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Objectives:  To determine if  the large and highly reproducible interindividual differences in arousal intensity and heart rate response to arousal (ΔHR) during 
non-REM sleep are heritable.
Methods:  Polysomnograms of  55 monozygotic (14 male and 41 female pairs) and 36 dizygotic (15 male and 21 female pairs) same-sex twin pairs were 
analyzed. Arousals were scored using the 2012 American Academy of  Sleep Medicine criteria. Arousal intensity was scaled (between 0 and 9) using an 
automatic algorithm based on the change in electroencephalogram time and frequency characteristics. The ΔHR was determined at each arousal. We calculated 
average arousal duration, average arousal intensity, average overall ΔHR, average ΔHR at a given arousal intensity, slope of  ΔHR per arousal intensity, and 
arousal intensity threshold of  ΔHR.
Results:  The intraclass correlations among monozygotic and dizygotic twin pairs were 0.663 and 0.146, respectively, for average arousal intensity, and 0.449 
and 0, respectively, for arousal intensity threshold of  ΔHR controlling for age, sex, and race. These values imply large broad sense heritability (H2) for these 
traits. This evidence was confirmed by a robust maximum likelihood-based variance components estimation approach, with an additive genetic heritability of  
0.64 (95% confidence interval: 0.48 to 0.80) for average arousal intensity and a combined additive and dominance genetic heritability and of  0.46 (0.25 to 0.68) 
for arousal intensity threshold of  ΔHR. Results also suggested significant additive genetic effects for average arousal duration, ΔHR at arousal intensity scale 4 
and the overall average ΔHR.
Conclusion:  Genetic factors explain a significant fraction of  the phenotypic variability for average arousal intensity and arousal intensity threshold of  ΔHR. 
Results suggest that the duration of  arousals and specific average ΔHR values may also be heritable traits.
Clinical trial registration:   NCT02827461
Keywords:  polysomnogram, monozygotic, dizygotic

INTRODUCTION
Arousals from sleep are very common in patients with sleep 
disorders. Arousals from sleep are associated with a transient 
autonomic reflex activation that increases ventilation, blood 
pressure, and heart rate (HR).1–5 Frequent arousals from sleep 
cause sleep fragmentation, which can lead to impaired cogni-
tive function6–9 and may also contribute to chronic hypertension 
in patients with obstructive sleep apnea (OSA).10–12 Arousals are 
conventionally scored when an abrupt shift in electroencepha-
lography (EEG) to higher frequencies occurs for at least 3 sec-
onds, preceded by at least 10 seconds of stable sleep.13,14 The 
visual appearance of cortical arousals meeting this definition 
varies considerably within and between subjects. Previous stud-
ies have reported very little variability in the number of arousals 
and arousal index from night to night.15–19

We recently developed an automatic scaling algorithm to 
score the intensity of arousals between 0 (no relative change 
in EEG characteristic) and 9 (the most intense arousal). Using 
wavelet transform to quantify the change in EEG time and fre-
quency characteristics due to arousal,20,21 average arousal inten-
sity varies considerably between subjects with sleep disorders.22 
Furthermore, a strong correlation exists between intensity of 
arousal and average HR response to arousal (ΔHR), while the 

calculated slope of the relationship varies considerably between 
subjects.22 These interindividual differences in average arousal 
intensity and ΔHR may indicate different susceptibility to the 
development of the functional and cardiovascular complica-
tions of sleep disorders.

In a recent polysomnogram (PSG) study of adults without 
sleep disorders, we showed that the average intensity of arous-
als and ΔHR at a given arousal intensity in non-REM sleep are 
highly variable across subjects but highly reproducible within 
subjects.23 To determine if genetic factors contribute to these 
interindividual differences in arousal characteristics and the 
resulting increases in heart rate during non-REM sleep, we 
measured characteristics of spontaneous arousals and ΔHR in 
55 monozygotic (MZ) and 36 dizygotic (DZ) twin pairs.

METHODS

PSG Files
The PSG files used in this study were generated in a previous 
study on heritability of response to sleep deprivation, and the 
methods of subject recruitment and participant characteristics 
have been previously detailed.24 Individuals on modafinil, meth-
ylphenidate, β-blocker medication, or any medication to promote 
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sleep or relieve pain were excluded from participation. The orig-
inal data set consisted of 59 monozygotic (MZ) and 41 dizygotic 
(DZ) same-sex twin pairs (N = 200 total participants). Of these, 9 
pairs were removed due to at least one of the twins having either 
incomplete data (n = 5 pairs) or failing to meet data quality crite-
ria of ≥20 arousals with available ΔHR. Therefore, our final study 
sample for analysis consisted of 182 participants, made up of 55 
monozygotic (mean ± SD age 29.2 ± 6.9 years; 14 male and 41 
female pairs) and 36 dizygotic (age 26.2 ± 7.5 years; 15 male 
and 21 female pairs) twin pairs. Twin zygosity was determined 
by a DNA-based polymerase chain reaction (PCR) analysis of 
peripheral blood using 12 highly polymorphic short-tandem 
repeat loci and amelogenin.25 The original study was approved by 
the Institutional Review Boards at the University of Pennsylvania 
and the subcontracted sites, the University of Chicago, and 
Virginia Commonwealth University. Written-informed consent 
was obtained from each participant.

Significant sleep pathology was excluded on a PSG study per-
formed at least 2 weeks prior to admission to the Clinical and 
Translational Research Center.24 All participants were required 
to have an apnea–hypopnea index and periodic limb movement 
index <5 events/hour. For 24 hours prior to and during their 
admission, participants were asked not to smoke or drink alco-
hol. During the admission, they were given three regular meals 
and snacks but were not allowed to drink caffeinated beverages. 
Participants were allowed to sleep ad libitum on days 1 and 
2. PSGs were performed on those two nights and the recordings 
on the second night were used for analysis in the current study. 
The PSG montage included 4 EEG signals (C3M2, C4M1, 
O1M2, and O2M1), bilateral electrooculogram, chin muscle 
electromyogram, and electrocardiogram (lead 1).

The files were scored for conventional sleep variables by the 
automatic system developed at YRT Limited and validated in 
an independent multicenter study.26 The automatic scoring fol-
lowed 2012 AASM guidelines for scoring sleep and arousals.14 
The onsets and ends of arousals were identified by an experi-
enced technologist strictly from the EEG without regard to any 
other signals (e.g., EMG or heart rate).

Arousal Scaling
Automatic scaling of arousal intensity was performed as 
described in detail previously (Figure 1).22 Briefly, each arousal 
in non-REM sleep was scaled automatically based on the mag-
nitude of changes (during arousal versus before arousal) in 
14 wavelet characteristics derived from each of the two cen-
tral EEG recordings (C3M2 and C4M1) and assigning a scale 
from zero (least intense) to 9 (most intense) from the calculated 
wavelet characteristics and a previously constructed training 
data set. The wavelet characteristics and the training set used in 
the present study were identical to the ones used in our earlier 
study.22 The arousal scale was relative to the population, that is, 
a given arousal intensity was of the same magnitude for each 
individual in the population. When the arousal scale differed 
in the two central electrodes, the higher of the two values was 
used. No signal other than the EEG was used in this automatic 
process. For each file, we determined the total number of arous-
als and the mean and standard deviation (SD) values of arousal 
intensity scale and arousal duration.

Heart Rate Response to Arousal
The ΔHR was determined as the difference between maximum 
heart rate during arousal (i.e., from arousal onset to 8 seconds 
after end of arousal) and maximum baseline heart rate. Beat-
by-beat heart rate in the interval 2–12 seconds preceding the 
arousal was used as baseline heart rate. The 2 seconds preced-
ing arousal were avoided in baseline determination due to the 
observation that arousal-associated tachycardia may begin up to 
2 seconds before arousal.3

As described previously,22 the arousal-associated change in 
HR incorporates a component that is unrelated to the arousal 
(short-term spontaneous changes in HR). To minimize the 
impact of this background noise, as shown in Figure 2, the ΔHR 
values for all arousals at each arousal intensity scale were aver-
aged, and arousal intensities represented by only one observa-
tion were not included in the regression.

In each subject, we calculated average arousal duration, aver-
age arousal intensity, average overall ΔHR, average ΔHR at 
arousal intensity scales of 4 (ΔHR

4
), 5 (ΔHR

5
), and 8 (ΔHR

8
). 

To estimate the relationship between arousal intensity scale and 
average ΔHR values, we derived subject-specific slope of ΔHR 
per arousal intensity and arousal intensity threshold of ΔHR, 
that is, the minimum arousal intensity at which a HR response 
was present, from within-subject linear regression models of 
average ΔHR at each arousal intensity against arousal inten-
sity score (Figure 2). To ensure reliable estimates of the ΔHR 
response at given arousal intensities (ΔHR

4
, ΔHR

5
, and ΔHR

8
), 

values were obtained from subject-specific regression equa-
tions, rather than from the average of actual ΔHR values at each 
scale.

Statistical Analyses
Continuous variables were summarized using means and SD 
and categorical variables using frequencies and percentages. 
Demographic and outcome measures were compared between 
MZ and DZ twins using linear (for continuous) or logistic (for 
categorical) mixed-model regression, accounting for zygosity 
differences in covariance. This and all subsequent modeling 
was performed using SAS Version 9.4 (SAS Institute, Inc, Cary, 
North Carolina).

We assessed the estimated heritability of the following meas-
ures: arousal index; average arousal duration; average arousal 
intensity; overall average ΔHR; model-derived estimates of 
slope of ΔHR per arousal intensity; arousal intensity threshold 
for ΔHR; and ΔHR

4
, ΔHR

5
, and ΔHR

8
.

Heritability of these arousal and heart rate response to arousal 
characteristics was estimated using three complementary 
approaches as in our previous study24: (1) classical approaches 
based on differences in MZ- and DZ-specific intraclass corre-
lation coefficients (ICCs)27; (2) analysis of variance (ANOVA) 
based on within pair (WP) or among component estimates28,29; 
and (3) maximum likelihood-based estimation (MLE) of herit-
ability utilizing variance components under specific inheritance 
model characterizations.30–33 Given the robustness of the MLE 
approach, heritability estimates from these models were consid-
ered primary. Additional details of each method are presented 
subsequently. For methods (1) and (3), heritability estimates 
were obtained unadjusted and after controlling for race, age, 
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gender, and age × gender interactions. Given nine traits of inter-
est, statistical significance in the ANOVA and MLE methods 
was based on a Bonferroni-corrected threshold of p < .0056; a  
p < .05 was considered suggestive evidence of heritability.

The first approach to estimating heritability was based on the 
classical approach using ICC statistics.27 Specifically, ICC sta-
tistics are calculated within MZ (ICC

MZ
) and DZ (ICC

DZ
) twins, 

separately, as the ratio of between twin and overall variability 
[σ2

B
 / (σ2

W
 + σ2

B
)]. Using these ICC statistics, broad-sense her-

itability (the proportion of phenotypic variance explained by 
all genetic factors; H2) is calculated as 2∙(ICC

MZ
 – ICC

DZ
). In 

addition to the heritability estimate, the proportion of pheno-
typic variance explained by common environmental effects (C2) 
on a given trait was calculated as 2∙(ICC

DZ
) – ICC

MZ
. Negative 

estimates of C2 suggest that shared environment does not play 
a strong role in influencing a given trait, and suggest that an 
ADE inheritance model (which models additive and dominance 
genetic effects and individual effects) is appropriate (see below 
for discussion of inheritance models). Similarly, C2>0 suggests 
common environment plays a role, and an ACE inheritance 

model (which models additive genetic, common environment, 
and individual effects) may be more appropriate.

In addition to this classical approach, we utilized ANOVA-
based methods to calculate broad-sense heritability based on 
zygosity specific within-twin pair (MS

WMZ
 and MS

WDZ
) and 

among-twin pair (MS
AMZ

 and MS
ADZ

) mean square (MS) esti-
mates.28,29 Based on these mean squares, two possible esti-
mates of heritability can be obtained. The choice of estimate is 
based on a comparison of the total phenotype variance between 
MZ and DZ twin pairs, using a two-sided F-test of the ratio 
F

TV
 = [(MS

ADZ
 + MS

WDZ
) / (MS

AMZ
 + MS

WMZ
)] or F

TV
 = [(MS

AMZ
 

+ MS
WMZ

) / (MS
ADZ

 + MS
WDZ

)], where the larger sum of WP and 
among-pair mean squares is the numerator. The first estimate, 
which is valid when the total phenotypic variance F-test p > 
.20, is a within pair heritability (H2

WP
) = [2∙(MS

WDZ
 – MS

WMZ
)] 

/ [(MS
AMZ

 + MS
WDZ

 + MS
ADZ

 + MS
WMZ

)/4]. Significance of this 
estimate is based on a one-sided F-test of the ratio F

WP
 = MS

WDZ
 

/ MS
WMZ

. The second estimate, which is unbiased when the 
total phenotypic variance F-test p<0.20, is the among com-
ponent (AmCo) heritability (H2

AmCo
)  =  [(MS

AMZ
 – MS

ADZ
) +  

Figure 1—Examples of  arousals with different scales in the same subject. EMG, chin electromyogram; C3/M2 and C4/M1 are electroencepha-
lograms; EKG, electrocardiogram. Numbers above the electrocardiogram represent instantaneous heart rate. Arousal scale is highly sensitive 
to beta power (as in the lower two panels).
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(MS
WDZ

 – MS
WMZ

)] / [(MS
AMZ

 + MS
WDZ

 + MS
ADZ

 + MS
WMZ

)/4]. 
The H2

AmCo
 estimate is a weighted average of the WP and 

among-pair mean square heritability estimates, and signifi-
cance is based on a one-sided F-test of the ratio F

AC
 = (MS

AMZ
 + 

MS
WDZ

) / (MS
ADZ

 + MS
WMZ

).
Finally, robust estimates of heritability were calculated using 

variance components from MLE mixed-effects modeling pro-
cedures.30–33 Random effects estimates were utilized to assess 
different heritability models,31,33 examining specific compo-
nents of transmission, including additive genetic effects (A), 
dominance genetic effects (D), common environmental effects 
(C), and unique individual effects (E). This modeling approach 
utilizes the same covariance expectations as path analysis or 
structural equation modeling and leverages similar goodness-
of-fit tests to determine the most appropriate inheritance model. 
Importantly, in the model parameterization utilized here, accu-
rate estimates of heritability can be obtained without restricting 
variance components to be >0, therefore allowing the oppor-
tunity to identify poor model fit utilizing standard likelihood 
ratio tests.30,31 Specifically, using the estimate of the proportion 
of phenotypic variance explained by shared environmental 
factors in the ACE model (denoted h2

C
) an initial model was 

selected to represent the inheritance pattern as either ACE (if 
h2

C
 > 0) or ADE (if h2

C
 ≤ 0).33 Subsequent to initial model selec-

tion, goodness-of-fit tests were utilized to determine whether 
reduced models provided similar model fit, including likeli-
hood ratio tests for nested models (i.e., ACE vs. AE, CE, E or 
ADE vs. AE, E). Akaike Information Criteria (AIC) statistics 
were used to compare between nonnested AE and CE models 
if both suggested better fit than the more complicated ACE 
model. Component-specific heritability estimates (i.e., propor-
tion of total variance due to A, D, A+D, C or E factors) were 
then determined based on the variance component estimates in 

the best-fitting model. Model comparisons and initial variance 
proportion estimates were obtained using linear mixed models 
(PROC MIXED in SAS) as described previously.31,33 Estimates 
of statistical significance and 95% confidence intervals (CIs) 
for resulting estimates were derived using nonlinear mixed 
model procedures (PROC NLMIXED in SAS), under the null 
hypothesis that the true variance proportion (i.e., heritability) is 
equal to zero.

RESULTS

Study Population
The characteristics of the participants are detailed in Table 1. 
On average, the population consisted of young adults (age 
28.0 ± 7.3 years, body mass index 24.3 ± 4.3 kg/m2), with a 
majority female (68%) and self-reported Caucasian (78%). 
There were no statistically significant differences in demo-
graphic characteristics between MZ and DZ pairs; MZ twins 
were 3 years older on average (p =.056). A  larger proportion 
(p = .122) of MZ twins (n = 46 pairs; 83.6%) were Caucasian 
compared to DZ twins (n = 25 pairs; 69.4%). The remaining 
DZ twin pairs reported being African American (n = 11 pairs; 
30.6%), while MZ twin pairs reported multiple races (n  =  6 
African American pairs [10.9%], n = 3 Asian/mixed race pairs 
[5.5%]).

There were no significant differences in sleep, arousal, or 
ΔHR measures between the MZ and DZ twins (Tables 1 and 2). 
DZ twins had approximately 14 minutes more NREM sleep on 
average (p = .069). The mean number of arousals in all subjects 
was 70.3 ± 31.5, and the average arousal duration was 7.5 ± 0.8 
seconds. The study population had moderately intense arousals 
(mean intensity scale 4.8  ±  0.9) on average, with an arousal 
intensity threshold of ΔHR of 0.97 ± 0.89 for MZ twins and 
0.91  ±  0.91 for DZ twins (p  =  .702). The average ΔHR was 
9.4 ± 3.8 min−1, with DZ twins having a higher average ΔHR 
compared to MZ twins (10.3 ± 4.2 vs. 8.9 ± 3.5 min-1), although 
the difference was not statistically significant (p = .066).

As a preliminary examination of the relative similarity of 
traits in MZ and DZ pairs, we compared the WP absolute dif-
ference in each phenotype between zygosity groups (Table 3); 
traits showing greater similarity between MZ pairs compared 
to DZ pairs are more likely to be strongly influenced by genetic 
factors. On average, the MZ twin pairs were more similar than 
DZ twin pairs, with smaller within pair absolute differences 
for each phenotype. Statistically significant differences were 
observed for the average arousal intensity (p = .011) and aver-
age ΔHR (p = .037), and there was a borderline nonsignificant 
difference for the arousal intensity threshold of ΔHR (p = .056).

Classical Heritability Estimates
Estimates from the classical approach to heritability calcula-
tions for the arousal and ΔHR measures (including unadjusted 
and adjusted ICCs, H2 and C2) are shown in Table 4. Generally, 
ICC values were larger for MZ twins than DZ twins, suggesting 
genetic factors explain some proportion of phenotypic variabil-
ity (i.e., broad-sense heritability). In adjusted analyses, an ADE 
model was the preferred genetic model for average arousal 
intensity, arousal intensity threshold of ΔHR, and average 
ΔHR, suggesting significant contributions of genetic factors, 

Figure 2—Change in heart rate with the arousal (ΔHR) at different 
arousal intensities in a representative subject. Each solid dot is the 
ΔHR with each arousal and each open dot is the average ΔHR at 
a given arousal intensity. The equation of  best-fitted regression 
line to the average HR responses is y = 2.6x − 2.6. The arousal 
intensity threshold for ΔHR is 1.0.
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but not shared environment, to the phenotypic variability. The 
ICCs for MZ and DZ twin pairs were 0.663 and 0.146, respec-
tively, for the average arousal intensity scale, and were 0.449 
and 0 for arousal intensity threshold of ΔHR. These values 
imply large H2 values for both measures (including a value >1 
for average arousal intensity), indicating genetic factors explain 

a large amount of phenotypic variability; the zero ICC for DZ 
for arousal intensity threshold likely arises from sampling error 
around a small WP correlation. Moreover, the corresponding 
large negative values of C2 imply that shared environment does 
not explain phenotypic variance for these traits. Similarly, the 
adjusted H2 for average ΔHR was 0.616, with a slightly negative 

Table 1—Demographic characteristics of  monozygotic and dizygotic twin pairsa.

Measure Total 
(N = 182)

Monozygotic twins (MZ) 
(n = 110)

Dizygotic twins (DZ)  
(n = 72)

pb

Age, years 27.99 ± 7.26 29.17 ± 6.86 26.19 ± 7.54 .056

Male, n (%) 58 (31.9%) 28 (25.5%) 30 (41.7%) .114

Caucasian, n (%) 142 (78.0%) 92 (83.6%) 50 (69.4%) .122

BMI, kg/m2 24.26 ± 4.32 24.44 ± 4.72 23.99 ± 3.63 .610

CES-D total scorec 14.93 ± 3.90 14.70 ± 3.66 15.28 ± 4.26 .377

ESS total scored 5.72 ± 3.30 5.39 ± 2.83 6.23 ± 3.87 .152

Global PSQI scoree 3.50 ± 1.87 3.49 ± 1.92 3.53 ± 1.80 .902

Total sleep time (min) 405.0 ± 59.1 398.2 ± 58.6 415.5 ± 58.7 .105

Sleep efficiency (%) 84.55 ± 10.13 83.91 ± 10.08 85.53 ± 10.21 .370

Time in NREM sleep (min) 315.5 ± 44.2 310.0 ± 41.6 324.0 ± 46.9 .069

Number of  Arousals 70.26 ± 31.47 71.22 ± 30.27 68.79 ± 33.39 .681

AHI (events/hr) 1.80 ± 1.40 1.64 ± 1.41 2.03 ± 1.35 .119

PLMI (events/hr) 1.92 ± 5.35 2.45 ± 6.29 1.12 ± 3.34 .153

Abbreviations: MZ, monozygotic; DZ, dizygotic; BMI, body mass index; CES-D, Center for Epidemiologic Studies Depression Scale; ESS, Epworth 
Sleepiness Scale; PLMI, periodic limb movement index; PSQI, Pittsburgh Sleep Quality Index; NREM, non-rapid eye movement sleep.
aResults presented as mean ± SD for continuous measures or n (%) for categorical measures.
b p value from mixed linear or logistic model comparing MZ and DZ groups, controlling for possible correlation within MZ and DZ pairs.
cn = 2 missing values.
dn = 7 missing values.
en = 5 missing values.

Table 2—Variable summary (mean ± SD) of  monozygotic and dizygotic twin pairsa.

Measure Total 
(N = 182)

Monozygotic twins 
(MZ) (n = 110)

Dizygotic twins 
(DZ) (n = 72)

Mean (95% CI) 
Differenceb

pc

Arousal Index (events/hour) 12.56 ± 5.72 12.84 ± 5.81 12.14 ± 5.49 0.70 (−1.45 to 2.86) .519

Average arousal duration (seconds) 7.51 ± 0.78 7.46 ± 0.79 7.58 ± 0.76 −0.12 (−0.39 to 0.16) .395

Average arousal intensity scale 4.83 ± 0.85 4.77 ± 0.83 4.92 ± 0.89 −0.15 (−0.47 to 0.16) .333

Slope of  ΔHR per arousal intensity 2.55 ± 0.76 2.45 ± 0.69 2.70 ± 0.84 −0.25 (−0.53 to 0.02) .074

Arousal intensity threshold of  ΔHR 0.95 ± 0.89 0.97 ± 0.89 0.91 ± 0.91 0.06 (−0.25 to 0.37) .702

Average ΔHR (min−1) 9.43 ± 3.80 8.90 ± 3.45 10.25 ± 4.17 −1.35 (−2.78 to 0.09) .066

ΔHR at arousal intensity scale 4 (min-1) 7.49 ± 2.39 7.18 ± 2.31 7.96 ± 2.44 −0.78 (−1.68 to 0.12) .090

ΔHR at arousal intensity scale 5 (min-1) 10.04 ± 2.87 9.63 ± 2.72 10.66 ± 3.01 −1.03 (−2.12 to 0.06) .063

ΔHR at arousal intensity scale 8 (min-1) 17.68 ± 4.78 16.97 ± 4.38 18.76 ± 5.16 −1.79 (−3.59 to 0.01) .051

Abbreviations: MZ, monozygotic; DZ, dizygotic; ΔHR, heart rate response to arousal; CI, confidence interval.
aResults presented as mean ± SD.
bDifference calculated as MZ value minus DZ value, estimated from mixed linear model.
cp value from mixed linear model comparing MZ and DZ groups, controlling for possible correlation within MZ and DZ pairs.
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C2. In contrast, a combination of environmental and genetic 
contributions to phenotypic variance was suggested for all other 
traits in adjusted analyses. That is, for each measure, there were 
positive H2 and C2 estimates, suggesting that both genetic and 
shared environmental factors explain phenotypic variability. 
Among these traits, the average arousal duration, which showed 
a preferred ADE model in unadjusted analyses, had the highest 

H2 estimate of 0.433, and only a small estimated proportion of 
variable explained by common environment (C2 = 0.032).

ANOVA-Based Heritability Estimates
As a complementary method for estimating unadjusted, broad-
sense heritability for each trait, we subjected the arousal and 
ΔHR measures to heritability analysis using the ANOVA 

Table 4—Heritability estimatesa of  heart rate response to arousal measures in twins.

Measure Unadjusted Adjustedb

ICCMZ
c ICCDZ

c H2d C2e ICCMZ
c ICCDZ

c H2d C2e

Arousal Index 0.628 0.438 0.380 0.248 0.594 0.443 0.300 0.293

Average arousal duration 0.473 0.204 0.538 −0.065 0.465 0.249 0.433 0.032

Average arousal intensity scale 0.689 0.202 0.972 −0.284 0.663 0.146 1.035 −0.372

Slope of  ΔHR per arousal intensity 0.456 0.562 −0.211 0.667 0.306 0.237 0.139 0.167

Arousal intensity threshold of  ΔHR 0.533 0.000 1.065 −0.533 0.449 0.000 0.899 −0.449

Average ΔHR 0.660 0.557 0.208 0.453 0.548 0.240 0.616 −0.068

ΔHR at arousal intensity scale 4 0.621 0.547 0.148 0.472 0.529 0.342 0.372 0.156

ΔHR at arousal intensity scale 5 0.600 0.636 −0.071 0.671 0.489 0.388 0.203 0.286

ΔHR at arousal intensity scale 8 0.541 0.672 −0.262 0.803 0.399 0.376 0.047 0.352

Abbreviations: ICC, Intraclass Correlation Coefficient; H2, classical broad-sense heritability; C2, estimated proportion of  phenotypic variability explained by 
common environmental factors; PGM, preferred genetic model; ΔHR, heart rate response to arousal.
aNegative values of  H2 or common environment (C2) suggest genetic or environment effects are likely not important, respectively, while values greater than 1 
suggest strong genetic or environmental effects.
bAdjusted for race, age, sex, and age by sex interaction.
cICC: Intraclass Correlation Coefficient, equal to σ2

B / (σ2
W + σ2

B).
dH2: classical, broad-sense heritability estimate, equal to 2(ICCMZ – ICCDZ).
eC2: Estimated proportion of  phenotypic variability explained by common environmental factors, equal to 2(ICCDZ) – ICCMZ. C

2 estimates < 0 suggest that an 
ADE inheritance model may be more appropriate and C2>0 imply an ACE model may better represent the inheritance pattern, where A = additive genetic 
effects, C = common environmental effects, D = dominant genetic effects, and E = unique individual effects. Thus, ACE models additive genetic, common 
environment and individual effects, whereas ADE models additive and dominant genetics and individual effects.

Table 3 —Absolute within pair phenotype differences in monozygotic and dizygotic twin pairs.

Measure Absolute within pair differencea

MZ twins 
(N = 110)

DZ twins 
(N = 72)

pb

Arousal Index 3.75 ± 3.38 3.99 ± 4.47 .7689

Average arousal duration 0.64 ± 0.50 0.71 ± 0.67 .5921

Average arousal intensity scale 0.50 ± 0.42 0.86 ± 0.73 .0114

Slope of  ΔHR per arousal intensity 0.57 ± 0.44 0.63 ± 0.48 .5435

Arousal intensity threshold of  ΔHR 0.67 ± 0.54 0.99 ± 0.88 .0563

Average ΔHR 2.18 ± 1.86 3.13 ± 2.43 .0370

ΔHR at arousal intensity scale 4 1.55 ± 1.31 1.98 ± 1.25 .1226

ΔHR at arousal intensity scale 5 1.98 ± 1.44 2.27 ± 1.24 .3220

ΔHR at arousal intensity scale 8 3.43 ± 2.46 3.55 ± 2.29 .8259

Abbreviations: MZ, monozygotic; DZ, dizygotic; ΔHR, heart rate response to arousal;
aValues represent mean ± standard deviation of  the absolute value of  the within pair difference in the indicated measure; 
bp value from t-test comparing within pair differences between MZ and DZ twin pairs.
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approach.29 As stated earlier, there were no significant differ-
ences in mean values between MZ and DZ twins for any of the 
measures (Table 2). Similarly, we did not observe any differ-
ences in the variability of within-twin means between MZ and 
DZ twins (Table 5). An essential assumption when performing 
the ANOVA-based heritability analysis is that total phenotype 
variance is similar for MZ and DZ twins. There was no evi-
dence of statistically significant zygosity differences in total 
phenotype variance for any of the traits. These results suggest 
the assumptions of the twin model are valid in the ANOVA 
context. Suggestive evidence (p < .20) for a difference in total 
variability was observed for the slope of ΔHR per arousal inten-
sity (p = .065), average ΔHR (p = .074), and ΔHR at arousal 
intensity scale 8 (p = 0.117; Table 5). Thus, for these measures, 
the among component heritability estimate from the ANOVA 
was used, while the within pair ANOVA estimate was used for 
all other traits. Based on this analysis, both the average arousal 
intensity scale (H2 = 1.13, p < .001) and arousal intensity thresh-
old of ΔHR (H2 = 1.24, p = .002) showed significant evidence of 
heritability. Although theoretically the actual value of H2 should 
be bounded by 1, these results generally support the findings of 
large genetic contributions to phenotypic variability from the 
classical approach.

MLE Heritability Models
The arousal and ΔHR measures were used to estimate param-
eters of alternative genetic transmission models based on 
MLE techniques (Table  6). As discussed in the Methods, the 
MLE approach was considered primary and, while resulting 

heritability estimates varied, this approach clarified the findings 
from the classical and ANOVA-based methods. The best-fitting 
model was determined through goodness-of-fit tests, with the 
initial model chosen based on the estimated h2

C
 effect in the 

ACE model; an h2
C
 > 0 implies a common environment effect 

and thus the ACE model, whereas an h2
C
 ≤ 0 implies no common 

environmental effect and an ADE model. This model-based 
approach suggested significant additive and dominance genetic 
effects (ADE model) for the arousal intensity threshold of ΔHR 
[h2

G
 (95% CI) = 0.46 (0.25 to 0.68), p < .0001]. In addition, 

significant additive genetic effects (AE model) were observed 
for average arousal intensity scale [h2

G
 (95% CI) = 0.64 (0.48 to 

0.80), p < .0001], average arousal duration [h2
G
 (95% CI) = 0.44 

(0.24 to 0.64), p < .0001], average ΔHR [h2
G
 (95% CI) = 0.57 

(0.39 to 0.74), p < .0001], and ΔHR
4
 [h2

G
 (95% CI)  =  0.51 

(0.34 to 0.69), p < .0001]. Thus, phenotypic variability for each 
of these traits appears to be clearly influenced by underlying 
genetic factors. For the remaining measures (arousal index, 
slope of ΔHR per arousal intensity, ΔHR

5
, and ΔHR

8
), there 

was no evidence for a significant genetic contribution to pheno-
typic variance in adjusted models, but there was evidence that 
common environment explained between 32% and 54% of phe-
notypic variability, depending on the trait.

CONCLUSION / DISCUSSION
This study in twins is the first to show that underlying genetic 
factors significantly influence measures of average arousal 
intensity and heart rate response to arousal. Utilizing multiple, 
complementary techniques for estimating trait heritability, we 

Table 5—ANOVA-based heritability estimates of  heart rate response to arousal measures in MZ and DZ twinsa.

Measures Within pair average 
value

Total 
variance

Heritability estimate

F-testb T-testc F-testb

p p p H2 pd Type

Arousal index .530 .519 .730 0.307 .129 WP

Average arousal duration .416 .395 .798 0.460 .117 WP

Average arousal intensity scale .535 .333 .507 1.127 <.001 WP

Slope of  ΔHR per arousal intensity .124 .074 .065 −0.605 .898 AmCo

Arousal intensity threshold of  ΔHR .170 .702 .831 1.237 .002 WP

Average ΔHR .293 .066 .074 −0.248 .695 AmCo

ΔHR at arousal intensity scale 4 .821 .090 .600 0.240 .165 WP

ΔHR at arousal intensity scale 5 .447 .063 .334 0.085 .348 WP

ΔHR at arousal intensity scale 8 .168 .051 .117 −0.662 .911 AmCo

 aHeritability estimates using analysis of  variance (ANOVA)-based variance formulas for within pairs (WP) or among component (AmCo) heritability. The WP 
estimate is most valid when the total variance F-test has a p>.20, and calculated as H2 = [2 • (MSWDZ - MSWMZ)] / [(MSAMZ + MSWDZ + MSADZ + MSWMZ)/4]. The 
AmCo estimate is valid when the total variance F-test has a p<.20, and calculated H2 = [(MSAMZ - MSADZ) + (MSWDZ - MSWMZ)] / [(MSAMZ + MSWDZ + MSADZ + 
MSWMZ)/4]28,29.
bF-test p-value comparing variability in indicated measure between MZ and DZ twins. 
cT-test p-value comparing within pair average values in indicated measure between MZ and DZ twins.
done-sided p-values based on F-tests of  significance for heritability estimate, using F-ratio = MSWDZ / MSWMZ for WP heritability estimates and an 
F-ratio = (MSAMZ + MSWDZ) / (MSADZ + MSWMZ) for AmCo heritability estimates. Abbreviations: H2: broad-sense heritability, ΔHR: heart rate response to 
arousal, WP: within pairs heritability estimate, AmCo: among component heritability estimate.
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show robust evidence that the average arousal intensity and the 
arousal intensity threshold for ΔHR are moderately to highly 
heritable traits. In addition, evidence supports a heritable com-
ponent for certain arousal characteristics, including the dura-
tion of arousals, the overall average ΔHR, and the specific ΔHR 
at arousal intensity of 4. These results add further evidence that 
genetic factors explain a significant fraction of the phenotypic 
variability of many sleep characteristics. Furthermore, our 
results in adults without sleep disorders on PSG add important 
evidence to the growing literature that suggests that the varia-
ble clinical responses in individuals with sleep disorders may 
be related to heritable traits. Individuals with a higher average 

arousal intensity may be more likely to develop daytime sleep-
iness and cognitive complications related to arousal and a 
greater HR response to a given arousal intensity may indicate 
a more labile cardiovascular system that is more susceptible to 
the development of hypertension.

Of the different ΔHR measures utilized in this study, the 
arousal intensity threshold for ΔHR and the average arousal 
intensity showed significant heritability across all 3 comple-
mentary methods. In classical analyses, MZ twins showed 
within-pair concordance in arousal intensity threshold for ΔHR 
that was significantly higher than that of DZ twin pairs, result-
ing in a large adjusted H2 estimate of 0.90 (Table 4). Similarly, 

Table 6—Maximum likelihood model-based heritability estimates of  heart rate response to arousal measures in twinsa.

Measure MLE estimates of proportion of variability explained for Genetic (G), Common Environment (C) 
and Individual (E) factors within best fitting modelb

Unadjusted

Model h2
G (95% CI)c h2

C (95% CI) h2
E (95% CI)

Arousal index AE 0.625 (0.482, 0.768) – 0.375 (0.232, 0.518)

Average arousal duration AE 0.457 (0.261, 0.652) – 0.543 (0.348, 0.739)

Average arousal intensity scale AE 0.692 (0.554, 0.830) – 0.308 (0.170, 0.446)

Slope of  ΔHR per arousal intensity CE – 0.513 (0.359, 0.666) 0.487 (0.334, 0.641)

Arousal intensity threshold of  ΔHR ADE 0.533 (0.349, 0.717) – 0.467 (0.283, 0.651)

Average ΔHR AE 0.723 (0.608, 0.838) – 0.277 (0.162, 0.392)

ΔHR at arousal intensity scale 4 CE – 0.593 (0.458, 0.728) 0.407 (0.272, 0.542)

ΔHR at arousal intensity scale 5 CE – 0.621 (0.493, 0.749) 0.379 (0.251, 0.507)

ΔHR at arousal intensity scale 8 CE – 0.609 (0.479, 0.740) 0.391 (0.260, 0.521)

Measure Adjusted†

Model h2
G (95% CI)c h2

C (95% CI) h2
E (95% CI)

Arousal Index CE – 0.543 (0.396, 0.690) 0.457 (0.310, 0.604)

Average arousal duration AE 0.437 (0.236, 0.639) – 0.563 (0.361, 0.764)

Average arousal intensity scale AE 0.641 (0.479, 0.803) – 0.359 (0.197, 0.521)

Slope of  ΔHR per arousal intensity CE – 0.318 (0.131, 0.505) 0.682 (0.495, 0.869)

Arousal intensity threshold of  ΔHR ADE 0.464 (0.252, 0.677) – 0.536 (0.323, 0.748)

Average ΔHR AE 0.565 (0.390, 0.739) – 0.435 (0.261, 0.610)

ΔHR at arousal intensity scale 4 AE 0.514 (0.336, 0.692) – 0.486 (0.308, 0.664)

ΔHR at arousal intensity scale 5 CE – 0.445 (0.278, 0.612) 0.555 (0.399, 0.722)

ΔHR at arousal intensity scale 8 CE – 0.412 (0.239, 0.585) 0.588 (0.415, 0.761)

Abbreviations: h2
G = proportion of  phenotypic variability explained by genetic factors; h2

C = proportion of  phenotypic variability explained by shared environ-
ment; h2

E = proportion of  phenotypic variability explained by individual factors; ΔHR: heart rate response to arousal.
aModel adjusted for race, age, sex, and age × sex interaction.
b“Best Fitting Model” determined through goodness of  fit tests, utilizing likelihood ratio tests for nested models (i.e., ACE vs. AE, CE or E and ADE vs. AE or 
E) and AIC statistics for non-nested models (e.g., CE vs. AE), when both models indicated better fit than the full model. The starting model (ACE or ADE) 
was chosen based on the estimated common environment effect in the ACE model heritability analyses, such that h2

C ≤ 0 implies an ADE model and h2
C > 0 

implies an ACE model.
c h2

G represents to proportion of  phenotypic variability explained by genetic factors, based on the best-fitting model. If  AE or ACE are chosen as the best 
fitting model, h2

G is equal to the heritability due to additive genetic effects only, whereas h2
G is equal to the combination of  the additive and dominant genetic 

effects when ADE is chosen as the best model; Model Descriptions: A = additive genetic effects, C = common environmental effects, D = dominant genetic 
effects, and E = unique individual effects. Thus, ACE model suggests additive genetic, common environment and individual effects, whereas ADE model 
suggests additive and dominant genetics and individual effects. 
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average arousal intensity showed strong heritability in classi-
cal analyses, with an adjusted H2  =  1.04. These results were 
confirmed using an ANOVA approach (Table 5), in which the 
arousal intensity threshold of ΔHR and average arousal inten-
sity were the only measures with statistically significant herit-
ability estimates. It should be noted that H2 values above 1.0 
should not arise in the case of simple additive genetic trans-
mission and imply that there might be important genetic dom-
inance effects (i.e., an ADE model). Supporting this evidence, 
the covariate adjusted MLE of specific genetic transmission 
models (Table 6) found that an additive and dominance genetic 
(ADE) model was the most appropriate inheritance mode for 
arousal intensity threshold of ΔHR. Statistical evidence only 
supported the additive genetic effects (AE) model for average 
arousal intensity scale; however, the p value selecting the AE 
model was trending toward the ADE model (p =  .095) which 
may have been chosen in a larger sample. Model estimates were 
reduced in these methods, compared to the more classical tech-
niques, with a genetic heritability of 0.46 (95% CI: 0.25 to 0.68) 
for arousal intensity threshold of ΔHR in the ADE model and a 
heritability of 0.64 (0.48 to 0.80) for average intensity scale in 
the AE model.

Importantly, the choice of three complementary approaches 
to heritability facilitates comparisons with earlier literature. 
In addition, because these methods differ with regard to their 
assumptions, differences among results reveal possible viola-
tions of assumptions, enabling a refinement of models used to 
obtain estimates. The classical approach’s major advantage is 
its simplicity in computation. The classical approach is comple-
mented by the ANOVA approach because the ANOVA approach 
includes assessments of the validity of the twin model as applied 
to the data at hand. Both of these techniques estimate broad-
sense heritability, that is, the proportion of phenotypic varia-
bility explained by additive, dominant, and epistatic genetic 
effects. The MLE approach allows the specification of various 
genetic transmission models (including narrow-sense heritabil-
ity [additive only] or additive plus dominance genetic effects) 
and permits direct computations of confidence intervals and 
associated p values. Moreover, MLE techniques allow determi-
nation of the best inheritance modes using standard likelihood 
ratio tests. Regardless of differences in the magnitudes of herit-
ability estimates, all three models resulted in the same conclu-
sion for the arousal intensity threshold for ΔHR and the average 
arousal intensity, that is, that heritability of these traits is high.

While no other measures were found to be heritable across 
all methods (primarily due to lack of statistical significance in 
ANOVA-based techniques), several traits had evidence for an 
additive genetic transmission model in MLE methods. The aver-
age ΔHR (h2

G
 = 57%) and ΔHR at intensity scale 4 (h2

G
 = 51%) 

had AE model-based heritability estimates that were larger 
than the estimated ADE model-based heritability for arousal 
intensity threshold of ΔHR. In addition, the average arousal 
duration showed moderate heritability due to additive genetic 
effects (h2

G
 = 44%). While results for all measures should be 

replicated in future studies, including using variance compo-
nents and other techniques designed for nontwin studies with 
genome-wide data,34,35 these MLEs provide strong evidence that 
multiple arousal and heart rate response-related traits are influ-
enced by genetic factors.

Our previous study found that the HR response to a given 
arousal intensity is highly reproducible within a subject.23 The 
current study provides mixed evidence regarding whether these 
measures are genetically determined. Interestingly, while there 
was no evidence for a genetic influence on the ΔHR

5
 or ΔHR

8
, 

we did observe heritability for the ΔHR
4
 (in adjusted models 

only) and for the average ΔHR across all arousal intensities. 
These findings can be explained if one considers what deter-
mines the HR response to a given arousal intensity. Specifically, 
ΔHR

x
 = (x-T)*Slope, where x is the arousal intensity and T and 

Slope are the X intercept and slope of the relation, respectively 
(Figure 3). The current results show that the threshold (T; min-
imum arousal intensity at which there is a HR response) is her-
itable, while the slope of the HR response to arousal intensity 
beyond this threshold (Slope) is mostly determined by nonge-
netic factors. Thus, ΔHR

x
 is a function of both heritable and non-

heritable components. As shown in Figure 3, the contribution 
of the genetically determined threshold (T) to ΔHR

x
 (ΔHR

T
) is 

constant across all arousal intensities, whereas the contribution 
of nongenetically determined slope (ΔHR

S
) increases progres-

sively as arousal intensity increases. Therefore, ΔHR
x
 (ΔHR

T
 

+ ΔHR
S
) becomes progressively less affected by the heritable 

threshold trait and more affected by the nonheritable slope at 
more intense arousals, resulting in a lower estimate of the pro-
portion of variability in ΔHR

x
 explained by genetic factors at 

higher values of x.
It is well established that sleep fragmentation, as judged by 

arousal frequency, has independent and widespread conse-
quences on cognitive function, daytime sleepiness, endocrine 
function, ventilatory responses, and mood (see Bonnet et al for 
review6). Martin et al.36,37 have also found that auditory-induced 
subthreshold arousals (i.e., where EEG changes do not meet the 
accepted criteria) also impair next day function although not to 
the same extent as threshold arousals. Thus, it appears that the 
clinical consequences of frequent arousals are influenced by the 
intensity/duration of the EEG changes. Although this needs to 
be confirmed experimentally, it is reasonable to suggest that, 

Figure 3—Schematic representation of  the impact of  slope and 
intercept on ΔHR at specific arousal intensities. (A) A shift in inter-
cept when slope is relatively low. (B) the same shift in intercept 
when slope is high. ΔHRT, contribution of  shift in intercept to ΔHR; 
ΔHRS, contribution of  slope to ΔHR. Note that the contribution 
of  threshold shift (T) to ΔHR (i.e. ΔHRT + ΔHRS) progressively 
decreases as arousal intensity increases regardless of  slope.
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all else being the same, people who are prone to develop more 
intense arousals are at greater risk of developing complications 
from sleep fragmentation.

This study was performed in adults without sleep disorders on 
PSG, and it is not known whether the heritable traits identified 
in this population are generalizable to individuals with sleep 
disorders such as OSA. Average arousal intensity in patients 
with OSA varies widely (3.4–5.9).22 This wide range cannot be 
explained by differences in event severity, since an even wider 
range of arousal intensities exists in individuals without sleep 
disorder.23 It is also a common clinical experience that some 
patients with OSA having very high arousal frequency have lit-
tle or no symptoms of excessive somnolence and vice versa.38,39 
Although a correlation exists between the arousal index and 
objective tests of sleepiness in patients with OSA, the correla-
tion is quite weak (r = 0.23); in patients with an arousal index of 
40 events/hour, mean sleep onset latency on the multiple sleep 
latency test ranged from 1 to 16 minutes.40 It is possible that this 
wide range of sleepiness at the same arousal index may be in 
part related to the differences in arousal intensity among these 
patients. Since the current study shows that genetic factors 
explain a significant fraction of the phenotypic variability in 
average arousal intensity, it may be that the tendency for some 
people to be more adversely affected by sleep fragmentation 
is an inherited trait that determines arousal intensity. Further 
studies are needed to determine if average arousal intensity 
influences the change in daytime function as a result of sleep 
fragmentation.

The average arousal-related increase in HR during sleep is a 
mathematical function of average arousal intensity, the arousal 
intensity threshold of ∆HR (X intercept), and the slope of the 
relation. The current study indicates that average arousal inten-
sity and the arousal intensity threshold of ∆HR are strongly 
influenced by genetic factors. There is mounting evidence that 
arousals are an independent risk factor for the development 
of hypertension.41,42 To the extent that a larger HR response to 
arousals reflects greater arousal-related autonomic activation, 
which may in turn increase the risk of hypertension, our results 
suggest that such risk may be largely determined by genetic fac-
tors. Overall, the heritable traits described here represent prom-
ising sleep-related phenotypes for future genetic studies.
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