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Abstract

Study Objectives: Intraindividual variability (IIV) in sleep may be a risk factor for disease above the influence of mean sleep.
Associations between IIV in sleep and risk for a comprehensive set of common medical and mental health conditions have
not been assessed in a representative sample.

Methods: This study examined mean and IIV in total sleep time (TST), sleep quality (SQ), sleep efficiency (SE), and circadian
midpoint (CM) in 771 adults recruited for an epidemiological study. Participants completed 14 days of sleep diaries to assess
TST, SQ, SE, and CM, after which they reported on medical conditions and mental health symptoms. Data were analyzed
using logistic regression, and models controlled for gender, body mass index, age, and race.

Results: Lower mean TST, SQ, and SE were related to increased odds of having gastrointestinal problems, depression, and
anxiety. IIV in TST was related to increased odds of having neurological, breathing, and gastrointestinal problems, as well as
pain and depression; all results held controlling for mean sleep and adjusting for false discovery rate. IIV in SQ and SE was
not associated with odds of having any medical or mental health conditions after adjusting for false discovery rate, nor was
IIV in CM or mean CM.

Conclusions: Confirming previous research, mean TST, SQ, and SE are related to risk for gastrointestinal problems,
depression, and anxiety. IIV in TST may be a unique facet of disturbed sleep that is associated with increased risk for a
diverse cluster of medical and mental health conditions.

Statement of Significance

This is the first study to investigate intraindividual variability (IIV; i.e. within-person night-to-night variation) in total sleep time, sleep
quality, sleep efficiency, and circadian midpoint and comorbidity with common medical and mental health conditions in a racially/ethnically
and age representative sample. Increased IIV in total sleep time was associated with elevated odds of having breathing, gastrointestinal,
and neurological problems, as well as depression and pain, independently of mean sleep, age, body mass index, gender, and race. Future
research should continue examining IIV in sleep as a distinct facet of disturbed sleep. Theoretical models and prospective, longitudinal
studies are needed to understand the psychobiological pathways by which IIV in sleep may relate to medical conditions over time.
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Introduction

Approximately 30% US adult population is chronically sleep
deprived (i.e. sleeping < 7 hours per 24 hours) [1, 2], and
approximately 30% regularly report at least one symptom of
poor quality sleep (i.e. difficulty initiating or maintaining sleep,
waking up too early, or nonrestorative sleep) [3]. Insufficient and
poor quality sleep is robustly linked to elevated risk for disease,
including coronary heart disease, depression, stroke, arthritis,
diabetes, and all-cause mortality [4-9]. In the United States
alone, it is estimated that insufficient and poor quality sleep
cost approximately $63.2 billion per year in lost productivity and
$411 billion per year in gross domestic product, underscoring
the enormous impact that impaired sleep has on public health
and the American economy [10, 11].

The majority of epidemiological research on sleep and disease
has focused exclusively on habitual sleep (i.e. average sleep over
the past weeks or months, reported retrospectively). Recent
research has highlighted the important role that fluctuations
in sleep from night to night also may play in disease risk (see
Bei et al. [12] for a review). These fluctuations are referred to as
intraindividual variability (IIV) and quantify the degree to which
an individual’s nightly values are different from another across
time. IIV in sleep can be measured prospectively using repeated
assessments of sleep (e.g. via sleep diaries or actigraphy) and
adds important information that is obscured when only the
mean level across these values is examined [12]. For example, two
individuals may have the same intraindividual mean (hereafter
referred to as “mean” for simplicity) sleep duration across a week,
but one individual may remain relatively constant in their sleep
patterns from night to night, whereas another individual may
fluctuate greatly, obtaining long sleep durations some nights and
short sleep durations other nights. This first individual exhibits
low IIV in sleep duration, whereas the second individual exhibits
high IIV in sleep duration (Figure 1).

Greater I1V in sleep timing, duration, and/or quality appears
to be a risk factor for disease, even after accounting for the
influence of mean sleep [12]. For example, greater IIV in sleep
timing (i.e. bedtime and risetime), sleep duration (both nightly
sleep duration and daytime nap duration), and sleep quality
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Figure 1. Two hypothetical individuals with the same intraindividual mean (IIM)
total sleep time but with different levels of IIV.

(SQ) and fragmentation are associated with reports of more
physical health conditions (e.g. diabetes, obesity, and heart
conditions) [13-15], kidney disease [16], higher body mass
index (BMI) and weight gain [14], insomnia [17, 18], asthma
and sleep-disordered breathing [19, 20|, and greater depressive
symptoms and negative mood [15, 21, 22]. Greater IIV in sleep
timing, sleep efficiency (SE), time in bed, and sleep duration
also is associated with flatter cortisol diurnal slopes [23], higher
levels of systemic inflammation [24], and greater allostatic load
[23]. Similarly, rotating shift work, which is characterized by
high IIV in sleep/wake cycles, is associated with elevated risk
for cardiovascular disease [25], obesity [26], type 2 diabetes [27,
28], and depression [29], as well as higher levels of systemic
inflammation [30, 31] and dysregulated cortisol [32]. Together,
these studies suggest that inconsistency in sleep/wake patterns
may be an important correlate of physiological dysregulation
and disease risk.

Despite growing attention toward IIV in sleep and disease,
research on this topic has several limitations (see Bei et al.
[12] for a discussion). First, most previous studies examining
associations between IIV in sleep and disease typically only
measure one facet of sleep (e.g. duration) over a short period of
time (i.e. < 7 days), which may not reliably capture a holistic view
of sleep or IIV. Second, most studies use post-hoc analyses and
do not carefully control for potentially confounding variables
(including mean sleep). Third, most previous work on IIV in
sleep has not been conducted in large, representative samples.
Finally, no studies have examined IIV in multiple dimensions of
sleep (i.e. duration, quality, efficiency, and timing) as a risk factor
for a wide array of common medical conditions. Systematic
characterization of IIV in multiple facets of sleep and risk for
medical conditions in a representative sample, therefore, is
needed. Such results will provide essential epidemiological
information about the potential disease risks associated with
IIV in sleep and may help identify more precise targets for
intervention and prevention efforts.

The Current Study

To address these gaps in the literature, we examined IIV in sleep
and its associations with comorbid medical conditions in age
and racially/ethnically diverse sample of adults using a rigorous
methodological approach. We hypothesized that greater IIV
in self-reported total sleep time (TST), SQ, SE, and circadian
midpoint (CM; i.e. the midpoint between bedtime and risetime)
assessed across 14 days would be associated with elevated odds
of having comorbid medical conditions (i.e. heart disease, cancer,
high blood pressure, neurological problems, breathing problems,
urinary problems, diabetes, pain, gastrointestinal problems,
depression, and anxiety), controlling for age, gender, BMI, race,
and the mean values of each facet of sleep. Together, these
results will provide a robust epidemiological characterization of
the specific medical conditions associated with IIV in sleep, and
guide future prevention and intervention efforts.

Methods
Procedure

This study is a secondary analysis of data collected as part of an
epidemiological study that sought to characterize age, gender,



and racial/ethnic differences in sleep norms [33]. Potential
participants living in Shelby County, Tennessee were contacted
using random digit dialing. To ensure adequate sampling of
sex and age, a stratified random sampling method was used
to obtain data from at least 50 men and 50 women in each
decade from ages 20 to +80. Unrestricted random sampling
was used until a cell was filled, on which it was closed for
additional sampling. Given that the population of the area was
divided nearly equally between African Americans (48.6%) and
Caucasian Americans (47.3%) at the time of data collection
(2000) [34], large numbers of participants from each of these
racial/ethnic groups were obtained. Brief telephonic interviews
were conducted to inquire about participation in the study.
Those who agreed to participate were mailed an informed
consent, a 14 day paper and pencil sleep diary, and a health
survey. On receipt, participants began completing the sleep
diary and, at the end of the 14 days, completed the remainder
of the material in the packet.

Participants

Of the 1769 volunteers recruited, an adjusted response rate
of 37.7% was obtained. Adjustment was necessary because,
as the study progressed, some cells filled more quickly than
others (e.g. men older than 80 years of age were the last to
fill). Greater detail about adjustment methods is published
elsewhere [33]. The final sample included 771 participants,
which consisted of 380 men and 391 women from the ages
of 20-98 years. The racial/ethnic representation included 539
Caucasians, 222 African Americans, 7 Asians, 1 Hispanic/
Latino, and 2 whose racial/ethnic information was not
reported (Table 1).

Measures

Nightly sleep

Participants completed the paper and pencil sleep diary every
morning on awakening for 14 consecutive days, which was
used to determine TST (time elapsed from reported bedtime to
risetime minus time reported awake, in hours), SQ (Likert-type
scale ranging from 1 = very poor to 5 = excellent), SE (i.e. TST
divided by time in bed multiplied by 100), and CM (i.e. midpoint
between bedtime and risetime; e.g. if bedtime = 11:00 pm and
risetime = 6:00 am, then CM = 2:30 am; times were converted
to numeric values by taking hours plus minutes as a fraction of
60, e.g. 2:30 am = 2.50). These particular measures were chosen
to comprehensively assess the facets of sleep that have shown
to be most relevant for health (i.e. duration, timing, quality, and
efficiency) [35].

Medical conditions

These were determined by asking participants to indicate
with a check mark whether they had the following health
conditions: heart disease, cancer, human immunodeficiency
virus/acquired immunodeficiency syndrome (HIV/AIDS),
high blood pressure, neurological disease (e.g. seizures and
Parkinson’s disease), breathing problems (e.g. asthma and
emphysema), urinary problems (e.g. kidney disease and
prostate problems), diabetes, pain (e.g. arthritis, back pain,
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Table 1. Participant characteristics

Morn SD or %
Age (years) 53.78 19.81
Body mass index 26.64 5.60
Gender
Female 391 50.71%
Male 380 49.29%
Race
White 539 69.91%
Black 222 28.79%
Asian 7 0.91%
Hispanic 1 0.13%
Missing 2 0.26%
Medical conditions
Heart disease 98 12.71%
Cancer 43 5.58%
High blood pressure 190 24.64%
Neurological problems 20 2.59%
Breathing problems 85 11.02%
Urinary problems 102 13.23%
Diabetes 58 7.52%
Pain 222 28.79%
Gastrointestinal problems 126 16.34%
Total number of medical conditions 1.22 1.38
Clinically significant depression 74 9.60%
(BDI scores > 18)
Clinically significant anxiety 63 8.17%
(STAI scores > 52)
Intraindividual mean in sleep
Total sleep time (hours) 6.99 1.16
Sleep quality (1 = very poor to 3.41 0.68
5 = excellent)
Sleep efficiency (%) 86.06 9.14
Circadian midpoint 3:20 am 1.61
hours
Intraindividual variability in sleep
Total sleep time (hours) 1.52 0.67
Sleep quality (1 = very poor to 0.69 0.33
5 = excellent)
Sleep efficiency (%) 7.34 4.97
Circadian midpoint (hours) 1.06 1.47
N =771

and migraines), and gastrointestinal problems (e.g. stomach,
irritable bowel syndrome, and ulcers).

Depression and anxiety

Depression was assessed using the 21-item Beck Depression
Inventory (BDI) [36]. BDI is a widely used measure of depression
and has good internal consistency (o = .91) and convergent validity
with other depression scales and psychiatric assessments [37].
Participants were categorized as having minimal depression (BDI <
10) or clinically significant depression (moderate to severe; BDI > 18).
These cutoff scores were based on values derived by independent
raters of patients with psychiatric disorder in an inpatient
environment [37]. Anxiety was assessed using the 20-item State-
Trait Anxiety Inventory (STAI), Form Y Trait Scale [38]. The STAl is a
widely used measure of trait anxiety and has adequate reliability
and validity [39]. Participants were categorized as having minimal
anxiety (trait score of <52) or significant anxiety (trait score of >52).
Scores of 52 or greater represent 2 SD above the mean for adults.
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Covariates

Baseline age, gender (1 = male, 2 = female), race (0 = white and
1 = any other race, given that the majority of the sample was
white), and BMI (weight in pounds divided by squared height in
inches, multiplied by 703) were used as covariates in all models,
as these variables have been shown to affect both sleep and risk
for medical conditions [12, 33, 40]. Mean sleep (i.e. an individual’s
sleep averaged across the 14 days) also was included in all
analyses in alignment with recommendations from previous
research on IIV in sleep [12].

Analysis plan

All statistical analyses were conducted using the open-source
statistical program R (RStudio, version 1.0.153) [41]. Intraclass
correlation coefficients (ICCs; i.e. the ratio of between-person
variability to the sum of between-person variability plus
within-person variability) first were calculated for all four sleep
parameters (TST, SQ, SE, and CM) to examine the amount of
within-person, IIV across time. Next, for each sleep parameter,
intraindividual means were calculated by summing daily
values across the 14 days and dividing by the total number
of days a sleep diary was completed for each participant.
Likewise, intraindividual SDs (i.e. the measure of IIV) were
calculated across the 14 days using the R package varian [12, 42].
Logistic regression analyses then were performed using R base
packages. Each medical condition (i.e. heart disease, cancer,
high blood pressure, neurologic disease, breathing problems,
urinary problems, diabetes, chronic pain, gastrointestinal
problems, depression, and anxiety) was analyzed separately
as the dependent variable, and the IIV of TST, SQ, SE, or CM
was analyzed separately as the independent variable. All
models controlled for age, gender, BMI, race, and the mean of
TST, SQ, SE, or CM. Although HIV/AIDS was measured, it was
not examined statistically, as only one participant reported
having this condition. Odds ratios (OR) were calculated for each
medical condition by exponentiating log odds. In alignment
with established guidelines [43], ORs between 1.49 and 3.45
were considered small effects; ORs between 3.46 and 8.99 were
considered medium effects; and ORs at least 9 were considered
large effects. With the sample size of 771, power was at 88% to
achieve a small effect size (i.e. OR) of 1.7 (o = .05, two-tailed,
binomial distribution). Given the large number of statistical
relationships assessed, in alignment with recommendations
from Benjamini and Hochberg [44], false discovery rate was
accounted for by ranking each of the 308 p-values obtained (i.e.
11 medical conditions x 4 sleep parameters x 7 variables in each
model) from smallest to largest, dividing each ranking by 308
(i.e. the number of statistical relationships assessed), and then
multiplying this value by an expected false discovery rate of 15%.
p-Values that remained less than .05 after adjusting for false
discovery rate were considered to be indicative of statistically
robust effects.

Results
Descriptive results

Participants completed an average of 13.64 of 14 possible daily
surveys, for an average compliance rate of 97%. More than 96%
participants (n = 742) completed all 14 days of daily surveys,

resulting in a nominal amount of missing data. Across the
14 days, participants reported mean TSTs of 6.99 + 1.16 hours,
SQ ratings of 3.41 + 0.68, sleep efficiencies of 86.06% + 9.14%,
and CMs of 3:20 am + 1.61 hours (Table 1). Participants reported
having an average of 1.22 + 1.38 medical conditions (excluding
depression and anxiety), with 13% reporting having heart
disease, 6% having cancer, 25% having high blood pressure, 3%
having neurological problems, 11% having breathing problems,
13% having urinary problems, 8% having diabetes, 29% having
pain, 16% having gastrointestinal problems, 10% having
clinically significant depression, and 8% having clinically
significant anxiety (Table 1).

Amount of IIV in sleep parameters

Examination of ICCs revealed that for TST, 61% variability could
be attributed to within-person fluctuations, and 39% could be
attributed to between-person fluctuations. For SQ, 58% variability
was due to within-person fluctuations, and 42% was due to
between-person fluctuations. For SE, 50% variability was due to
within-person fluctuations, and 50% was due to between-person
fluctuations. For CM, 49% variability was due to within-person
fluctuation, and 51% was due to between-person fluctuations.
These results suggest a high degree of within-person, IIV in all
four sleep parameters across the 14 days. For an illustration of
how the four sleep measures varied over the 14 days for five
sample participants, see Figure 2.

Intraindividual mean and variability in TST and
odds of medical and mental health conditions

For every 1 hour increase in IIV in TST, odds of having the
following medical or mental health conditions increased by
the following magnitudes: neurological problems by 2.68 (95%
CI = 1.37 to 5.22), breathing problems by 1.82 (95% CI = 1.29
to 2.56), pain by 1.55 (95% CI = 1.19 to 2.02), gastrointestinal
problems by 1.62 (95% CI = 1.18 to 2.22), depression by 2.42
(95% CI = 1.62 to 3.64), and anxiety by 1.77 (95% CI = 1.18 to
2.65; Table 2). For every 1 hour increase in mean TST, the odds
of having gastrointestinal problems decreased by 0.72 (95%
CI = 0.60 to 0.86), and the odds of having anxiety decreased
by 0.54 (95% CI = 0.42 to 0.70; Table 2). After adjusting for
false discovery rate, the relationships between IIV in TST and
odds of having neurological problems, breathing problems,
pain, gastrointestinal problems, and depression (see Figure 3
for a forest plot of ORs for these significant effects), as well
as the relationships between mean TST and odds of having
gastrointestinal problems and anxiety remained significant at
the p value of less than .05 level (Table 2).

Intraindividual mean and variability in SQ and odds
of medical and mental health conditions

For every one-unit increase in IIV in SQ, the odds of having
the following medical or mental health conditions increased
by the following magnitudes: breathing problems by 2.61
(95% CI = 1.21 to 5.69), gastrointestinal problems by 2.27 (95%
CI = 1.15 to 4.53), and depression by 3.08 (95% CI = 1.26 to
7.73; Table 2). However, these relationships did not hold after
adjusting for false discovery rate. For every one-unit increase
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Figure 2. Spaghetti plots of total sleep time (in hours; top left), sleep efficiency (%; bottom left), sleep quality ratings (1 = very poor, 5 = excellent; top right), and circadian
midpoint values (numeric time; bottom right) for five sample participants across 14 days. Each color represents a different participant.

in mean SQ, the odds of having the following medical or mental
health conditions decreased by the following magnitudes:
heart disease by 0.67 (95% CI = 0.47 to 0.95), breathing
problems by 0.62 (95% CI = 0.43 to 0.88), urinary problems
by 0.63 (95% CI = 0.44 to 0.89), pain by 0.69 (95% CI = 0.53 to
0.89), gastrointestinal problems by 0.45 (95% CI = 0.33 to 0.62),
depression by 0.22 (95% CI = 0.14 to 0.35), and anxiety by
0.12 (95% CI = 0.07 to 0.21; Table 2). After adjusting for false
discovery rate, only the relationships between mean SQ and
odds of having pain, gastrointestinal problems, depression,
and anxiety remained significant at the p value of less than
.05 level.

Intraindividual mean and variability in SE and odds
of medical and mental health conditions

IIV in SE was not associated with increased odds of having
any medical or mental health conditions, either before or after
adjusting for false discovery rate (Table 2). Higher mean SE was
associated with decreased odds of having cancer, breathing
problems, gastrointestinal problems, and depression: For every

1% increase in mean SE, the odds of having each of these
conditions decreased by the following magnitudes: cancer by
0.95 (95% CI = 0.92 to 0.995), breathing problems by 0.96 (95%
CI =0.93 to 0.99), gastrointestinal problems by 0.96 (95% CI = 0.93
to 0.99), depression by 0.93 (95% CI = 0.89 to 0.96), and anxiety
by 0.97 (95% CI = 0.87 to 0.94; Table 2). After adjusting for false
discovery rate, only the relationships between mean SE and
depression and anxiety remained significant at the p value of
less than .05 level.

Intraindividual mean and variability in CM and odds
of medical and mental health conditions

IIV in CM only was associated with increased odds of having urinary
problems, but not any other medical or mental health conditions:
For every 1 hour increase in IIV in CM, the odds of having urinary
problems increased by 1.18 (95% CI = 1.003 to 1.378; Table 2).
However, after adjusting for false discovery rate, this relationship
was no longer significant. Mean CM was not associated with
elevated odds of having any medical or mental health conditions,
either before or after adjusting for false discovery rate (Table 2).
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Table 2. Intraindividual mean and intraindividual variability in total sleep time, sleep quality, sleep efficiency, and circadian midpoint and odds

[95% CI] of having medical or mental health conditions

Total sleep time Sleep quality

Sleep efficiency Circadian midpoint

M v 1M v

M v IIM v

Odds ratio [95% CI] Odds ratio [95% CI]

Odds ratio [95% CI] Odds ratio [95% CI]

Heart 0.89[0.73t0  1.41[0.96 to 0.67*[047to  0.77[0.36to  0.98[0.95tc  1.02[0.96 1.03[0.88 0.96 [0.78
1.08] 2.06] 0.95] 1.67) 1.01] to 1.08] to 1.18] to 1.15]
Cancer 0.84[0.65t0  1.11[0.65 to 0.75 [0.46 to 1.96[0.68to  0.95°[0.92to  0.98 [0.90 1.00[0.79 1.06 [0.80
1.09] 1.87] 1.23] 5.78] 0.99] to 1.06] to 1.17] to 1.31]
HTN 0.95[0.81toc  1.08[0.81to 0.83 [0.63 to 156 [0.86to  0.98[0.96t0  1.01[0.96 0.98 [0.86 0.98 [0.85
1.10] 1.45) 1.09] 2.84] 1.01] to 1.07] to 1.10] to 1.13]
Neuro 0.79[0.54t0  2.68* [1.37 0.98 [0.49 to 1.04[023to  0.95[0.90to  1.06[0.96 1.01[0.70 0.88 [0.37
1.12] t0 5.22] 2.00] 4.63] 1.00] to 1.17] t0 1.25] to 1.30]
Breathing 0.93[0.76t0  1.82* [1.29 0.62*[0.43to  2.61*[1.21 0.96*[0.93t0  1.00[0.94 0.98 [0.83 1.06 [0.89
1.12] t0 2.56] 0.88] t0 5.69] 0.99] to 1.06] to 1.12] t0 1.25]
Urinary 0.99 [0.82 to 1.47 [1.00 to 0.63"[0.44to  0.84[0.39to  0.98[0.95to 0.99 [0.93 1.00 [0.86 1.18* [1.00
1.20] 2.15] 0.89] 1.80] 1.01] to 1.05] to 1.14] to 1.38]
Diabetes 1.06[0.84t0  1.53[0.99 to 0.84 [0.55 to 1.83[0.73to  1.01[0.97to  1.04[0.97 1.02 [0.83 1.02 [0.82
1.34] 2.34] 1.28] 4.64] 1.05] t0 1.12] t0 1.18] t0 1.22]
Pain 0.88 [0.76 to 1.55" [1.19 0.69" [0.53 1.66 0.96 to 0.98 [0.95 to 1.03 [0.99 1.02 [0.92 1.05 [0.92
1.02] t0 2.02] t0 0.89] 2.87] 1.00] to 1.08] to 1.13] to 1.19]
GI 0.72** [0.60 1.62"[1.18 0.45"[0.33 2.27*[1.15 0.96" [0.93 to 1.03 [0.98 1.06 [0.94 0.98 [0.83
t0 0.86] t0 2.22] t0 0.62] t0 4.53] 0.99] to 1.09] to 1.19] to 1.14]
Depression ~ 0.93[0.74to  2.42**[1.62 0.22** [0.14 3.08%[1.26 0.93* [0.89 1.03[0.96 1.12[0.98 1.06 [0.90
1.16] to 3.64] to 0.35] to 7.73] to 0.96] to 1.10] to 1.28] to 1.24]
Anxiety 0.54*[0.42  1.77*[1.18to  0.12**[0.07 1.01[0.38to  0.91**[0.87 0.99 [0.92 1.13[0.99 1.07 [0.91
t0 0.70] 2.65%] t0 0.21] 2.69%] t0 0.94] to 1.06] to 1.23] to0 1.25]

*p < .05, *p < .01. Bold values represent significant values (p < .05) after adjusting for false discovery rate using the Benjamini-Hochberg procedure. All models
adjusted for gender (1 = male, 2 = female), body mass index, and race (0 = white, 1 = other race) and examined IIV and intraindividual mean (IIM) simultaneously.
Total sleep time was measured in hours. Sleep quality was measured on a scale of 1 = very poor to 5 = excellent. Sleep efficiency was measured as a percentage
from 0% to 100%. Circadian midpoint was calculated as the midpoint between bedtime and risetime in numeric time. Heart = heart disease, HTN = hypertension,
Neuro = neurological problems, Breathing = breathing problems, Urinary = urinary problems, GI = gastrointestinal problems.

Neurological problems

2.68 [1.37, 5.22]

Breathing problems —— 1.82 [1.29, 2.56]
Pain : 1.55[1.19, 2.02]
Gastrointestinal problems —— 1.62[1.18, 2.22]
Depression : —_—— 2.42[1.62, 3.64]
I T T T I I
1 2 3 4 5 6
Odds Ratio

Figure 3. Forest plot depicting significant associations between intraindividual variability in total sleep time (in hours) and odds of having medical conditions. Columns
on the right indicate odds ratios and 95% confidence intervals. All associations control for age, gender, body mass index, race, and mean total sleep time, and remained
significant after adjusting for false discovery rate using the Benjamini-Hochberg procedure.

Discussion

In their 2016 systematic review of 53 studies examining
correlates of IIV in sleep, Bei et al. [12] report that the
limitations of research on this topic included (1) unsystematic
and post-hoc analyses, (2) not controlling for mean sleep,
and (3) a lack of careful consideration of potentially
confounding variables. In contrast to previous research, this
study specified specific hypotheses a priori (reporting both
significant and null findings), corrected for false discovery
rate, controlled for mean sleep in all analyses, and carefully

included other covariates that may have been confounding
(i.e. age, gender, BMI, and race). This also was the first study
to examine IIV in multiple facets of sleep (i.e. TST, SQ, SE , and
CM) as predictors of multiple comorbid medical conditions in
an age and racially/ethnically diverse sample. Adjusting for
false discovery rate, we found that greater IIV in self-reported
TST (but not IIV in SQ, SE, or CM) is a distinct risk factor
for a diverse cluster of medical conditions (neurological,
breathing, gastrointestinal, depression, and pain) and that
these effects are independent of the influence of age, BMI,
race, and mean TST.



IIV in TST as a unique correlate of depression, pain,
and GI, breathing and neurological conditions

Our results support a growing body of evidence suggesting that
IIV in TST may be a distinct correlate of neurological problems
and depressive symptoms [14, 15, 21, 45]. We found that every
hour increase in IIV in TST was associated with 2.7 times greater
odds of having neurological problems. Similarly, Dautovich et al.
[13] found that greater IIV in nap duration is associated with
a greater number of health conditions (including neurological
problems) in older adults. Greater IIV in TST also has been
related to poorer white matter integrity in adolescents [46],
which may reflect underlying neurological problems and poor
cognitive development. We also found that every hour increase
inIIVin TST was associated with 2.4 times greater odds of having
depression. Supporting our findings, other studies have shown
that greater IIV in TST, as well as IIV time in bed, sleep onset
latency, and sleep fragmentation (all facets of SE), is associated
with depressive symptoms and negative mood [20, 22, 47].
Expanding on the existing literature, our study was the first to
show that IIV in TST also may be a correlate of self-reported
gastrointestinal problems, breathing problems, and pain.
Together, these results suggest the need for future research to
examine if reducing IIV in TST sleep may lead to more favorable
health outcomes.

Null results with IIV in TST and other medical
conditions

In contrast to findings from other studies [13-16], in this
study, IIV in TST was not associated with elevated odds of
having cardiometabolic disease (hypertension, diabetes, or
heart disease), cancer, urinary problems, or anxiety. This may
be attributed to the self-report, epidemiological nature of this
study, and therefore, the possible underdiagnosis of these
medical conditions. There also may be something unique about
the specific medical conditions with which IIV in TST was
associated; for example, depression, pain, and gastrointestinal,
breathing, and neurological problems all tend to involve
elevated levels of systemic inflammation, with which IIV in
TST may be uniquely associated. Finally, the fact that IIV in TST
was related to these specific medical conditions and not others
may also have something to do with the specific demographic
characteristics of this sample (e.g. age, gender, race/ethnicity,
income, and education levels); future studies should seek to
replicate our results in other samples and examine demographic
moderators of the associations between IIV in sleep and medical
conditions.

Null results with IIV in other sleep parameters and
medical conditions

Contrary to our expected hypotheses, we found thatIIV in SQ, SE,
and CM was not associated with elevated odds of any medical or
mental health conditions. Overall, IIV in TST appeared to be the
most robust and consistent sleep-related risk factor for medical
and mental health conditions. Even relative to other factors
such as age, which is typically considered one of the most robust
risk factors for disease morbidity, IIV in TST was associated with
substantially elevated odds of having medical and mental health
conditions. It is unclear, at this point, why the TST IIV results did
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not extend to SE, CM, or SQ. It may be that mean values of SQ, SE,
or CM are more important than IIV, as discussed later. It might
also be that TST is more health relevant in general than SE, CM,
or SQ, or that TST is more validly self-reported by participants
than other sleep parameters (a finding that has been supported
by previous studies) [48, 49]. Finally, the null findings with IIV in
SQ, SE, and CM also may be attributed to a relative restriction
of range in these values and lower within-person variability in
these measures across time. To our knowledge, no other studies
have examined within-person variability in CM over time;
however, in a nationally representative sample, Knutson et al.
[50] showed that SE is relatively stable from one year to the next
(r = .90); whereas TST is more labile (r = .76). In concordance
with these results, in this study, there was more within-person
variation in TST (61%) than in SE (50%), CM (49%) or SQ (58%) over
the 14 day study period. More studies are needed to replicate
and extend these findings before strong conclusions can be
made about the relative importance of IIV in TST versus IIV in
other sleep parameters across time.

The relative importance of IIV in sleep compared to
mean sleep

In addition to IIV in TST, lower means of some sleep parameters
(TST, SQ, and SE) were related to increased odds of having
gastrointestinal problems, depression, and anxiety. These
results are in concordance with findings from other daily and
epidemiological studies that show that shorter mean TST and
lower mean SE and SQ are associated with poorer mental health
outcomes and gastrointestinal problems [51, 52]. However,
it is notable that the effect of IIV in TST on these medical
conditions was stronger than the effect of mean TST. Although
the mean and IIV in sleep parameters often are correlated
and may be driven by similar physiological processes (i.e. the
homeostatic sleep drive and the internal circadian clock, see
further discussion later), IIV in sleep likely better captures day-
to-day situational changes in mood, work schedules, stress, or
illness symptomatology that are obscured when only the mean
in sleep is computed across time. It is therefore possible that
the mean and IIV in sleep parameters may capture related but
somewhat distinct phenomena, possibly with partially divergent
physiological effects.

Potential mechanisms linking IIV in sleep and
health outcomes

Alterations in hypothalamic-pituitary-adrenal axis and

autonomic nervous system functioning

There are a number of potential biobehavioral mechanisms
to explain how IIV in sleep may be related to adverse health
outcomes. First, it may be that the health effects of IIV in sleep
are mediated by alterations in hypothalamic-pituitary-adrenal
(HPA) axis and autonomic nervous system (ANS) activity (e.g.
blunted parasympathetic and increased sympathetic nervous
system [SNS] activity). The HPA axis and the ANS regulate the
immune response, metabolism, and cardiometabolic function
[53-55], and the byproducts of these systems (i.e. cortisol,
norepinephrine, epinephrine, and inflammatory cytokines)
have been associated with IIV in sleep [23, 24]. During a night of
sleep loss, the SNS branch of the ANS releases norepinephrine
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and epinephrine, which stimulate the upregulation of nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB)
and the production of pro-inflammatory biomarkers such as
interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-a) [56,
57]. Together, this heightened pro-inflammatory state may make
an individual more tired on awakening, causing rebound sleep
the next night and increasing IIV in sleep from night to night
[58, 59].

Previous studies have indeed shown that greater IIV in sleep
duration and fragmentation are related to increased nocturnal
norepinephrine in insomniacs or individuals under chronic
stress [20, 60]. In midlife adults, greater IIV in sleep timing and
TST is associated with flatter diurnal cortisol slopes, and greater
IIV in sleep onset latency and wake after sleep onset (both facets
of SE) is associated with higher allostatic load (i.e. multisystem
physiological dysregulation), both of which suggest dysregulated
HPA axis functioning [23]. Greater IIV in wake time and time
in bed also has been associated with higher IL-6 among good
sleepers, and greater IIV in bedtime has been associated with
higher TNF-a in both good and poor sleepers [24]. Importantly,
greater systemic inflammation and dysregulation of the HPA axis
and ANS are prospectively implicated in the development of a
number of chronic diseases, including respiratory, neurological,
and gastrointestinal disease, as well as pain and depression
[61-71]. Although it remains to be empirically tested, these
findings provide some evidence to suggest that the relationships
we observed between IIV in sleep and these diseases may be
mediated by systemic inflammation and dysfunction of the HPA
axis and ANS.

Alterations in circadian processes

IV in sleep also may lead to poor health outcomes via disruption
of circadian rhythms. Misalignment of biological and behavioral
circadian rhythms is involved in the pathogenesis of multiple
health morbidities, including depression [72], metabolic
syndrome [73], and cancer [74]. The circadian clock regulates
critical aspects of cell growth and survival, including the cell
cycle, cellular senescence, and metabolism [75]. Evidence
from experimental circadian misalignment and simulated
night shift work studies suggests that greater variability
in simulated sleep schedules is associated with elevated
inflammation, dysregulated cortisol, and insulin resistance [32,
76, 77]. Circadian misalignment also can lead to suppression
of nocturnal melatonin [78]. Melatonin is a potent antioxidant,
has anti-inflammatory effects, and inhibits leukocytes from
adhering to endothelial cells [79]; therefore, its suppression
may be associated with elevations in chronic inflammation and
tissue damage that is characteristic of many chronic diseases
(e.g. depression, cardiovascular disease, neurodegenerative
disease, and chronic pain).

Alterations in behavioral processes

Greater IIV in sleep may also be related to poor health outcomes
via behavioral pathways. After a night of poor sleep, individuals
may engage in maladaptive health behaviors during the
subsequentday (e.g. takingnaps, drinking caffeine or alcohol, and
using sleeping medications), in attempts to compensate for lost
sleep. These behaviors may impair the ability for the individual
to initiate sleep the following night, unintentionally promoting a
cycle of instability and high IIV in sleep, and possibly impairing

other physiological processes (e.g. metabolism, cognition, and
cardiovascular function). Individuals with high IIV in TST may
also engage in other emotional coping behaviors (e.g. unhealthy
eating, using nicotine, alcohol or illicit drugs, avoiding social or
work situations, and worrying about sleep), all in attempts to
cope with lost or variable sleep, but which could result in direct
negative physiological consequences. More comprehensive
theoretical models are needed to explain the specific behavioral
and physiological pathways by which IIV in sleep may contribute
to specific disease risks, or over what time frame these effects
may occur. A better understanding of specific biomarkers (e.g.
heart rate variability, catecholamines, cortisol, blood pressure,
and immune biomarkers) and health behaviors (e.g. caffeine
usage, napping, and medication use) associated with increased
11V in sleep will facilitate understanding of how IIV may unfold
as a disease risk factor.

Limitations and future directions

Despite this study’s unique contribution of the literature,
there are some limitations that warrant further research. First,
given that this was a large, epidemiological study, all measures
were assessed via self-report. Results should be replicated
using more objective measures of sleep (i.e. via actigraphy or
at-home polysomnography) and physician-diagnosed medical
conditions to address potential self-report biases. Second,
although we assessed IIV in sleep over a longer period than
most previous studies, more reliable estimates of IIV are
obtained with more measurement occasions. A previous
study demonstrated that 1 week of sleep diaries resulted in
reliable estimates of intraindividual means in TST and SE [80],
but comparatively, little work has been done to estimate the
optimal number of measurements to obtain reliable measures
of IIV.

Finally, causality between IIV in sleep and comorbid medical
conditions cannot be determined with this study design.
Although evidence from experimental and prospective studies
suggests that mean sleep disturbances often precede the
development of medical conditions and impaired physiological
functioning [30, 76, 77, 81-84], no studies have examined the
prospective relationships between IIV in sleep and subsequent
risk for medical conditions. It is highly likely that the
relationship between IIV in sleep and risk for medical conditions
is bidirectional or cyclical. Greater IIV in sleep may lead to the
development of or exacerbate preexisting medical conditions.
Medical conditions also may lead to the development of greater
IIV in sleep as a result of increased discomfort and sleep/wake
alterations associated with disease processes. It also is possible
thatIIV in sleep and medical conditions share a common genetic
or environmental influence (e.g. stress).

Evidence from experimental circadian misalignment and
simulated rotating night shift work studies suggests that
greater variability in simulated sleep schedules is in turn
associated with elevated inflammation, dysregulated cortisol,
and insulin resistance [32, 76, 77]. However, these types
of simulated laboratory studies likely result in a different
type of IIV in sleep than naturally occurring night-to-night
fluctuations in sleep experienced in everyday life. Prospective,
longitudinal studies of naturally occurring IIV in sleep and
markers of disease risk are needed to infer the directionality



of these associations, over what time frame the effects may
unfold, and what “dosage” of IIV in sleep may be a risk factor
for disease. A better understanding of the distinct social,
psychological, and biological causes of IIV in sleep (e.g. social
jetlag, sleep debt, shift work or work schedule, parenting or
caregiving, stress, aging, and genetics) also may help delineate
when greater IIV in sleep becomes a disease risk factor. Future
studies should examine if IIV in sleep is a unique risk factor
for morbidity beyond these variables. Finally, although it was
not a goal of this study, examination of a priori, theoretically
grounded demographic moderators (e.g. age, gender, and race/
ethnicity) of the relationship between IIV in sleep parameters
and medical and mental health conditions also is warranted
to better understand who may be most at risk. For example,
previous studies (including one using the same sample as
this study [15]) have shown that racial and ethnic minorities,
women, and younger and older adults (compared to midlife
adults) tend to have greater IIV in sleep [15, 20, 50, 85, 86].

Conclusion

In summary, results from this study suggest that greater IIV
in TST may be a distinct correlate of a diverse set of medical
conditions, including neurological problems, gastrointestinal
problems, breathing problems, pain, and depression. As we
transition to an increasingly 24 hour society, the burden of IIV in
sleep on disease risk is likely to become an even greater public
health concern. As such, future research should continue to
examine IIV in sleep as a specific facet of disturbed sleep above
the influence of mean sleep. Prospective, longitudinal, and
experimental studies will help better infer the directionality
of the relationship between IIV and disease and elucidate
physiological mechanisms by which IIV in sleep may confer
disease risk over time.
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