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INTRODUCTION
Arousals from sleep are very common in patients with sleep 

disorders. Frequent arousals from sleep cause sleep fragmen-
tation leading to impaired cognitive function1–4 and may also 
contribute to chronic hypertension in patients with obstructive 
sleep apnea (OSA).5–7 Arousals from sleep are also associated 
with a transient autonomic reflex activation that increases ven-
tilation, blood pressure, and heart rate (HR).8–12

Arousals are conventionally scored according to the Amer-
ican Academy of Sleep Medicine (AASM) criteria, which 
require an abrupt shift in electroencephalography (EEG) to 
higher frequencies for at least 3 sec preceded by at least 10 sec 
of stable sleep.13,14 The visual appearance of cortical arousals 
meeting this definition varies considerably within and between 
subjects. We have recently developed an automatic scaling al-
gorithm to score the intensity of arousals between 0 (no relative 
change in EEG characteristic) and 9 (the most intense arousal). 
The wavelet transform15,16 was used to quantify the change in 
EEG time and frequency characteristics due to arousal. We 
have shown that average arousal intensity, so quantified, varies 
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considerably between subjects with sleep disorders. Further-
more, there was an excellent correlation between intensity of 
arousal and average HR response within each subject while the 
slope of relationship varied considerably between subjects.17 
As indicated previously,17 these interindividual differences in 
average arousal intensity and in HR response to arousals may 
indicate different susceptibility to the development of cardio-
vascular complications of sleep disorders. Such a possibility is 
worthy of clinical investigation. However, before such studies 
can be undertaken, it is necessary to obtain additional informa-
tion about the robustness of the automated analysis used previ-
ously17 and the methodological requirements for such studies.

Accordingly, the objectives of the current study were to 
determine whether the automated algorithms developed from 
data obtained in patients with sleep disorders continue to func-
tion adequately in another group of subjects; whether average 
arousal intensity and HR response to arousal are also variable 
among healthy young adults; the normal range of responses 
for use as a reference in future clinical studies; and whether 
these responses are consistent on repeated testing. All arousals 
that met AASM criteria14 were identified from two sets of poly-
somnography (PSG) files recorded from healthy young adults 
over 2 consecutive nights. The intensity of arousals, and HR 
response to different arousal intensities, were determined and 
compared between the 2 nights. The results show that average 
arousal intensity and average HR response to a given arousal 
intensity are highly variable among subjects and stable within 
individuals.
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METHODS

PSG Files
The PSG files (56 in total from 28 subjects) used in this study 

were a subset of files generated in relation to a previous study 
on heritability of response to sleep deprivation.18 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 Uni-
versity. Written informed consent was obtained from each 
participant.

The PSGs examined in the current study were recorded at 
the University of Pennsylvania during 2 consecutive in-labo-
ratory nights preceding the onset of a 36-h sleep deprivation 
protocol. They contained four EEG signals (C3M2, C4M1, 
O1M2, O2M1), bilateral electrooculogram, chin muscle elec-
tromyogram (EMG), and electrocardiogram (lead 1). Signifi-
cant sleep pathology was excluded during a screening full PSG 
study performed at least 2 weeks prior to the sleep deprivation 
protocol (see Kuna et al.18 for details).

The files were scored for conventional sleep variables by 
the automatic system that has been developed at YRT Lim-
ited (Winnipeg, Manitoba, Canada) and validated in an in-
dependent multicenter study.19 As described previously,19 the 
software scans periods scored as rapid eye movement (REM) 
or nonrapid eye movement (NREM) sleep for alpha/sigma 
power, beta power, chin EMG, HR, and respiratory ampli-
tude. A significant increase in alpha/sigma power and/or beta 
power relative to adjacent regions that lasts > 3 sec is scored 
as a potential arousal. The potential arousal is confirmed if 
(1) the increase in [normalized alpha/sigma * normalized 
beta] exceeds a threshold value, or (2) the potential arousal is 
associated with a significant increase in a product that com-
bines normalized values of HR, chin EMG, and respiratory 
amplitude. For arousals in REM sleep an increase in chin 
EMG is also a requirement. In this fashion, and according 
to the 2007 AASM criteria,14 an increase in high-frequency 
power is essential but marginal increases in high-frequency 
power may or not be scored depending on the presence of 
other findings typically associated with arousals. The auto-
matic scoring was manually edited by an experienced PSG 
technologist (MO). Incorrectly identified arousals were de-
leted while arousals that were missed by the automatic system 
were added. The exact onsets and ends of arousals were also 
adjusted, if necessary.

Analyses

Arousal Scaling
The automatic scaling of arousal intensity used the wavelet 

transform, as described in detail previously.17 Briefly, the EEG 
signals during and before each arousal in NREM sleep were 
decomposed into five new signals (wavelet coefficients) using 
Daubechies wavelet transform.15 Fourteen different charac-
teristics were derived from these five coefficient series. De-
pending on the magnitude of changes (during arousal versus 
before arousal) in these 14 characteristics, a scale from 0 to 
9 (most intense) was given to each arousal by reference to a 
training data set containing the same features for 271 arousals 

whose intensity was visually scaled by MY. The wavelet char-
acteristics and the training set used in the present study were 
identical to the ones used in the earlier study.17

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.

HR Measurement
The HR response to a given arousal (ΔHR) was determined 

as the difference between maximum HR during arousal (i.e., 
from arousal onset to 8 sec after end of arousal) and maximum 
baseline HR. The electrocardiogram signal was visually in-
spected in the relevant regions and sections that contained ec-
topic beats or significant artifacts that precluded HR analysis 
were not used. Beat-by-beat HR in the interval 2 to 12 sec pre-
ceding the arousal was used as baseline HR. The 2 sec pre-
ceding arousal were avoided in baseline determination due to 
the observation that arousal-associated tachycardia may begin 
up to 2 sec before arousal.10

Statistics
For each file, we determined the total number of arousals 

and report the mean (standard deviation [SD]) values of 
arousal scale, arousal duration, and ΔHR values for each 
subject and night. In addition, ΔHR values for all arousals 
at each arousal scale were averaged after ignoring arousal 
intensities with only one observation. This was done to take 
account of the considerable variability in HR in successive 
measurements separated by several seconds in the absence 
of arousal (sham arousals), as described previously.17 The re-
lationship between arousal scale and average ΔHR values 
during each night was examined using several complemen-
tary methods. First, we examined Pearson linear correlations 
between average ΔHR values and corresponding arousal 
scales; similar correlations were seen using Spearman cor-
relation and, thus, only results with Pearson correlations will 
be reported. Second, we derived subject-specific slope and 
intercept estimates from separate linear regression models 
of mean ΔHR values against arousal severity score. Third, 
we fit a linear mixed model with random slope and inter-
cept terms with ΔHR as the outcome and arousal score as 
a predictor, using all individual data points and accounting 
for within-subject correlation. Using the fixed and random 
coefficients from this model, we then calculated subject-spe-
cific slope and intercept values, as in the linear regression 
models. To ensure reliable estimates of the ΔHR response 
to given arousal intensity scales (e.g., ΔHR4, ΔHR5), values 
were obtained from subject specific-regression equations, 
rather than from the average of actual ΔHR values at each 
scale. We used intraclass correlation coefficient (ICC) esti-
mates to assess the reproducibility/reliability of values ob-
tained during separate nights within the same participant, 
including: number of arousals, average arousal duration, 
average arousal intensity, overall average ΔHR, and model 
derived estimates of slope, intercept, ΔHR4 and ΔHR5. Com-
parisons between night 1 and night 2 values were done using 
paired t tests (when comparing average estimates) or with 
linear mixed model (using all data points); as expected, re-
sults were similar using either methodology.
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RESULTS
The participants were 17 female and 11 male adults with a 

body mass index of 24.2 ± 4.0 kg/m2 (range, 18–34). All of the 
participants had an apnea-hypopnea index and periodic limb 
movement index < 5 events/h on a full night diagnostic PSG 
that had been performed about 2 weeks previously. Table 1 
shows the participants’ characteristics and PSG results during 
nights 1 and 2.

Characteristics of Arousals in Different Files
In total, 4,751 arousals were examined from which only 

three received a scale of 0. Figure 1 shows the relative fre-
quency of different scales. There were two distinct peaks at 
scales 3 and 8, respectively. Scale 3 arousals were the most fre-
quent, accounting for 26.5% of all arousals examined. Scale 1 
arousals were the least frequent (excluding three arousals with 
scale 0), accounting for only 3.1% of all arousals.

Table 2 shows characteristics of arousals in individual 
files for nights 1 and 2. There were no significant differences 
(paired t test) between the two recordings in overall number of 
arousals (average difference [night 2 – night 1] = 2.1 arousals 
[SD = 22.5]; P = 0.637), average duration of arousals (mean 
difference = 0.06 sec [SD = 0.98]; P = 0.751), overall average 
HR response (mean difference = 0.46 beat.min−1 [SD = 1.82]; 
P = 0.190) or overall average arousal scale (mean differ-
ence = 0.14 [SD = 0.76]; P = 0.343).

When comparing reproducibility of average measures be-
tween nights, we observed strong ICC values (ICC > 0.70) for 
all measures except arousal duration, indicating good repro-
ducibility for our primary measures of interest. Specifically, 
there was good reproducibility in the number of arousals (range 
in different subjects: 23–204, ICC = 0.869), the average ΔHR 
(range, 1.9–18.3 beats.min−1 , ICC = 0.922) and the average 
arousal intensity (range,: 3.0–7.1, ICC = 0.716). The observed 

ICC in the average arousal duration was only 0.099, although 
we note the range was relatively small (6.1 to 9.5 sec), and, as 
mentioned previously, there was not a statistically significant 
difference across nights (P = 0.751).

Reproducibility of the HR Response to Arousal
Figure 2 shows the HR response to arousal in a representa-

tive subject on night 1 (top panel) and night 2 (bottom panel). 
The solid line is the average response at different intensity 
scales and each dot is one or more arousals. For night 1, the re-
lation between arousal scale and average ΔHR at the different 
scales in this subject was best fitted with a linear function: 
y = 1.5 × +1.1; r = 0.99. This was similar to the regression line 
for night 2: y = 1.6 × −0.6, r = 0.98. Table 3 shows the slope 
and intercept of regression lines fitted to the average responses 

Table 1—Participant characteristics and polysomnogram results.

Measure
Night 1 Night 2

Mean ± SD Range Mean ± SD Range
Sex (M/F) 11/17 N/A 11/17 N/A
Age (y) 28.6 ± 7.4 19.0–44.0 28.6 ± 7.4 19.0–44.0
Body mass index (kg/m2) 24.2 ± 4.0 18.0–34.2 24.2 ± 4.0 18.0–34.2
Total recording time (min) 495.7 ± 29.1 443.0–543.5 487.0 ± 38.8 415.2–567.6
Total sleep time (min) 432.9 ± 53.4 295.5–521.0 402.7 ± 63.5 258.0–518.0
Sleep efficiency (%) 87.3 ± 9.2 62.7–99.5 82.6 ± 10.8 59.5–96.3
Wake after sleep onset (min) 24.6 ± 15.4 1.2–71.5 84.3 ± 51.9 18.7–211.8
Arousal index (events/h) 12.8 ± 4.9 6.8–24.7 15.2 ± 4.8 6.5–24.9
Time in stage N1 (min) 11.6 ± 10.9 1.0–44.0 17.5 ± 12.9 2.5–64.0
Time in stage N2 (min) 262.4 ± 46.5 180.0–357.5 237.9 ± 44.8 165.5–319.5
Time in stage N3 (min) 62.3 ± 28.8 4.5–111.0 56.6 ± 25.9 15.5–107.5
Time in non-REM sleep (min) 336.3 ± 49.4 243.5–447.0 311.9 ± 47.9 228.0–432.5 
Time in REM sleep (min) 96.6 ± 21.5 51.5–133.0 90.8 ± 27.6 30.0–146.5
Sleep onset latency (min) 36.1 ± 39.3 0.2–149.5 5.0 ± 8.9 0.5–34.0
Latency to stage 3/4 (min) 25.9 ± 17.1 2.0–80.0 35.0 ± 34.9 12.5–161.0
Latency to REM stage (min) 108.9 ± 48.0 51.0–242.5 108.7 ± 56.7 31.0–294.0

REM, rapid eye movement; SD, standard deviation.

Figure 1—Frequency distribution of arousal intensity of all arousals 
examined.
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for all pairs of recordings. There was a highly significant cor-
relation between arousal scale and average HR responses in all 
files. Only one file in night 1 and six files in night 2 had a cor-
relation coefficient of < 0.9, with the lowest coefficient being 
0.76 (Table 3).

Table 4 shows the subject-specific slope and intercept 
values derived from our linear mixed regression model fit 
using all available arousals. We observed similar and signifi-
cant associations between arousal intensity and ΔHR on both 
night 1 (β ± standard error = 1.88 ± 0.13, P < 0.0001) and night 2 
(β ± standard error = 2.16 ± 0.12, P < 0.0001), such that for each 
one point increase in arousal intensity, we expect an average 
increase in ΔHR of approximately 2 beats/min. As expected, 
we observed similar subject specific estimates when using the 
linear mixed model to those obtained through the subject spe-
cific linear regression models (Table 3).

We subsequently examined the reproducibility of estimates 
derived based on our linear regression and mixed-model anal-
yses. For linear regression models, we observed strong ICC 
values when examining the reproducibility of ΔHR4 (ICC = 0.93, 
Figure 3) and ΔHR5 (ICC = 0.91, Figure 3). Derived estimates 

of ΔHR were similarly reproducible based on the linear mixed 
models (ΔHR4 ICC = 0.93 and ΔHR5 ICC = 0.92). Estimates 
of the subject specific intercepts were similarly reproduc-
ible (ICC = 0.80 from linear model, ICC = 0.81 from mixed 
model) and slopes were moderately reliable from linear models 
(ICC = 0.59), but more reliable from linear mixed models 
(ICC = 0.67). Thus, subject-specific regression models and 
ΔHR estimates appear reproducible across multiple nights; the 
majority of variability observed in our estimates is due to be-
tween subject variability, rather than differences in repeated 
estimates within subjects.

Figure 3 shows scatter plots of the different measures from 
night 1 and night 2. All correlations were highly significant 
(P < 0.00001).

DISCUSSION
The main findings from this study are: (1) similar to pa-

tients with sleep disorders,17 healthy young adults display a 
wide range of average arousal intensities and HR response to 
arousals; and (2) average arousal intensity and HR response to 
arousal are stable on repeat PSG testing.

Table 2—Average duration and average intensity scale of arousals and average change in heart rate with arousal in night 1 and night 2. 

Pair

Night 1 Night 2

n
Duration

(sec) Scale
ΔHR 

(beats.min−1) n
Duration

(sec) Scale
ΔHR 

(beats.min−1)
1 191 6.6 ± 3.3 3.0 ± 1.2 1.9 ± 3.1 204 6.6 ± 3.2 3.6 ± 1.8 4.1 ± 4.4
2 55 7.0 ± 3.2 5.6 ± 2.5 10.8 ± 8.5 110 7.8 ± 3.8 4.9 ± 2.3 9.1 ± 7.2
3 122 6.7 ± 2.8 3.3 ± 1.7 3.1 ± 4.2 169 7.0 ± 3.4 4.0 ± 1.7 2.7 ± 3.7
4 74 7.1 ± 3.7 4.3 ± 2.4 5.5 ± 4.7 62 8.6 ± 4.9 4.9 ± 2.5 9.3 ± 7.4
5 70 7.4 ± 4.1 4.4 ± 2.6 6.8 ± 8.2 70 7.8 ± 4.6 3.9 ± 2.4 6.6 ± 8.2
6 48 8.6 ± 4.7 3.9 ± 1.9 6.8 ± 7.2 57 6.5 ± 3.1 3.7 ± 1.8 6.0 ± 7.1
7 128 6.1 ± 2.9 3.2 ± 1.5 13.7 ± 5.7 92 7.9 ± 3.8 3.9 ± 1.6 12.5 ± 6.4
8 72 7.5 ± 2.9 4.8 ± 2.0 8.2 ± 6.3 73 7.8 ± 3.0 5.4 ± 2.2 12.5 ± 8.4
9 173 8.6 ± 4.2 4.6 ± 2.3 14.1 ± 7.7 151 7.7 ± 3.4 4.4 ± 1.9 16.5 ± 9.2
10 120 8.0 ± 3.7 3.7 ± 1.9 4.3 ± 7.3 110 7.6 ± 3.8 3.2 ± 1.8 3.5 ± 7.0
11 137 8.9 ± 4.1 4.8 ± 2.2 4.0 ± 3.5 108 7.9 ± 3.7 4.5 ± 2.2 5.1 ± 5.6
12 50 7.0 ± 3.5 3.3 ± 1.9 2.7 ± 4.7 70 7.7 ± 4.4 3.5 ± 1.9 4.0 ± 5.8
13 44 7.9 ± 3.3 4.5 ± 2.3 11.1 ± 9.8 55 8.5 ± 4.2 5.2 ± 2.5 13.3 ± 10.3
14 41 7.8 ± 4.2 5.1 ± 2.4 16.9 ± 9.6 67 8.2 ± 3.9 5.0 ± 2.6 16.5 ± 10.8
15 162 7.7 ± 3.9 5.5 ± 2.6 9.4 ± 7.0 177 7.9 ± 3.8 4.7 ± 2.5 7.1 ± 6.2
16 89 7.4 ± 3.9 3.6 ± 2.1 4.9 ± 4.4 78 7.3 ± 3.0 5.1 ± 2.8 4.5 ± 5.3
17 41 8.5 ± 3.6 7.0 ± 1.9 14.5 ± 8.6 23 7.2 ± 4.2 5.2 ± 2.8 11.7 ± 9.9
18 69 8.2 ± 4.2 5.4 ± 2.4 10.7 ± 9.6 83 8.0 ± 4.2 4.7 ± 2.3 10.0 ± 9.7
19 57 7.7 ± 3.6 4.8 ± 2.1 8.8 ± 4.0 58 6.1 ± 3.3 5.4 ± 2.0 10.1 ± 5.7
20 45 7.3 ± 3.0 3.7 ± 1.7 11.0 ± 7.2 54 9.5 ± 3.8 5.6 ± 2.0 14.7 ± 8.6
21 69 6.9 ± 3.9 5.0 ± 2.4 11.5 ± 8.0 40 7.4 ± 4.3 4.4 ± 2.0 11.7 ± 8.4
22 58 7.7 ± 3.5 5.9 ± 2.5 17.8 ± 8.8 67 7.2 ± 2.9 6.0 ± 2.5 16.8 ± 10.7
23 96 6.9 ± 3.6 3.9 ± 2.0 13.6 ± 10.4 92 7.9 ± 3.6 4.3 ± 2.0 15.6 ± 9.1
24 65 7.6 ± 3.8 5.9 ± 2.1 12.5 ± 6.9 64 7.6 ± 3.5 6.4 ± 1.9 14.0 ± 7.9
25 45 8.0 ± 4.0 6.1 ± 2.7 8.5 ± 7.3 44 8.7 ± 4.2 6.1 ± 2.2 7.8 ± 6.0
26 68 8.9 ± 4.7 6.3 ± 2.3 17.1 ± 7.3 76 8.7 ± 3.5 7.1 ± 2.0 18.3 ± 6.3
27 89 7.9 ± 3.4 3.5 ± 1.6 3.5 ± 3.9 119 7.2 ± 3.3 3.2 ± 1.3 3.1 ± 5.2
28 67 7.5 ± 3.9 4.1 ± 2.1 11.4 ± 10.2 30 7.0 ± 4.0 4.7 ± 2.2 11.0 ± 9.2

Results presented as subject-specific n or mean ± standard deviation. n, number of arousals examined; ΔHR, change in heart rate with arousal.
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Objective Measurement of Arousal Intensity and HR Response 
to Arousal

The current study provided an opportunity to validate the 
automated measurement of arousal intensity introduced by Az-
arbarzin et al.17 in a new data set. From a total of 4,751 arousals 
scored independently by an experienced certifi ed technologist 
only three arousals (< 0.1% of arousals) were given a scale of 
0. Furthermore, there was a strong and highly signifi cant cor-
relation between arousal scale and average HR response within 
each fi le (Table 3). These fi ndings not only support the validity 
of the automated approach used but they also provide more 
evidence that HR response is related to arousal intensity. In 
addition, the wavelet features used and the training data set, 
remained unchanged in the current study and the results were 
in agreement with those of the original study,17 thereby sug-
gesting that the original algorithm is insensitive to differences 
in recording techniques.

The change in HR from before to after the onset of arousal 
(ΔHR) incorporates the spontaneous variability in HR that is 
observed in the absence of arousal, which can be substantial. 
In our previous study17 we evaluated the effect of this sponta-
neous variability on ΔHR from the ΔHR observed in a number 
(10–14 per fi le) of sham arousals, where identical analysis was 
carried out on randomly selected periods during stable sleep. 
The SD of ΔHR was 2.6 ± 0.9 beats.min−1 with a range of 1.5 to 

Figure 2—The change in heart rate (ΔHR) with arousals of different 
intensities in a representative subject. Top panel shows the HR response 
to arousal for recording made on day 1 and the bottom panel shows 
the HR response to arousal for recording made on day 2. Each solid 
dot is one or more arousals and the solid line shows the average HR 
response at each scale. The equations of best fi tted regression lines to 
the average HR responses for 2 days are: Day 1: y = 1.5 × +1.1; r = 0.99; 
Day 2: y = 1.6 × −0.6, r = 0.98.
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4.5 beats.min−1 among different files.17 Furthermore, we found 
that the range of ΔHR with these sham arousals was no dif-
ferent from the range observed with any arousal intensity.17 
That the range of ΔHR observed at any arousal intensity is 
independent of arousal intensity, and reflects background HR 
variability, was also evident in the current study (e.g., note that 
the range of ΔHR at intensities 2 and 9 are similar in Figure 
2). Thus, in order to measure the independent effect of arousal 
on HR it is necessary to obtain the average of a number of 
ΔHR values at each arousal intensity. With 16 observations 
at each intensity the average would be within 0.7 beats.min−1 
of the true response, assuming an average SD of spontaneous 
ΔHR of 2.6 beats.min−1, and within 1.1 beats.min−1 of the true 
response, at the highest observed SD of 4.5 beats.min−1. Be-
cause it is often difficult to obtain such high numbers at several 
arousal intensities, an alternate approach is to report the ΔHR 
associated with a commonly observed arousal intensity (3, 4, 

or 5), where a large number of observations is almost always 
seen in a whole night study.

Arousal Intensity and HR Response to Arousals in Healthy 
Young Adults

The average intensity of arousals varied considerably among 
young, healthy adults (3 to 7, on a maximum scale of 9, Table 2). 
Likewise, the average HR response to a given arousal inten-
sity varied over a wide range, from 4.1 to 18.1 beats.min−1, at 
an arousal intensity of 5 (ΔHR5, Table 3). The mechanism of 
these differences is not clear. Differences in average arousal 
intensity may be due to different intensity of arousal stimuli in 
different subjects or to different cortical response to the same 
arousal stimulus. Likewise, differences in HR response to a 
given arousal intensity may reflect differences in the magni-
tude of autonomic activation with arousal in different subjects 
or to different sensitivity of the heart’s pacemaker to the same 

Table 3—Subject-specific linear regression model of arousal severity predicting change in heart rate on night 1 and night 2.

Pair
Night 1 Night 2

Slope Intercept r ΔHR4 ΔHR5 Slope Intercept r ΔHR4 ΔHR5

1 1.2 −1.6 0.94 3.2 4.4 1.6 −1.4 0.76 5.0 6.6
2 2.2 −1.5 0.98 7.3 9.5 2.8 −4.3 0.94 6.9 9.7
3 1.9 −2.7 0.93 4.8 6.7 1.5 −2.7 0.85 3.2 4.7
4 1.5 −1.1 0.90 4.8 6.3 2.5 −2.8 0.97 7.2 9.8
5 2.2 −3.0 0.92 5.6 7.8 2.6 −3.8 0.95 6.5 9.1
6 3.0 −4.5 0.99 7.7 10.7 2.6 −3.5 0.97 7.0 9.6
7 1.0 10.8 0.96 14.7 15.7 2.0 4.6 0.89 12.7 14.8
8 1.6 0.2 0.92 6.6 8.2 2.0 2.1 0.93 10.1 12.1
9 1.7 6.4 0.97 13.1 14.8 2.9 2.6 0.95 14.2 17.2
10 2.2 −3.9 0.83 4.9 7.2 2.9 −5.8 0.92 5.7 8.6
11 1.0 −0.7 0.98 3.1 4.1 2.0 −3.5 0.95 4.7 6.7
12 1.7 −2.5 0.94 4.2 5.9 1.7 −1.9 0.93 4.8 6.5
13 2.7 −1.2 0.98 9.5 12.2 2.6 −1.2 0.96 9.3 12.0
14 1.9 6.6 1.00 14.1 16.0 2.8 2.6 0.99 13.6 16.4
15 1.5 1.1 0.99 7.2 8.8 1.6 −0.6 0.98 5.9 7.6
16 1.5 −0.6 0.97 5.4 6.9 1.1 −1.5 0.91 2.9 4.0
17 2.2 −0.7 0.94 8.1 10.3 2.5 −2.5 0.84 7.6 10.1
18 3.0 −5.3 0.96 6.7 9.7 3.1 −4.1 0.93 8.1 11.2
19 1.2 3.2 0.96 8.0 9.2 1.8 0.6 0.97 7.8 9.6
20 2.6 0.3 0.95 10.6 13.2 2.4 1.3 0.99 10.7 13.0
21 2.2 1.0 0.97 9.6 11.8 3.0 −1.7 0.96 10.4 13.5
22 2.7 2.8 0.96 13.4 16.1 2.6 0.8 0.94 11.2 13.8
23 3.4 1.2 0.96 14.7 18.1 3.1 2.8 0.97 15.3 18.4
24 1.7 2.5 0.99 9.3 11.0 1.6 3.9 0.96 10.1 11.7
25 1.8 −2.7 0.97 4.3 6.0 2.4 −6.5 0.97 3.0 5.3
26 1.5 7.2 0.98 13.3 14.9 1.4 8.3 1.00 13.9 15.3
27 1.4 −1.5 0.93 4.2 5.6 1.4 −1.4 0.87 4.2 5.6
28 2.0 2.3 0.95 10.5 12.5 2.4 2.2 0.76 11.9 14.3

Mean 1.9 0.4 0.96 8.2 10.1 2.2 −0.6 0.93 8.4 10.6
SD 0.6 3.8 0.04 3.7 3.9 0.6 3.4 0.06 3.7 3.9

Subject-specific slope, intercept, and r values derived from separate linear regression models fit on each participant, using the mean ΔHR at each arousal 
intensity as an outcome, and arousal intensity as predictor; mean ΔHR values based on only 1 arousal were excluded from analyses. ΔHR4 and ΔHR5, 
average change in heart rate associated with arousal intensities of 4 and 5, respectively; r, correlation coefficient.
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autonomic stimulus. Further studies are needed to clarify these 
mechanisms.

Reproducibility of Arousal Responses
Several previous studies have reported very little variability 

in the number of arousals and arousal index from night to 
night.20–24 In the current study we show that the average inten-
sity of arousals and HR response to a given arousal intensity 
are also highly reproducible (Table 2 and Figure 3). This repro-
ducibility and the very wide range of values among individuals 
(Tables 2, 3, and 4) clearly indicate that these responses rep-
resent a wide range of individual phenotypes. To the extent 
that average arousal intensity may contribute to development 
of cognitive complications related to arousal, and a greater HR 
response to a given arousal intensity may indicate a more la-
bile cardiovascular system that is more susceptible to the de-
velopment of hypertension, it may be useful to include these 
individual characteristics in studies that evaluate the mecha-
nisms of various complications of sleep fragmentation. The 

demonstration that these responses are reproducible within 
subjects is reassuring in that it indicates that in such studies 
only one assessment is needed. Furthermore, considering 
the small night-to-night variability, fewer subjects would be 
needed in controlled studies that examine the effect of inter-
ventions (e.g. drugs, continuous positive airway pressure) on 
such arousal characteristics.

Arousal Characteristics in Normal Subjects Versus Patients 
with Sleep Disorders

Table 5 compares the demographic, clinical, and arousal fea-
tures in the current normal subjects with those of the subjects 
of the previous study in which we used the same approach.17 
There were relatively more females in the normal group (not 
significant). The current subjects were significantly younger, 
with a lower body mass index. Their sleep was of better quality 
as evidenced by higher sleep efficiency, less time in stage 
N1 and more time in stages N2 and N3, and a lower arousal 
index, and they were free of any sleep pathology.18 Despite 

Table 4—Subject-specific slope and intercept estimates from linear mixed model of arousal severity predicting change in heart rate on night 1 and night 2.

Pair
Night 1 Night 2

Slope Intercept ΔHR4 ΔHR5 Slope Intercept ΔHR4 ΔHR5

All 1.88 0.69 8.2 10.1 2.17 −0.41 8.3 10.4
1 1.1 −1.5 3.0 4.1 1.2 −0.1 4.7 5.9
2 2.2 −1.5 7.3 9.5 2.4 −2.4 7.1 9.4
3 1.5 −1.7 4.2 5.7 1.3 −2.6 2.8 4.1
4 1.3 −0.1 5.2 6.6 2.2 −1.6 7.3 9.6
5 2.2 −2.7 6.1 8.2 2.3 −2.3 7.0 9.3
6 2.7 −3.4 7.2 9.9 2.5 −3.2 6.9 9.4
7 1.1 10.0 14.4 15.5 2.0 4.3 12.5 14.5
8 1.6 0.7 6.9 8.5 2.0 1.8 9.7 11.7
9 1.5 7.1 13.1 14.6 2.5 5.2 15.3 17.9
10 2.4 −4.5 5.0 7.4 2.7 −5.0 5.7 8.4
11 1.1 −1.0 3.2 4.3 2.0 −3.7 4.2 6.2
12 1.8 −2.9 4.1 5.9 2.0 −2.7 5.2 7.1
13 2.4 0.2 9.9 12.3 2.6 −0.5 10.1 12.7
14 2.1 5.8 14.3 16.4 2.7 2.7 13.6 16.3
15 1.6 0.5 7.0 8.7 1.8 −1.2 5.9 7.7
16 1.5 −0.5 5.6 7.1 1.4 −2.4 3.1 4.4
17 2.1 −0.2 8.3 10.4 2.4 −0.6 8.8 11.2
18 2.8 −4.0 7.1 9.8 2.8 −3.3 8.1 10.9
19 1.3 2.7 7.7 9.0 1.8 0.2 7.6 9.4
20 2.0 3.5 11.5 13.5 2.4 1.0 10.6 13.0
21 2.1 1.1 9.4 11.5 2.5 0.4 10.6 13.1
22 2.6 2.5 12.8 15.4 2.8 0.1 11.1 13.8
23 3.3 0.5 13.8 17.2 3.0 2.7 14.7 17.7
24 1.7 2.2 9.1 10.9 2.0 1.5 9.3 11.3
25 1.8 −2.5 4.8 6.6 1.9 −3.8 4.0 5.9
26 1.7 6.3 13.1 14.8 1.9 4.8 12.3 14.1
27 1.1 −0.5 4.1 5.3 1.2 −0.9 4.1 5.4
28 2.0 3.2 11.1 13.1 2.3 0.2 9.2 11.5

Subject-specific slope and intercept estimates derived as combination of fixed and random effect estimates from a single linear mixed effects model with 
random slope and intercept, using raw arousal data on all participants. ΔHR4 and ΔHR5, average change in heart rate associated with arousal intensities 
of 4 and 5, respectively.
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these marked differences, the average arousal intensity was 
not significantly different (4.6 ± 1.1 versus 4.1 ± 0.7, P = 0.08). 
Furthermore, except for three normal subjects who had an av-
erage intensity between 6.0 and 7.0, the range of average inten-
sity was remarkably similar, thereby suggesting that average 
arousal intensity is either not affected by any of the differences 
observed between the two groups (i.e., is a fixed property in 
each individual) or that these differences affect the average 
intensity in opposite directions. Further studies are needed to 
distinguish between these two possibilities.

By contrast, whether expressed as average ΔHR or as HR re-
sponse to a given arousal intensity, the HR response to arousal 
was significantly higher in the young healthy subjects. It is not 
clear whether this is a function of age difference in arousal 
responses25,26 or habituation to the more disturbed sleep in the 
patients with sleep disorders.

In summary, we found that both arousal intensity and HR 
response to arousal are quite variable between individuals, 
whether young and healthy or older and with sleep disorders. 
Furthermore, these arousal characteristics are reproducible on 
repeat testing. These findings suggest that arousal characteris-
tics may represent a heritable trait. Further studies comparing 
the differences in responses between monozygotic and dizy-
gotic twin pairs may help verify this possibility.
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