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Abstract

Introduction: Enhanced characterization of sleep architecture, compared with routine polysomnographic metrics such as
stage percentages and sleep efficiency, may improve the predictive phenotyping of fragmented sleep. One approach
involves using stage transition analysis to characterize sleep continuity.

Methods and Principal Findings: We analyzed hypnograms from Sleep Heart Health Study (SHHS) participants using the
following stage designations: wake after sleep onset (WASO), non-rapid eye movement (NREM) sleep, and REM sleep. We
show that individual patient hypnograms contain insufficient number of bouts to adequately describe the transition
kinetics, necessitating pooling of data. We compared a control group of individuals free of medications, obstructive sleep
apnea (OSA), medical co-morbidities, or sleepiness (n=374) with mild (n=496) or severe OSA (n=338). WASO, REM sleep,
and NREM sleep bout durations exhibited multi-exponential temporal dynamics. The presence of OSA accelerated the
“decay” rate of NREM and REM sleep bouts, resulting in instability manifesting as shorter bouts and increased number of
stage transitions. For WASO bouts, previously attributed to a power law process, a multi-exponential decay described the
data well. Simulations demonstrated that a multi-exponential process can mimic a power law distribution.

Conclusion and Significance: OSA alters sleep architecture dynamics by decreasing the temporal stability of NREM and REM
sleep bouts. Multi-exponential fitting is superior to routine mono-exponential fitting, and may thus provide improved
predictive metrics of sleep continuity. However, because a single night of sleep contains insufficient transitions to
characterize these dynamics, extended monitoring of sleep, probably at home, would be necessary for individualized clinical
application.
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Introduction

Numerous endogenous and exogenous factors influence wheth-
er sleep or wake is achieved, how long a given state is maintained,
and the reasons sleep architecture may become fragmented
[1,2,3,4]. Much effort has been invested in attempts to correlate
various polysomnogram (PSG) metrics with daytime symptoms,
with the goal of understanding (and promoting) those aspects of
sleep that contribute most to its recuperative properties. However,
correlations between daytime sleepiness and PSG metrics are not
always straightforward, due in part to inter-subject variability, the
subjective nature of the clinical complaints, and variations in an
individual’s tolerance to sleep disruption. The commonly em-
ployed Epworth Sleepiness Scale (ESS), for example, correlates
with subjective complaints of sleepiness but not with objective
measures obtained from Multiple Sleep Latency Tests [5,6].
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Although the ESS score was correlated with the severity of
obstructive sleep apnea (OSA) in the large Sleep Heart Health
Study (SHHS) database, the absolute changes were small and even
the most severe OSA group had scores within the normal range
(<10)[7]. Other measurements have also been investigated as
predictors of daytime sleepiness, including fragmentation [8],
autonomic arousals [9], and EEG measurements of cortical
arousals associated with respiratory events in OSA patients [10].
A meta-analysis of the relationship between sleep fragmentation
and daytime function suggested the importance of the percentage
of stage NREM1 which may inversely relate to sleep continuity
[11]. However, other reports show little relationship of stage
NREMI proportions with fragmentation [12,13]. Percentage or
proportion of a state does not contain information about the
number of transitions, or fragmentation, which may contribute to
some of the differences in reporting.
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Survival analysis applied to sleep bout durations, in which
lifetime refers to the length of time spent in a given stage, indicates
decreased stability of sleep in OSA patients in proportion to
severity of disease[14]. Importantly, when sleep bout duration is
considered in this dynamic sense (the distribution of time spent in a
state)) OSA was shown to alter sleep architecture despite
unchanged “summary” PSG metrics, such as stage percentages
or total sleep time[15]. Decreased sleep stability, as measured by
transition probabilities and survival analysis of sleep runs (stage-
independent), was also demonstrated in Chronic Fatigue Syn-
drome patients[16,17]. Transition probability analysis also dem-
onstrated that sleep fragmentation seen in elderly patients was due
to more frequent awakenings, but the wake bouts were unchanged
in duration, suggesting that the transition back to sleep was
unaffected by age[18]. These studies increasingly suggest that
standard metrics of sleep architecture and fragmentation/arousal
can be complemented by assessing the distribution of stage
durations and transition probabilities, in hopes of providing better
correlations with disease states and clinical symptoms.

Given the increasing realization that the percentage of time in a
given stage may be less important than their distribution dynamics
across the night, several groups have considered sleep architecture in
terms of the statistical distributions of sleep stage durations. In fact,
measurements of sleep in rodents, cats, and humans suggested that
the duration of sleep bouts appear to follow mono-exponential
kinetics, with species-specific time constants governing the time spent
m a given bout of sleep[19,20]. However, the mono-exponential
models often did not fit well over the entire range of bout durations,
suggesting that a more complex model may be required. Wake bout
duration kinetics remain controversial, being described as either an
exponential process[21], or a power law process[19,20,22]. Whereas
exponential distributions imply stochastic (probabilistic) state transi-
tions characterized by a time constant of “decay” or exit from a
particular state, a power law distribution implies a so-called scale-free
(or fractal) process, with no characteristic time scale of measurement.
Connecting the rapidly growing basic science understanding of sleep-
and wake- promoting brain centers to the behavioral manifestation of
arousal state transitions requires improved understanding of
transition dynamics. To accomplish this, we analyzed hypnograms
from the large SHHS database, to answer the following questions: 1)
what is the best model of sleep stage transition dynamics; 2) is a single
night of data sufficient for fitting and model discrimination; 3) how
does sleep fragmentation, such as that caused by OSA, alter the
temporal dynamics?

Our results demonstrate that multi-exponential fitting is
superior to routine mono-exponential fitting, but also show that
a single night of sleep contains insufficient transitions to
characterize these dynamics. Wake bout distributions may be
fitted by either a multi-exponential or a power law model. OSA
alters the dynamics by accelerating the decay of REM and NREM
bout durations, reflecting sleep fragmentation despite unchanged
summary metrics of state percentages.

Results

Characterizing sleep architecture dynamics

The summary statistics obtained from the PSG data for the
three patient groups are presented in Table 1. Note that despite
large differences in the AHI (1.8 vs 8.6 vs 47.4) and arousals, the
percent sleep efficiency and the N1 percentages were not different.
The differences in percentages of REM, N2 and N3 sleep did
reach significance: N2 showed a small increase in percentage
across mild and severe apnea; REM and N3 showed the inverse
pattern.
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Sleep Architecture Dynamics

We examined the sleep architecture dynamics by focusing on
the distribution of bout durations of WASO, REM, and NREM
sleep. This was accomplished by generating frequency histograms
for each stage, a common technique that allows visualization of
data distributions, as well as fitting with functions such as
exponential and power law models. These plots are obtained by
collecting the relative number of events (y-axis) occurring in each
“bin” (x-axis), defined here in single epoch increments of 30
seconds each. Figure 1 illustrates the frequency histograms of
WASO, NREM sleep, and REM sleep bout durations for the
control group. In these panels, “NREM” does not distinguish sub-
stage composition (that is, transitions within NREM sub-stages are
ignored, and NREM is taken as a single stage). Exponential fitting
of the duration distributions for each stage was performed (see
Methods). In each plot, the best fit single exponential function is
overlaid for visual inspection of goodness of fit. In addition, the r?
values and the residuals (subtracting the fitted line from the data)
are shown in each case. Despite the high r* values (0.93-0.99),
visual inspection of the WASO, overall NREM sleep and NREM
sub-stage plots shows that the best single exponential function is
not adequate: it emphasizes the rapid decay phase (consisting of
brief events, which were more commonly observed) but entirely
misses the longer duration events (that occur less frequently).
Therefore, despite its common use (see, for example, ref [22]), r?
values as a measure of goodness of fit should be used with caution
for such distributions. We show the traditional four NREM sub-
stages to determine possible differences in dynamics that could
explain the multi-exponential pattern seen in the global NREM
metric, although clinically it has been determined that stages 3 and
4 should be considered a single state (called N3). Therefore, for the
analysis shown in Figure 1, we assessed additional transitions not
currently recognized in the clinical scoring guidelines. The
number of NREM4 bouts was ~2% of total bouts in this control
cohort.

The residuals (Figure 1) provide an alternative view of how
different the fitted line is from the actual data, and it also reveals
why the r? values can appear statistically favorable (close to 1.0)
despite being visually sub-optimal. Although it appears that the
mono-exponential curve matches the fast decay but ignores the
slow decay, in fact the residuals demonstrate the opposite:
systematic deviations between the fitted line and actual data were
most prominent during the fast decay (short duration bins). The
absolute y-axis magnitude of the long duration “tail” is small, and
thus the residual between the fit and the data is small for the
majority of bin sizes, even though the fit completely misses this
portion of the bout distribution. Therefore, r? values remain high,
and overall residuals low, despite the sub-optimal single exponen-
tial fit. Assessing the normality of the residuals does not offer
clarification of this fitting issue, as the distribution of residuals fails
normality testing even for a single-exponential fit of 100,000
simulated bout durations drawn from a single exponential
distribution (not shown).

Next we compared the single-exponential fits against more
complex fits that included the sum of up to 4 exponential
functions. For each stage’s bout distribution, the fits were
compared pair-wise (1-vs-2, 2-vs-3, and 3-vs-4) using a sum-of-
squares I-test, as well as Akaike’s Information Criteria (AIC) (see
methods). For all stage distributions, these two metrics agreed on
the best number of exponentials required to fit the distribution.
For WASO and NREM distributions, the best fit was obtained
with the sum of 3 exponential functions, while for REM, the best
fit was the sum of 2 exponentials (Table 2). The fits for NREM
sub-stages (NREMI-NREM4) are shown in Table 3, for
comparison. Clearly the 3 exponentials of the NREM bouts
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(sub-stages not considered) is not simply reflective of a sum of
mono-exponential substages, since 2-exponential fits were required
for NREM1-NREMS3. Sample size considerations for fitting of
frequency distributions.

We also fit randomly selected subsets of the control group to
address the following questions: 1) Does the appearance of
multiple exponential functions imply heterogeneity within the
control group; and, 2) how different are the resulting fit
parameters when the sample size is decreased by more than a
factor of 10? The frequency histograms of four randomly selected
groups of 30 control individuals are shown in Figure 2. The
overlaid best fit single exponential function is visually sub-optimal
in these subsets, similar to fits of the full datasets seen in Figure 1.
The optimal number of exponentials was 2 (instead of 3 found for
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Table 1. Group demographics and sleep-related data.
ANOVA

Variable Control Mild OSA Severe OSA F(2, 1207y P Tukey

N 376 496 338

Age 68.2+6.3 63.8£10.3 63.7+10.5 30.43, <0.001 1>2,3

Sex (% males) 35.6 60 70.7 *95.5, <0.001

Race (% Caucasian) 85.4 73.8 74.3 *7.91, <0.001

BMI (kg/m?) 263*4 30.1+5.4 324+5.8 128.5, <0.001 3>2,1
2>1

Anti-HTN use (%) 0 53.6 54.4 *178.8, <0.001

Systolic BP (mm Hg) 125.2%17.2 129.1+19.2 131.7£194 10.7, >0.001 2>1
3>1
3>2

Diastolic BP (mm Hg) 70.6£10.2 74.2%10.6 78.2%13.1 40.4, <0.001 3>1,2
3>2

Diabetes (%) 0 9.5 5.9 * 3.54, 0.06

Angina (%) 0 9.5 9.5 * 51, <0.001

Myocardial infarction (%) 0 10.9 7.1 *47.7, <0.001

CHF (%) 0 2.6 1.8 *24.9, <0.001

ESS 49+22 13.1+2.8 9.8+4.9 610.6, <0.001 2>1,3
3>2

Sleep efficiency (%) 81.2*+11.1 81.7£10.2 79.4%11.2 2.38, 0.09 N.A.

Sleep Latency (min) 22.7+239 23.1£225 229+21.4 0.02, 0.9 N.A.

Total sleep time (min) 360+64.8 326.5+61.9 344.2+61.7 53,9, <0.001 1>2.3
3>2

N1 (%) 5.8+4.2 5.8%43 6.4%5.1 2.5,0.08 N.A.

N2 (%) 549*11.9 59.3%£10.7 63.1+11.9 44.7, <0.001 3>1,2
2>1

N3 (%) 19%12.3 155*+114 13.2+11.2 22.2, <0.001 1>2,3
2>3

REM (min) 20.3%5.8 194*6 17.3*+6.4 23.2, <0.001 1>3
2>3

REM latency (min) 85.2+53.7 86+56.4 102.6+69.3 8.81, <0.001 3>1,2

Arousal index - total 17.3+8.6 19+8.9 36.4*16.4 302.3, <0.001 3>1,2

Arousal index - NREM only 18.2+9.3 19.7%+9.6 38*17.3 284.2, <0.001 3>1,2

Arousal index - REM only 13.6+8.7 15.7+9.7 27.3+16.8 135.1, <0.001 3>1,2
2>1

RDI 23.6+14 36.3*+13.5 71.9%17.2 1020.2, <0.001 3>1,2
2>1

AHI 1814 8.6+25 47.4+16.4 2795.3, <0.001 3>1,2
2>1

*Pearson Chi? 95.5.

Values are mean = SD. BMI, body mass index; CHF, congestive heart failure; BP, blood pressure; HTN, hypertension; ESS, Epworth Sleepiness Scale.

doi:10.1371/journal.pone.0011356.t001

the full dataset) for WASO across all four groups. The optimal
number of NREM exponentials was 3 for three of the four groups,
and 2 exponentials were optimal for the REM distributions across
all four groups (similar to the full dataset). The failure to detect the
third exponential from the WASO may be related to the very
small relative proportion of these long-duration events.

When only a single night of stage data was considered, the
frequency histograms were clearly under-sampled: fitting showed
variability between individual patients (Figure 3A), and for REM
bouts, convergence was often not possible. The distribution of
WASO, NREM, and REM sleep bout lengths is plotted for four
randomly selected individuals from the control group, illustrating
that variability arises when events are under-sampled (Figure 3B-
D). Interestingly, these single-night data sets may even appear to
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Figure 1. Frequency histogram analysis of bout durations in the control group. The relative frequency of bouts in the control group is
plotted against the duration of bouts (in bins of 30-second increments on the x-axis) for WASO (A), NREM (B), REM sleep (C) and sub-stages of NREM
sleep (D) bouts. In each panel, the best fit single-exponential function (red) is overlaid, and the residuals (difference between data and fit) are plotted

beneath each histogram.
doi:10.1371/journal.pone.0011356.g001

have a Gaussian distribution (Figure 3D). To test this issue of
statistical under-sampling of exponential processes, we simulated
sleep bout durations drawn from a mono-exponential distribution:
6 of 10 sampling trials passed normality testing when the number
of events was 10 per trial (Figure 3E), while only 2 of 10 trials
passed normality testing when the number of events per trial was
30 (Figure 3F), and none passed when the number of events per
trial was >75 (not shown). These results illustrate a major
statistical concern regarding attempts to describe bout distribu-
tions with insufficient samples (such as a single night of sleep).

The effect of OSA on sleep architecture dynamics

The optimal number of exponential functions was 3 for NREM,
and 2 for REM bout durations, regardless of apnea presence or
severity. The optimal exponential fits are shown for NREM and
REM bouts across all three cohorts in Figure 4. For NREM and
REM bout durations, the analysis detected significant differences
not only in the time constants associated with the exponential
functions, but also in their relative contributions, as indicated by
the y-axis intercept of each component. For example, the faster
overall decay of the REM bout distributions with OSA was
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attributed to faster time constants (particularly of the fast
exponential) as well as an increase of the relative contribution of
the fast component (at the expense of the slow component). The
changes in bout distribution dynamics was not accounted for by a
change in the representation of males versus females in the control
versus OSA groups (Supplemental Material, Table S1). Although
we did not match the groups for other factors such as medications
or medical illness, which may also affect sleep architecture, the
pattern of REM > NREM fragmentation illustrated by our
analysis fits well with the hypothesis that sleep apnea accounts for a
large part of the observed changes in transition dynamics.

Given the common practice of fitting single exponential
functions to sleep-wake bout duration data, we calculated how
the weighted decay time constants (weighted according to their Y,
values) from our multi-exponential fits would compare to this
technique of fixed single exponential fitting. The weighted time
constants of the REM sleep multi-exponential decays were 12.8,
8.6, and 4.5 epochs for control, mild OSA, and severe OSA,
respectively (single exponential fits: 14.6, 10.8, 4.8 epochs,
respectively). The weighted NREM sleep multi-exponential decays
were 4.7, 2.9 and 2.4 epochs, respectively (single exponential fits:
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Table 2. Exponential Fitting Parameters.

Control Mild OSA Severe OSA
WASO
Tau-Fast 0.60 (0.59-0.61) 0.53 (0.53-0.54) 0.53 (0.52-0.53)
% Fast 94.5% 93.2% 97.9%
Tau-Medium 3.1 (29-3.2) 2.2 (2.1-2.2) 3.7 (3.6-3.8)
% Medium 5.4% 6.5% 2.1%
Tau-Slow 16.1 (14.1-18.7) 14.6 (13.8-15.5) n/a
% Slow 0.3% 0.3% n/a
NREM
Tau-Fast 1.7 (1.6-1.8) 0.9 (0.8-0.9) 1.0 (1.0-1.1)
% Fast 77.3% 75.3% 82.8%
Tau-Medium 7.8 (6.9-9.0) 5.2 (4.9-5.5) 4.8 (4.6-5.1)
% Medium 18.2% 21.6% 15.2%
Tau-Slow 44.1 (40.0-49.1) 37.6 (35.2-40.3) 32.8 (30.6-35.4)
% Slow 4.4% 3.1% 2.0%
REM
Tau-Fast 3.8 (2.8-5.8) 2.6 (2.2-3.0) 1.9 (1.8-2.0)
% Fast 40.5% 57.5% 81.9%
Tau-Slow 19.0 (17.4-20.9) 16.8 (15.8-18.0) 16.3 (15.3-17.6)
% Slow 59.5% 42.5% 18.1%
Tau values (in units of “epochs”) are given as mean with the 95% confidence
interval in parentheses.
doi:10.1371/journal.pone.0011356.t002

4.2, 3.5, and 2.2 epochs). These weighted decay time constants are
similar to the values obtained for the best single exponential fit to
the data. OSA clearly affects the best fit mono-exponential time
constant (whether by forcing a mono-exponential fit or by
calculating a weighted average of a multi-exponential fit).
Although mono-exponential fitting can distinguish sleep architec-
ture in the control cohort versus mild OSA and severe OSA, our
intention here is not to suggest exponential fitting as a diagnostic
tool for detecting OSA, but rather to illustrate the complex
dynamics underlying sleep fragmentation, using OSA as a prime
example of such pathological architecture.

Fitting frequency histograms with the power law
function

Several groups have reported that wake bout durations are
best described by a power law[19,20,22]. We therefore
performed power law fitting of the control and OSA frequency
histograms of WASO (Figure 5). While a linear appearance on
log-log plotted data suggests a power law process, such linearity
should be considered necessary but not sufficient. For example,
although a single exponential decay appears downwardly
convex on a log-log plot (and linear on a semi-log plot), a
multi-exponential process may appear linear on a log-log plot.
This can be seen in the WASO bout distributions, for the entire
control population (Figure 5A) and a randomly chosen 30-
patient subset (Figure 5B), which appear linear on a log-log plot
but are also well-fit by a 3-exponential process. However, the
true underlying distribution of wake bouts is of course not
known. Therefore, given the wuncertainty, we generated
simulated bouts whose lengths were drawn from three known
exponential distributions to answer the question: can a known
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Table 3. NREM sub-stages.

NREM1

Tau-Fast 1.3 (1.1-14)

% Fast 93.8%
Tau-Slow 3.6 (2.1-11.5)
% Slow 6.2%

NREM2

Tau-Fast 1.1(1.1-1.2)

% Fast 90.7%
Tau-Slow 10.8 (10.3-11.4)
% Slow 9.3%

NREM3

Tau-Fast 0.69 (0.67-0.71)
% Fast 94.0%
Tau-Slow 4.3 (4.0-4.6)

% Slow 6.0%

NREM4

Tau 0.79 (0.74-0.84)
Tau values (in units of “epochs”) are given as mean with the 95% confidence
interval in parentheses.
doi:10.1371/journal.pone.0011356.t003

multi-exponential function appear linear (that is, power-law-
like) on a log-log plot?

Parameters were chosen to imitate the actual time constants and
relative proportions seen in the fitting of the WASO distributions in
the control population. This simulation procedure was repeated
using three sample sizes that differed by a factor of 10, the largest of
which was similar to the total pooled sample size for WASO in
the control group. This dataset visually resembled a power
law distribution, appearing linear on the log-log plot shown in
Figure 5C. The power-law fitted function is also shown
in Figure 5C, and the 3-exponential fit is shown for comparison
in Figure 5D. Formal comparison between a power law and 3-
exponential function revealed that the 3-exponential function was
favored for n=1000 and n=10,000 samples, while the best
function was ambiguous for n = 100. For the comparison between a
power law and the sum of two exponential functions, a power law
was favored for n =100 and n = 1000 (two-exponential was favored
for n=10,000). The sum-of-squares and AIC methods differed in
some cases, a testament to the potential ambiguity associated with
choosing between different fitting functions, even when the samples
were known to be drawn from exponential distributions.

Discussion

This study complements and extends previous work on the
sleep-wake dynamics in several respects. First, sleep-wake state
transition probabilities are more complex than previously
recognized. The temporal stability of NREM and REM sleep
clearly requires more than a single-exponential function to
describe the bout distributions [19,20,23]. Second, our simulations
show that multi-exponential distributions may mimic a power law
distribution, the typical function used to describe wake bout
durations[19,20,22]. Third, we demonstrate that one night of data
is not an adequate sample of sleep-wake transitions to assess
transition dynamics statistically using this distribution fitting
method. Finally, we show that sleep fragmentation seen in OSA
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Figure 2. Frequency histograms of random control subgroups. The relative frequency of bouts from four groups of n=30 randomly chosen
individuals selected from the control dataset. Each row represents a different group. The relative frequency of bouts is plotted against the duration of bouts
(30-second epoch bins) for WASO (column A), NREM (column B) and REM sleep (column C) bouts. The best single exponential fit is overlaid in red.
doi:10.1371/journal.pone.0011356.g002

involves accelerating the rate of “decay” of NREM and REM nonlinear such as exponential or power law distributions. From a
sleep bout durations. “biomarker” standpoint, the pattern and timing of stage

transitions may provide clinical insight into fundamental questions
Clinical considerations regarding sleep stage transition about what it means to have “refreshing” sleep than summary
dynamics stage metrics, although this speculation remains to be tested. REM

Although it is common for sleep stages to be presented as the sleep and SWS have been implicated in different types of learning
average duration of time spent in wake, REM, or NREM sleep and memory[24,25], although the correlations of percentages of
stages, metrics such as mean and median may not be informative if these or other sub-stages with subjective daytime symptoms or
the distributions are not Gaussian, particularly if they are highly objective sleepiness is typically modest when present at all, as
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Figure 3. Effects of under-sampling on analysis of bout duration distributions. The relative frequency histograms of WASO (A1) NREM (A2)
and REM sleep (A3) bout durations are shown for a single, randomly selected patient from the control group for comparison with histograms from
larger samples (Figures 1 and 2). The best single exponential fit is overlaid in red. Bout durations from four randomly selected individuals, are shown
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doi:10.1371/journal.pone.0011356.g003

discussed above. One possibility is that the pattern of transitions is
important, and accurate characterization of stage stability (by
virtue of bout duration or transition probability fitting) is an
important step in this direction. Given the wide spectrum of
subjective daytime symptoms (and poor correlation with objective
MSLT data) across different degrees of OSA[5,7], it is worth
considering these alternative tools to evaluate PSG data.

@ PLoS ONE | www.plosone.org 7

Whether different types of fragmentation occur in different
pathological states, or with different clinical symptoms, remains to
be explored. Although most of the published bout duration
analysis has focused on the presence or absence of OSA, recent
data suggests that sleep stage stability may be associated with
daytime symptoms in populations with syndromes of fatigue or
pain[16,17]. Non-refreshing sleep is a common complaint, with
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Figure 4. Multi-exponential fits of bout durations and the impact of mild versus severe OSA. Frequency histograms are shown for WASO
(A), NREM (B), and REM sleep (C) bouts. Control distributions (black) are compared with those of mild OSA (green) and severe OSA (red). To illustrate
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doi:10.1371/journal.pone.0011356.9g004

many potential etiologies spanning medical, neurological, and
psychiatric domains[26,27]. Although initially proposed decades
ago, there is renewed interest in transition-based approaches to
quantify sleep architecture [14,15]. Indeed, if there are different
subtypes of fragmentation, or stage transition patterns are
important, summary PSG measures will miss these clues. Here,
and elsewhere[14,15], the pattern of stage stability is clearly
different in patients with or without OSA — despite minimal

@ PLoS ONE | www.plosone.org

differences apparent in summary statistics such as stage percent-
ages. From a fitting standpoint, our results demonstrate that
standard mono-exponential functions do not capture the bout
distribution dynamics of WASO, NREM or REM sleep. One
interpretation of the multi-exponential process is that there is a
balance between sleep stability and sleep satiation. For example,
some degree of instability is evident in the proportion of brief
events in the fitting, even in healthy control subjects. Longer
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Figure 5. Power Law analysis of WASO bout distributions. The WASO frequency histogram from the control group is shown in log-log display
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doi:10.1371/journal.pone.0011356.9g005

duration exponentials, in contrast, reflect more stable persistence
of state. Satiation results in the culmination of stable sleep state by
increasing the tendency to awaken over time.

Our results also emphasize the requirement for sampling far
more than one night of sleep to adequately quantify bout duration
distributions. Coost and inconvenience prohibits more than one or
two nights of sleep in the laboratory setting for individual patients.
Whether improvements in home monitoring can offer an
alternative, which would allow longitudinal assessments of sleep
architecture for individual patients, remains to be explored.
Although the within-subject variability is likely less than between-
subject variability, the small number of transitions per night

@ PLoS ONE | www.plosone.org

suggests the importance of extended monitoring, likely in the
home setting.

Statistical considerations regarding bout duration
analysis

Statistical analysis of sleep stage percentages typically assumes a
Gaussian distribution, but some studies report mono-exponential
distribution of sleep bout durations [19,20]. We tested the
possibility that multiple exponential processes describe sleep-wake
stage distributions. The implication of multiple exponential
functions describing these distributions is that multiple transition
probabilities are involved. Although the “optimal” number of
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exponentials depends on the sample size and other statistical
considerations, clearly the mono-exponential distribution 1is
insufficient. As seen at the biochemical level (for example, in
enzyme conformation switching or ion channel gating), the
duration of time spent in an observed or “phenotypic” state (such
as visually scored REM sleep) may demonstrate multiple
underlying rules or “generator” processes (such as may be
revealed by multi-exponential fits). Consider by analogy two
coins, one that is fair (heads arising with 50% probability), and one
that is unfair (say, 90% chance of heads), but the heads and tails of
each coin appear visually identical. Because each phenotypic state
(heads or tails) has two generators (one for the fair coin, one for the
biased coin),the distribution of repeated observations will include
contributions of both generator rules. In the same way, a visually
identified sleep stage (phenotypic state) may in fact be governed by
more than one generator process. Failure to recognize this
distinction (such as occurs when one employs a probability
matrix[23]) is equivalent to forcing a mono-exponential fit, and
may limit the potential ability to map fragmentation patterns to
clinical symptoms or pathology. Note that, in the case of NREM
bout durations, the 3-exponential fitting did not result from a
simple addition of mono-exponential NREM sub-stages; in fact
our data suggest that these sub-stages may themselves be governed
by multiple generators.

Our results identify an important statistical limitation in the
commonly employed r? value, which reports excellent (>0.9)
values despite largely missing the long tails of the distributions.
Moreover, analysis of residuals between the fitted curve and the
actual data, often used to test the goodness of fit, also under-
weights the poor fitting evident in the long tail events. This occurs
because of the relatively low probability of long events, yielding
small residual values even for forced mono-exponentials that miss
long events (see Figure 1).

Finally, although there is ongoing interest in fitting wake bouts
to a power law distribution, the distinction between a power law
and a multi-exponential distribution is not always straightforward.
Indeed, simulations showed that a known multi-exponential
process can visually and statistically resemble a power law. This
has mathematical implications for sleep transition modeling. For
example, if all sleep-wake bout durations are considered to be
exponential or multi-exponential, then all transitions of the
hypnogram may be simulated using a Markov chain model.
Although there are several limitations, the appeal of Markov
models is that stage transitions are considered probabilistic, and
certain transitions may be stabilized or destabilized by different
neural circuits or neuromodulators [22,28,29].

Physiological implications for exponential bout durations

The transition between sleep and wake (and between REM and
NREM sleep) has been compared to a “switch” consisting of
reciprocal inhibition between neurons whose firing favors one or
another state[2,30]. Indeed, optogenetic stimulation of orexin
neurons in transgenic mice increased the probability of transition
from sleep to wake[31]. Whether detailed transition analysis of
existing animal lesion studies targeting specific sleep- or wake-
promoting nuclei can shed additional light on the neural circuitry
underlying the transition probability dynamics remains to be seen.

From the standpoint of future sleep architecture “fingerprint-
ing”, there is potential for use of Markov chain models[23,32,33],
the parameters of which could be extracted from sleep architecture
information. For example, disease states (or lesion sites) could be
associated with changes in the number of exponential functions
describing a given stage distribution, which stage transitions are
possible, and the probabilities governing each transition. Regard-
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ing the homeostatic and circadian influences on state transition
probabilities, analysis of sleep dynamics in humans subjected to
forced desynchrony protocols may prove important. The ultimate
goal is to link sleep architecture patterns to anatomical,
physiological, behavioral, and pathophyisological aspects of sleep
and wake function.

Conclusion

Clinical correlations between daytime complaints and poly-
somnographic metrics of disease severity are not always straight-
forward, due in part to inter-subject variability, largely subjective
complaints, variable intrinsic tolerance to sleep disruption, and the
short duration and non-natural setting of routine clinical
monitoring. Even OSA-mediated fragmentation can be missed
in routine clinical metrics (such as stage percentages). The key
concept 1is that seemingly complex and variable manifestations of
“fragmentation” may in fact possess objective and identifiable
underlying statistical structure, which may offer opportunity for
improved correlation with clinically relevant endpoints.

Materials and Methods

Database cohorts

Three groups of patients were selected from the Sleep Heart
Health Study, a large database of home-based polysomnography
(PSG) in over 6000 patients[34]. We have obtained Category IV
Institutional Review Board (BIDMC) approval for use of the data
obtained from this database, the data of which is anonymous and
thus we do not require additional consent. The pre-defined groups
included controls (defined as AHI<<5, ESS<10, no medications
and no cardiovascular co-morbidities), and two groups with sleep
disordered breathing: mild OSA (AHI 5-15), and severe OSA
(AHI >30). The duration of time spent in any stage, measured in
units of 30-second epochs, was analyzed for each group, including
wake (after sleep onset; WASO), NREM1, NREM2, NREM3,
NREM4, and REM sleep stages. We also considered NREM as a
single stage in separate analyses (ignoring transitions between
NREM sub-stages). Note that for the clinical characteristics in
Table 1, we used the accepted clinical definitions of NREM sleep
sub-stages (N1-N3), but for the exponential fitting, we used the
traditional 4 stage classification, as originally reported in the
SHHS. Note also that we did not control statistically or attempt to
match the cohorts initially for differences in age, sex, medical
comorbidities, or medications (as was done for example in Swihart
et al[15]). Differences in these factors are illustrated in Table 1
(using Chi* or ANOVA as appropriate). Because of the larger
difference in M:F proportion across groups, we did re-analyze the
exponential fitting of the control cohort by sex (Supplemental
Material, Table S1). Although small differences are evident, the
change in proportion of M:F in the OSA groups does not account
for the observed differences reported in the main text. In
particular, for example, the REM bout durations, which show
the most marked impact of OSA, had similar parameters.

Bout duration analysis and curve fitting

All bouts of a given stage from each subject groups were
combined for statistical analysis. Frequency histograms of bout
durations were generated by Prism (GraphPad Software, LaJolla,
CA, USA). Bin width was one epoch. The relative frequency of
bouts in each bin was calculated, and the resulting histograms
were normalized to the maximal relative frequency (which was
always in the shortest bin) before fitting routines were undertaken.
All stage distributions, in each clinical group, failed three tests of
normality (D’Agostino-Pearson, Shapiro-Wilk, and Kolmogorov-
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Smirnofl). Each curve was fitted first with a standard exponential
decay function: Y = Y, * e X4 C, where 7, is the Y-intercept
value, £ is the rate constant describing the rate of decay of the
function, X is the time (in units of epochs), and C is a plateau value
(which we forced to zero). Fitting constraints included positive &
values (required for a decay), and zero C value because there is no
biological reason to consider otherwise. For multiple exponential
fits, the eq)lgation involves a linear sum of ¢ components defined by
[Y.; * ¢ %] values, the ¥, of which corresponds to the intercept of
each component. Although we refer to this term as the “relative
contribution” of that component, it reflects neither the number of
events associated with that time constant (which can far exceed the
coefficient proportion), or the area under the curve of that
exponential decay (which is biased against fast time constants).
Confidence intervals are shown to allow comparison of each
parameter between the three cohorts.

Goodness of fit was compared between the best single-
exponential function and the sum of ¢ =2, 3 or 4 exponentials,
using in each case a non-linear sum-of-squares F-test (which
considers how well a fitted curve matches the data) and Akaike’s
Information Criteria (AIC) (which considers which of two
functions fits the data better, but does not consider the goodness
of fit per se), using built-in Prism routines. No weighting of residuals
was implemented (exponential fits did not converge if Y-value
weighting was used). Each function’s goodness of fit was compared
sequentially: 1 versus 2 exponential components, then 2 versus 3,
and so forth, until the additional component no longer
significantly improved the fit by F-test criteria, or the algorithm
failed to converge within 3000 iterations. Higher numbers of
exponentials were not tested because the sum of 4 exponentials
never provided a significantly better fit than 3 exponentials. The
optimal exponential fit was then compared with the fit provided by

References

1. Mahowald MW, Schenck CH (2005) Insights from studying human sleep
disorders. Nature 437: 1279-1285.

2. Fuller PM, Gooley ]JJ, Saper CB (2006) Neurobiology of the sleep-wake cycle:
sleep architecture, circadian regulation, and regulatory feedback. J Biol Rhythms
21: 482-493.

3. Espana RA, Scammell TE (2004) Sleep neurobiology for the clinician. Sleep 27:
811-820.

4. Siegel JM (2009) Sleep viewed as a state of adaptive inactivity. Nat Rev Neurosci
10: 747-753.

5. Chervin RD, Aldrich MS (1999) The Epworth Sleepiness Scale may not reflect
objective measures of sleepiness or sleep apnea. Neurology 52: 125-131.

6. Benbadis SR, Mascha E, Perry MC, Wolgamuth BR, Smolley LA, et al. (1999)
Association between the Epworth sleepiness scale and the multiple sleep latency
test in a clinical population. Ann Intern Med 130: 289-292.

7. Gottlieb DJ, Whitney CW, Bonekat WH, Iber C, James GD, et al. (1999)
Relation of sleepiness to respiratory disturbance index: the Sleep Heart Health
Study. Am J Respir Crit Care Med 159: 502-507.

8. Carskadon MA, Brown ED, Dement WC (1982) Sleep fragmentation in
the elderly: relationship to daytime sleep tendency. Neurobiol Aging 3:
321-327.

9. Lombardi C, Parati G, Cortelli P, Provini F, Vetrugno R, et al. (2008) Daytime
sleepiness and neural cardiac modulation in sleep-related breathing disorders.
J Sleep Res 17: 263-270.

. Chervin RD, Burns JW, Ruzicka DL (2005) Electroencephalographic changes
during respiratory cycles predict sleepiness in sleep apnea. Am J Respir Crit
Care Med 171: 652-658.

11. Wesensten NJ, Balkin TJ, Belenky G (1999) Does sleep fragmentation impact
recuperation? A review and reanalysis. ] Sleep Res 8: 237-245.

. Mediano O, Barcelo A, de la Pena M, Gozal D, Agusti A, et al. (2007) Daytime
sleepiness and polysomnographic variables in sleep apnoea patients. Eur Respir J
30: 110-113.

. Weaver EM, Kapur V, Yueh B (2004) Polysomnography vs self-reported
measures in patients with sleep apnea. Arch Otolaryngol Head Neck Surg 130:
453-458.

. Norman RG, Scott MA, Ayappa I, Walsleben JA, Rapoport DM (2006) Sleep
continuity measured by survival curve analysis. Sleep 29: 1625-1631.

15. Swihart BJ, Caffo B, Bandeen-Roche K, Punjabi NM (2008) Characterizing

sleep structure using the hypnogram. J Clin Sleep Med 4: 349-355.

@ PLoS ONE | www.plosone.org

1

Sleep Architecture Dynamics

apowerlaw: Y = A* XP®, where 4 is a constant, X is time (in units
of epochs), and B is the “critical” or scaling exponent
characterizing the power law. This was also subject to both non-
linear sum-of-squares, and AIC criteria. Note that Prism fits the
function to the actual data, rather than fitting a linear regression to
the semi-log or to the log-log plotted data.

Simulations: The only simulated data appears in Figures 3 (D,
E) and 5. To generate simulated bout lengths, we used MatLab
(MathWorks, Natick, MA, USA): the “exprnd” function 1s a
random number generator following a single exponential distri-
bution specified by a time constant of decay; the “randsample”
function was used to draw from the generated distributions. These
simulation bout lengths were exported for analysis in Prism as
above.

Supporting Information

Table S1
Found at: doi:10.1371/journal.pone.0011356.s001
DOC)

(0.04 MB

Acknowledgments

The authors thank Dan Chuang and Mark Kramer for valuable
programming assistance, and Dr Elizabeth Klerman, Dr Andrew Phillips,
and Scott McKinney for valuable comments.

Author Contributions

Conceived and designed the experiments: MTB SSC RJT. Analyzed the
data: MTB SSC JM. Contributed reagents/materials/analysis tools: MTB
SSC JM CKP RJT. Wrote the paper: MTB SSC JM CKP RJT.

16. Kishi A, Struzik ZR, Natelson BH, Togo F, Yamamoto Y (2008) Dynamics of

sleep stage transitions in healthy humans and patients with chronic fatigue

syndrome. Am J Physiol Regul Integr Comp Physiol 294: R1980-1987.

. Togo F, Natelson BH, Cherniack NS, FitzGibbons J, Garcon C, et al. (2008)

Sleep structure and sleepiness in chronic fatigue syndrome with or without

coexisting fibromyalgia. Arthritis Res Ther 10: R56.

Klerman EB, Davis JB, Dufly JF, Dijk DJ, Kronauer RE (2004) Older people

awaken more frequently but fall back asleep at the same rate as younger people.

Sleep 27: 793-798.

Lo CC, Chou T, Penzel T, Scammell TE, Strecker RE, et al. (2004) Common

scale-invariant patterns of sleep-wake transitions across mammalian species.

Proc Natl Acad Sci U S A 101: 17545-17548.

. Blumberg MS, Seelke AM, Lowen SB, Karlsson KA (2005) Dynamics of sleep-
wake cyclicity in developing rats. Proc Natl Acad Sci U S A 102: 14860-14864.

. Joho RH, Marks GA, Espinosa I (2006) Kv3 potassium channels control the

duration of different arousal states by distinct stochastic and clock-like

mechanisms. Eur J Neurosci 23: 1567-1574.

Diniz Behn CG, Kopell N, Brown EN, Mochizuki T, Scammell TE (2008)

Delayed orexin signaling consolidates wakefulness and sleep: physiology and

modeling. J Neurophysiol 99: 3090-3103.

Kim JW, Lee JS, Robinson PA, Jeong DU (2009) Markov analysis of sleep

dynamics. Phys Rev Lett 102: 178104.

Born J, Rasch B, Gais S (2006) Sleep to remember. Neuroscientist 12: 410-424.

Tononi G, Cirelli C (2006) Sleep function and synaptic homeostasis. Sleep Med

Rev 10: 49-62.

5. Kaplan KA, Harvey AG (2009) Hypersomnia across mood disorders: a review

and synthesis. Sleep Med Rev 13: 275-285.

Ohayon MM (2008) From wakefulness to excessive sleepiness: what we know

and still need to know. Sleep Med Rev 12: 129-141.

Saper CB, Cano G, Scammell TE (2005) Homeostatic, circadian, and emotional

regulation of sleep. J Comp Neurol 493: 92-98.

Mochizuki T, Crocker A, McCormack S, Yanagisawa M, Sakurai T, et al.

(2004) Behavioral state instability in orexin knock-out mice. J Neurosci 24:

6291-6300.

Lu J, Sherman D, Devor M, Saper CB (2006) A putative flip-flop switch for

control of REM sleep. Nature 441: 589-594.

31. Adamantidis AR, Zhang F, Aravanis AM, Deisseroth K, de Lecea L (2007)

Neural substrates of awakening probed with optogenetic control of hypocretin
neurons. Nature 450: 420-424.

22.
23.

24.
25.

27.
28.

29.

30.

June 2010 | Volume 5 | Issue 6 | e11356



Sleep Architecture Dynamics

32. Kemp B, Kamphuisen HA (1986) Simulation of human hypnograms using a 34. Quan SF, Howard BV, Iber C, Kiley JP, Nieto FJ, et al. (1997) The Sleep Heart
Markov chain model. Sleep 9: 405-414. Health Study: design, rationale, and methods. Sleep 20: 1077-1085.

33. Yang MC, Hursch CJ (1973) The use of a semi-Markov model for describing
sleep patterns. Biometrics 29: 667-676.

). PLoS ONE | www.plosone.org 12 June 2010 | Volume 5 | Issue 6 | e11356



