio were higher in the 
BD-euthymic and BD-hypomanic/mixed groups versus the 
HC group. Although, given that elevated atherogenic lipid 
profiles are associated with increased CVD and poorer 
endothelial functioning,6,7 it is unlikely that it explains why 
better endothelial functioning was observed within the 
BD-hypomanic/mixed group. Future research investigating 
biological mechanisms underlying anomalous endothelial 
function in BD is warranted.

Several factors may explain why endothelial function was 
lower within the BD-depressed group but not associated 
with depression within the overall BD group. First, there 
may be a ceiling effect. In the BD group, 70% currently had 
clinically significant depression symptoms. As such, while 
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there is a range of depression severity within the BD group, 
there may be limited variance as it relates to depression-RHI 
association given the sample characteristics, which could 
explain present findings. A second possible explanation 
relates to the high rate of co-occurring hypomanic 
symptoms within the current sample. Given that mania 
was associated with higher endothelial functioning, it 
may be confounding the association between depression 
and endothelial function. Future studies including purely 
hypomanic and purely depressed subgroups are warranted. 
Lastly, the heterogeneity of depression (ie, individual 
differences in specific depression symptoms) may relate to 
the lack of association. We did not evaluate each depression 
symptom individually, and there may be variability in 
specific symptoms that is relevant to the vascular-depression 
association, including low self-esteem,54 anger,55,56 and 
insomnia.57

Limitations
Several limitations of this study require consideration. 

First, the cross-sectional design of the study precludes 
making inferences regarding the temporal relationship 
between RHI and mood. Future studies with repeated 
measures of RHI are necessary to inform our understanding 
of life-course relationships of endothelial function in BD 
across mood states. Second, the severity of manic symptoms 
in this study was constrained to hypomania, as mania was an 
exclusion criterion in this outpatient study. Moreover, there 
were few participants with pure hypomania. As such, we 

cannot draw conclusions about mania or pure hypomania. 
Third, the HC group had a significantly higher proportion 
of White participants and a lower overall Tanner stage 
than the BD group. As a consequence, the HC group may 
not be a representative control sample. Lastly, while we 
endeavored to control for important established correlates 
of RHI such as demographics (eg, age, sex), CVRFs (eg, 
lipids, blood pressure, obesity, CRP), and current use of 
psychiatric medications (eg, SGA, antidepressants, lithium, 
any medication use), we cannot rule out the possibility that 
residual confounding remains.

CONCLUSION

The results of this study advance knowledge regarding 
the vascular-bipolar link by investigating endothelial 
function in relation to mood among youth early in their 
course of illness. Present findings suggest the need for 
future prospective studies to inform our understanding 
of the direction, and biological underpinnings, of the 
observed associations. Given that the increased risk and 
prematurity of CVD in BD exceed what can be explained by 
traditional CVRFs, novel measures of endothelial function 
have the potential to inform our understanding of the 
vascular-bipolar link and its interface with mood symptoms 
and to facilitate optimized CVD risk stratification in BD.7 
Ultimately, this line of research adds to the existing evidence 
for the potential value of integrating cardiovascular-related 
therapeutic approaches in BD.
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