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Study Objectives: Time estimation is a complex cogni-
tive task that is especially challenging when the time period
includes sleep. To determine the accuracy of sleep duration
perception, we investigated 44 healthy subjects participating
in multi-day inpatient sleep protocols during which they had
extended nighttime and short daytime sleep opportunities but
no time cues or knowledge of time of day.

Methods: The first sleep opportunity was at habitual sleep
time and duration. The subsequent 3, 4, or 11 days had 12-h
nighttime sleep opportunities and 4-h daytime nap opportuni-
ties, potentially creating an experimentally induced “insomnia”
with substantial time awake during scheduled sleep.

Results: Subjective sleep duration estimates were accurate
for the first (habitual) sleep opportunity. The subjective reports
following nighttime 12-h sleep opportunities significantly un-
derestimated objective sleep duration, while those following
daytime 4-h sleep opportunities significantly overestimated
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objective sleep duration. Misperception errors were not ex-
plained by poor sleep efficiency, which was lower during 4-h
(~39%) than 12-h opportunities (~71%). Subjective sleep esti-
mates after 4-h opportunities correlated with the percentage of
REM and N3 sleep. Subjective sleep estimates following 12-h
opportunities were, unexpectedly, negatively correlated with
NREM stage 2 sleep.

Conclusion: The estimation of sleep duration in the absence
of time cues may depend on length of sleep opportunity and/
or time of day. The results have implications for understanding
sleep state misperception, which is an important consideration
in patients with insomnia.
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he clinical diagnosis and management of insomnia rests

largely upon the subjective self-report of patients describ-
ing difficulty with sleep onset or sleep maintenance.' It has long
been recognized, however, that subjective reports may differ
from objective measurements of sleep using physiological cri-
teria.”¢ In particular, patients with insomnia may underestimate
their actual sleep times and overestimate their wake times. This
mismatch has implications for both diagnosis and treatment of
patients with insomnia.

Perception of time as it relates to sleep is a particularly chal-
lenging topic. The subjective experience of wake may differ for
the time elapsed preceding sleep onset compared to the time
elapsed during mid-sleep awakenings. Also, mid-sleep awaken-
ings may be associated with variable levels of alertness, which
may affect perception. These issues become clinically important
when considering the manifold forms of insomnia, and how the
fragmentation of sleep and neurophysiological hyperarousal’®
may affect time estimation. Current theories of insomnia patho-
physiology include the issue of hyperarousal, as evidenced by
increased high-frequency EEG activity as well as increased
metabolism.” The extent to which hyperarousal contributes to
the failure to register what appears to be sleep by physiologi-
cal criteria is an area of ongoing investigation.' Because the
diagnosis and management of insomnia each rely profoundly
on patient self-report, it is critical that physicians and patients

BRIEF SUMMARY

Current Knowledge/Study Rationale: Sleep misperception remains
an important yet poorly understood phenomenon in sleep medicine.
We investigated misperception in healthy individuals with nighttime and
daytime extended sleep opportunities expected to elicit isomnia in an
experimental setting.

Study Impact: We found that healthy individuals with normal sleep
perception at baseline exhibit misperception under inpatient experi-
mental conditions that elicit insomnia. The extent to which insomnia
patients with sleep misperception exhibit state or trait features warrants
further exploration.

improve their understanding of subjective-objective mismatch
in sleep duration, or sleep misperception.

The extent to which sleep misperception may be a “trait” pres-
ent in certain patients with sleep disorders, or a “state” that varies
night to night, remains uncertain. In this study, we investigated
self-reported sleep-wake estimates in healthy adults undergoing
multiple days of inpatient assessments. Subjects had no time cues
during the protocol, including not knowing the scheduled length of
their sleep or wake opportunities, and had extended sleep oppor-
tunities during the day and at night, which caused an experimental
form of insomnia due to excess time in bed. We hypothesized that
the perception of sleep duration would be altered in this setting,
and would relate to the degree of sleep fragmentation.
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Table 1—Subject characteristics

Younger Older
N 32 12
Age (years) mean 220 68.0
95% Cl of mean 20.0-23.3 64.8-71.2
Range 18-32 60-76
M:F 16:16 57
Habitual sleep time (hours) mean 8.6 8.0
95% Cl of mean 8.2-8.9 7.6-8.4
Range 6.1-10.3 7.0-8.9
Owl-Lark Score mean 48.9 62.5%
95% Cl of mean 46.0-51.9 55.4-69.6
Range 33.0-65.0 39.5-76

*p < 0.05 by ANOVA, with Bonferroni correction.

METHODS

Population

Healthy younger and older adults were pre-screened to rule
out sleep and circadian disorders and prescription or elicit drug
use. Subjects were healthy based on history, physical examina-
tion, electrocardiogram, routine blood and urine screens, and
a polysomnogram to exclude those with sleep apnea and peri-
odic limb movements.''> None had performed night shift work
within 3 years or crossed more than one time zone in the previ-
ous 3 months. The age of the population was bi-modal, with a
“younger” cohort (ages 18-32 years; n =32) and an older cohort
(ages 60-76; n = 12). Chronotype was assessed by the Horne
and Ostberg method," described here as the Owl-Lark score.

Protocol

The protocol was approved by the Partners Healthcare Insti-
tutional Review Board. Actigraphy and diary monitoring for 3
weeks at home during habitual sleep behavior was followed im-
mediately by the inpatient portion of study. During the home and
inpatient portions, subjects abstained from medications, supple-
ments, caffeine, tobacco, and alcohol. Subjects then spent 10-13
days and nights in the Brigham and Women’s Hospital General
Clinical Research Center, in single occupancy suites with no
windows and no information about time. Subjects were not in-
formed of the exact length of their scheduled sleep or wake op-
portunities; the consent documents stated “You will be assigned
to one of four groups which have different patterns of sleep and
wake times.” The inpatient portion of the protocol was designed
to evaluate the response to sleep deprivation for a separate study;
some data from this protocol have been previously reported.'!?
The inpatient portion began with an initial sleep opportunity at
each subject’s habitual sleep time and duration, followed by 3-8
consecutive days with 12-h nocturnal sleep opportunities (cen-
tered at the same time as habitual sleep) and 4-h daytime nap
opportunities (centered 12 h opposite the 12-h nocturnal sleep
period). For some subjects, a sleep deprivation occurred after
these 3-8 days (random assignment stratified by age and sex);
only the data from before the sleep deprivation and the final 8-h
sleep period of the inpatient protocol after three 24-h days of
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recovery from the sleep deprivation are used for these analyses.
The last sleep period was 8 h in duration, centered at the same
time as the 12-h sleep period. This last period was not included
in most of the Results analysis, unless specifically stated. During
waking periods, subjects were not allowed to lie in bed. During
sleep opportunities, which occurred in darkness, subjects were
required to remain inactive in bed.

Subjective and Objective Recordings

Sleep was recorded on Vitaport digital recorders (Temec, The
Netherlands) using standard EEG, EMG, and EOG montage,
and scored in 30-sec increments according to Rechtschaffen
and Kales criteria'* by experienced technicians. For this re-
port, NREM stages 3 and 4 were analyzed separately and as a
combined stage to yield stage N3, to align with recent changes
in scoring criteria. After each sleep opportunity, subjects were
asked to record their estimate of sleep latency, total sleep time
(TST), and number of awakenings for the prior sleep period.
The errors in these estimates were calculated as “subjective —
objective,” such that negative values represent underestimation
errors. Latency to persistent sleep (LPS) was defined as latency
until the start of 20 consecutive epochs (10 min) of any stage of
sleep. Wake after persistent sleep onset (WAPSO) was defined
as the amount of wake occurring between the end of 20 con-
secutive epochs of sleep (LPS) and the final awakening. Objec-
tive criteria for number of awakenings was pre-specified to be
> 2 consecutive epochs (1 min) scored as wake after persistent
sleep (as defined above) was achieved.

Analysis

Group comparisons for basic demographics, TST errors,
and sleep efficiency were performed with either ANOVA with
Bonferroni correction for multiple comparisons, or, in cases
of non-Gaussian distributions, with nonparametric Kruskal-
Wallis testing (with Dunn multiple comparisons test). Correla-
tion analysis was conducted using the Spearman nonparametric
method. For 12-h and 4-h sleep opportunities, each subject
contributed multiple data points, and the number was not the
same for all subjects due to the protocol (see supplemental ma-
terial, Figure S1). Group analysis and correlation analysis were
conducted by first taking the median of all 12-h or 4-h blocks
for each subject, so that each subject contributed only one data
point to the analysis.

RESULTS

Baseline Subject Characteristics

Table 1 contains the baseline characteristics of this popu-
lation (n = 44), divided into older and younger groups. There
were approximately equal numbers of males and females. The
average habitual sleep durations overall were 8.4 + 0.9 h (mean
+ SD; range of 6.1 to 10.3 h). The habitual sleep durations were
not statistically different between age groups, while the chro-
notype scores were different (ANOVA, p < 0.05), with older
groups having more early-morning tendency.

The first inpatient night began at each individual’s habitual
bedtime and lasted for their habitual sleep duration. We label
this first night sleep period as “FNH.” The baseline sleep stage



findings on this first night are shown in Table 2. The results
with subgrouping by age or sex are reported in the supplemental
material. Similar sleep time estimation patterns were observed
for males and females. Although misperception showed a trend
toward being more evident in younger than in older subjects,
the differences were not significant. Thus, for the remaining
analyses below, all 44 subjects were analyzed as a group.

Changing Patterns of Sleep Stages across the Protocol

As expected, sleep efficiency was highest (> 90%) during the
FNH night of the experimental protocol. Sleep efficiency was
significantly decreased for the enforced nighttime 12-h sleep
opportunities (Figure 1A); this is not surprising, given the ex-
cess time in bed compared with habitual sleep durations, which
averaged ~8 h. Efficiency was lowest for the 4-h opportunities
(Figure 1A) that occurred during the daytime. The distribution
of sleep stages during the different sleep opportunities differed
in the percentage of REM sleep (smaller in 4-h compared to
FNH and 12-h), and in the percentage of NREM stage 1 sleep
(larger in 4-h compared to FNH and 12-h) (Figure 1B). The
temporal pattern of sleep efficiency demonstrates 2 tenden-
cies: (i) gradually decreasing efficiency over successive days
in the protocol, and (ii) systematically lower efficiency in the
4-h compared to the 12-h sleep opportunities (Figure 1C). The
final sleep opportunity (8-h sleep opportunity) showed partial
return towards the sleep efficiency of FNH.

Subjective Versus Objective Sleep-Wake Durations

Figure 1D shows that the subjective estimates following
12-h opportunities were significantly lower than those for the
habitual duration, and that estimates for 4-h opportunities were
significantly lower than those for either 12-h or FNH opportuni-
ties (p < 0.05, Kruskal-Wallis). Figure 1E shows for compari-
son the objective TST values for the FNH, 12-h, and 4-h sleep
opportunities; the objective TST for 4-h periods was signifi-
cantly smaller than the other periods (p < 0.05, Kruskal-Wallis).

Subjective TST estimates were accurate for FNH, with a
median error of -9.1 min (quartiles of -43.5 to 51.3 min), not
significantly different from zero error (Figure 2A). Negative
values indicate underestimation (subjective minus objective
TST minutes). Subjects significantly underestimated their TST
for 12-h sleep opportunities, and overestimated their TST for
4-h sleep opportunities (Figure 2A). The median TST error was
-109.4 min (quartiles of: -227.2 to -47.4) after 12-h opportuni-
ties and 58.3 min (quartiles of: -0.2 to +142.4) after 4-h oppor-
tunities (Figure 2A).

Sleep latency estimations were accurate for FNH and 4-h
sleep opportunities, but were slightly but significantly underes-
timated for 12-h sleep opportunities (Figure 2B). The number
of reported awakenings within sleep was significantly underes-
timated compared to objective criteria for FNH and 12-h sleep
opportunities, while the number reported for 4-h opportunities
was accurate (Figure 2C).

To illustrate the temporal stability of the systematic un-
der- and overestimations of TST, Figure 2D shows the errors
for each sleep period: the alternating pattern for 12-h and 4-h
sleep periods of errors persists throughout the protocol. The
final sleep opportunity (SP17) was an 8-h opportunity at the
habitual sleep time and shows resumed accuracy, although the

Sleep Misperception in Healthy Adults

Table 2—Sleep characteristics on the first night of habitual
time and duration

Younger Older
TST (h) 7908 67108
(5.8-9.7) (54-8.0)
Latency NREM 109+87 8.0+4.2
stage1 (min) (1-36) (25-14.5)
Latency NREM 17.0+10.3 147+11.0
stage 2 (min) (3.5-36.5) (3 -40)
Latency REM (min) 952+453 89.2+329
(55 - 246.5) (43.5-176.5)
Latency SWS (min) 314+£133 36.8+£24.5
(11.5- 65.5) (8-70)
Latency PS (min) 14.4 £10.1 16.7 £ 14.0
(1-37.5) (2.5-51.5)
NREM stage 1 (min) 443+214 5114272
(6.5-104.5) (18 -106)
NREM stage2 (min) 2487 + 36.1 2127+229
(177.5- 318.5) (167 - 240.5)
NREM stage3 (min) 31.5+£17.0 394+253
(10-72.5) (0-93)
NREM stage4 (min) 40.5+27.0 184215
(0-92) (0-52.5)
N3 (min) 7194273 57.8+41.8
(10 - 117.5) (0-126)
REM (min) 109.5 + 33.1 79.3+64.2
(36 - 184.5) (40-117)
WAPSO (min) 247249 64.2 + 31.5%
(3.5-107.5) (7-138.5)
%NREM stage1 89+44 11.0£6.0
(1.4-214) (4.4-23.9)
%NREM stage2 50.0+7.0 458143
(38.7-73.0) (40.6 - 52.5)
%NREM stage3 64+34 83148
(2.3-15.7) (0-17.7)
%NREM stage4 8.1+54 3947
(0-16.7) (0-124)
%N3 145+5.6 122+85
(2.3-24.5) (0-24.2)
%REM 21.8+56 171+49
(7.8-36) (8.8-28.2)
%WAPSO 48+46 138+7.0
(0.1-14.9) (1.7-29.5)
Efficiency % 92653 83673
(80.5-98.8) (69.0-97.4)
# wakes (total) 44+33 92+32
(0-12) (2-13)

Mean + SD; *p < 0.05 by Kruskal-Wallis with Dunn multiple comparison
test. Parentheses show range values (minimum to maximum).

variance was larger than on the first night. Similar patterns were
observed when we compared male versus female subjects, and
old versus young subjects (Figure S2).

Correlates of Subjective TST Estimation
We next conducted correlation analysis to determine whether
the degree of TST error was related to sleep consolidation in
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Figure 1—Sleep stages and relation to total sleep time errors
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(A) Overall sleep efficiency in the different sleep opportunity durations. Brackets indicate significant differences with p < 0.05 by Kruskal-Wallis test with Dunn
post-test. The median sleep efficiency value within individuals was used, such that each subject contributed one point for each sleep period. The first (FNH)
opportunity and subsequent 12-h and 4-h opportunities are shown (B) Sleep stage composition in FNH, 4-h, and 12-h conditions. In each group, the values
were averaged within subject for 12-h and 4-h periods, such that each subject contributes one point to the group data for each sleep period. *Significant
difference from FNH and 12-h (p < 0.05; ANOVA with Bonferroni post-test). (C) Sleep efficiency across each sleep period of the protocol; brackets indicate
significant differences (p < 0.05; ANOVA with Bonferroni post-test). Note that (i) SP1 is the first, habitual night (FNH, variable length), SP2 (and subsequent
even numbers) are 12-h nocturnal sleep periods; SP3 (and subsequent odd numbers) are 4-h daytime nap periods. The final opportunity, SP17, is an 8-h
sleep period centered at habitual time; (i) the number of subjects contributing values to each sleep period decreased after SP8 due to the protocol design
(n=39-42 for SP 1-7, n = 32 for SP 8, n = 26 for SP 9, n = 11-12 for SP 10-16, and n = 12 for SP17). (D) Subjective TST estimate values according to the
duration of sleep opportunity. In the box-and-whisker plots, the boxes show the median as well as 25% and 75% boundaries, while the whiskers show the
90% confidence range (5% to 95%). The “+” symbols indicate the mean value. Brackets indicate significant differences (p < 0.05; Kruskal-Wallis test, with
Dunn post-test). In each group, the median value was taken across 12-h and 4-h periods, such that each subject contributes one point to the group data. (E)
Objective TST values according to the duration of sleep opportunity. Box-and-whisker plots as in panel D. Brackets indicate significant differences (p < 0.05;
Kruskal-Wallis test, with Dunn post-test).
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Figure 2—Accuracy of self-reported sleep latency, total sleep time, and awakenings
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Errors in estimating the total sleep time (A), sleep latency (B) and number of awakenings (C) are shown according to the sleep opportunity: first night habitual
(FNH), 4-h and 12-h durations. In the box-and-whisker plots, the boxes show the median as well as 25% and 75% boundaries, while the whiskers show the
90% confidence range (5% to 95%). The “+” symbols indicate the mean value. In each group, the median value within each subject was used for 12-h and 4-h
periods, such that each subject contributes one point to the group data. The error metric is derived from subtracting the objective value from the subjective
value, such that negative values represent subjective underestimation. Brackets indicate significant differences by Kruskal-Wallis (in panel B and C, with Dunn
post-test; p < 0.05). (D) The distribution of TST errors is shown over successive sleep periods. SP1 is the first, habitual night (FNH, variable length), SP2 (and
subsequent even numbers) are 12-h nocturnal sleep periods; SP3 (and subsequent odd numbers) are 4-h daytime nap periods. SP17 is an 8-h sleep period
centered at habitual time. Note that (i) SP1 is the first, habitual night (FNH, variable length) SP2 (and subsequent even numbers) are 12-h nocturnal sleep
periods; n = 39-42 for SP 1-7, n = 32 for SP 8, n = 26 for SP 9, n = 11-12 for SP 10-16, and n = 12 for SP17. Brackets indicate significant differences between

adjacent sleep periods (p < 0.05; ANOVA with Bonferroni correction).

the prior sleep period. There were no significant correlations
between the TST error for a given 12-h or 4-h sleep opportu-
nity and the sleep efficiency of the preceding 4-h or 12-h sleep
opportunity, respectively (data not shown). We also conducted
correlation analysis between the subjective TST estimates and
sleep stage metrics (Table 3). No significant correlations were
observed between sleep stages and TST estimates during FNH
(data not shown), a condition in which TST estimates were
highly accurate (see Figure 2A). We had predicted that TST
estimates should have inverse correlations only with generally
accepted metrics of sleep fragmentation, such as WASO, N1
sleep, and number of awakenings. These metrics were not sig-
nificantly correlated with subjective TST estimations, however.

Surprisingly, TST estimates were negatively correlated with the
percentage of NREM stage 2 sleep.

For the 4-h sleep periods, TST estimates were positively
correlated with the percentage of stages N3 and REM sleep
(Table 3). Similar correlations were found for individual
NREM stages 3 and 4 sleep, when considered separately (data
not shown).

The above analysis considered the subjective estimation
of TST, regardless of accuracy. We finally turn to investiga-
tion of correlations with the magnitude of the error in TST
estimation (Table 4). Given that our calculation of TST error
yields negative values for underestimation, positive correla-
tion means “the higher the value of variable X, the less the
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Table 3—Correlation with TST estimate

12-h 4-h
%NREM stage 1 -0.06 -0.29
%NREM stage 2 -0.38 (p < 0.02) 0.03
%N3 0.28 0.40 (p < 0.007)
%REM 0.22 0.41 (p < 0.005)
%WAPSO -0.04 -0.17
# wakes (= 1 min) 0.23 0.17

Spearman correlations; significant values are bolded.

Table 4—Correlation with TST error

12-h 4-h
LPS 0.12 -0.06
LPS error -0.11 -0.11
%NREM stage 1 -0.11 -0.03
%NREM stage 2 -0.34 (p < 0.03) -0.08
%N3 0.24 0.25
%REM 0.01 0.26
%WAPSO 0.43 (p < 0.003) 0.04
# wakes (= 1 min) -0.05 -0.03

Spearman correlations; significant values are bolded.

Table 5—Correlation with objective TST

12-h 4-h

TST estimate 0.26 0.31 (p <0.04)
LPS -0.22 -0.33 (p < 0.03)
LPS error 0.15 0.10
%NREM stage 1 -0.12 -0.38 (p < 0.01)
%NREM stage 2 -0.07 -0.07

%N3 0.00 0.27

%REM 0.30 (p < 0.05) 0.72 (p < 3x107)
%WAPSO -0.76 (p < 3x10%) -0.55 (p < 0.0001)
# wakes (= 1 min) -0.32 (p < 0.03) 0.56 (p < 9x10%)

Spearman correlations; significant values are bolded.

TST underestimation.” Regarding 4-h sleep opportunities, we
found no significant correlations between sleep-wake stage
percentages, efficiency, or number of awakenings and the
TST error (Table 4), including when NREM stages 3 and 4
were analyzed separately (not shown).

Of note, the objective TST was not significantly correlated
with the subjective estimate of TST during 12-h sleep oppor-
tunities (» = 0.26; p > 0.05). Objective TST during 12-h sleep
opportunities was, however, positively correlated with REM%
(r = 0.30; p < 0.05), and inversely correlated with WAPSO%
(r=-0.76; p <3x10?) and the number of awakenings (» =-0.32;
p <0.03) (Table 5). Objective TST during 4-h sleep opportuni-
ties was correlated positively with the subjective TST estimate
(r=0.31;p<0.04), as well as the REM% (r=-0.72; p < 3x107),
while it was inversely correlated with LPS (»=-0.33; p <0.03),
NREM stage 1% (r=-0.38; p <0.01), and WAPSO% (r=-0.55;
p < 0.0001). Unexpectedly, the objective TST was positively
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correlated with the number of awakenings during 4-h sleep op-
portunities (7 =-0.56; p < 9x107), (Table 5).

Regarding 12-h opportunities, TST errors were not cor-
related with sleep latency errors, arguing against a “general”
error of time perception. This suggested that retrospective
self-report of sleep onset and total sleep time involve distinct
cognitive processes. Contrary to expectations, TST error was
positively correlated with WAPSO (lower WAPSO correlated
with greater underestimation) and negatively correlated with
the proportion of NREM stage 2 sleep (higher N2% correlated
with greater underestimation). The direction of these relation-
ships was unexpected, given the working hypothesis that errors
are increased by sleep fragmentation. Two potential explana-
tions were entertained. One is that larger errors are theoreti-
cally possible when more objective sleep (and less WAPSO)
occurs and N2 comprises the majority of objective TST. The
other possibility relates to the fact that the TST error is calcu-
lated directly from the objective TST, which is itself positively
correlated with time spent in NREM stage 2 sleep and nega-
tively correlated with time spent awake. To evaluate the po-
tential for spurious correlations of TST error with sleep stage
percentages due to this “embedded” correlation, we under-
took additional analysis (supplemental material). This analy-
sis shows how sleep architecture associations with TST error
are confounded by the fact that the objective TST is both used
in the calculation of the error and itself has correlations with
sleep architecture components. This embedded correlation
may lead to incorrect conclusions about TST error in relation
to sleep stage percentages.

DISCUSSION

The main finding of this study is that healthy adults with-
out evidence of sleep misperception on the baseline habitual
night of sleep within an inpatient experimental facility ex-
hibit substantial sleep misperception under subsequent con-
ditions of (i) absence of time cues and (ii) extended time in
bed per 24 hours. The inpatient extended sleep opportunity
resulted in decreased sleep efficiency and thus a form of ex-
perimental insomnia. The misperception of sleep duration
was bi-directional: overestimation of sleep following 4-h
daytime nap opportunities, and underestimation of sleep fol-
lowing 12-h nocturnal sleep opportunities. Contrary to our
working hypothesis, neither the subjective TST estimates nor
the extent of their accuracy was correlated with commonly
accepted indices of sleep fragmentation, such as NREM stage
1 sleep or the number of awakenings.

Time Perception during Sleep and Wake States
Retrospectively estimating sleep duration involves, among
other things, time cues common to daily life, such as looking at
the time just before bed, natural sunlight variations, and wak-
ing to an alarm in the morning. Systematic removal of time
cues may compromise accuracy in retrospective time estima-
tion. The use of auxiliary cues is not surprising, since sleep is
a state of altered consciousness, and presumably an individual
cannot directly assess a sense of time passage while asleep. For
patients with insomnia, the existing data do not support the hy-
pothesis that general time perception is abnormal. For example,



in one study, time perception during wakefulness was intact in
patients with insomnia,'>'® and in another study showing mild
overestimations of short time periods (< 3 min), there were no
differences between those with insomnia and controls."”

Sleep Stage Correlates of Sleep Misperception

Errors in TST underestimation are most clinically relevant
for insomnia patients, who often demonstrate a component of
sleep misperception.” Underestimation errors were observed
specifically for 12-h nighttime sleep opportunities, whereas
overestimation was observed for 4-h daytime sleep opportuni-
ties. TST errors were related to NREM stage 2 sleep in an unex-
pected direction: the less of this stage, the higher the subjective
TST estimate. The basis of this finding is uncertain, though it is
worth mentioning that the percent of NREM stage 2 sleep was
inversely related to the percentage of REM and N3 sleep. Thus
the apparent correlation may be spurious (see supplemental
material) and reflect its relation to these other stages of sleep,
which themselves did not reach significance in correlations
with TST estimates, possibly due to greater variance compared
to the dominant NREM stage 2 sleep percentages. Similarly,
the apparent correlation of TST error with the percentage of
WAPSO was likely related to the strong inverse correlation of
WAPSO with objective TST (see Table 5).

Regarding the potential importance of sleep stages, there is
literature supporting the restorative and cognitive roles of REM
and slow wave sleep,'®!"” although a variety of opinions on the
role of particular sleep stages exist.**?? Here, REM and slow
wave sleep only showed significant correlations with TST es-
timates following 4-h sleep opportunities. The relationship is
clearly complex, since TST was overestimated for 4-h sleep op-
portunities, despite less REM sleep in these daytime naps.

Although we expected that the degree of fragmentation evi-
denced by increased WAPSO% would influence the perception
of sleep, clearly this is not a simple causal relationship, as the
TST errors following 12-h periods were larger when WAPSO%
was smaller, and there was no correlation of WAPSO% with er-
rors following 4-h periods. In addition, TST errors for 4-h pe-
riods were overestimated despite the markedly decreased sleep
efficiency. One might predict that this overestimation was in fact
related to sleep inertia when awakening from slow wave sleep.
Despite a correlation of TST estimate following 4-h sleep op-
portunities with the N3%, there was no correlation of TST error
for 4-h sleep periods with the absolute or relative amount of slow
wave sleep whether it was considered as NREM stages 3 and 4
sleep separately or combined as stage N3 sleep. In fact, the mag-
nitude of TST error for 4-h periods was not correlated with any
other sleep-wake metrics. Therefore, misperception is not strictly
related to the degree of fragmentation or WAPSO. The difference
between subjective estimates and the extent to which they are
incorrect (i.e., the TST error) suggest that the subjective experi-
ence of sleep has complex dependencies, only a portion of which
relates to the sleep-wake stage content of the sleep opportunity.

In summary, subjective sleep estimates demonstrated cor-
relation with sleep stage amounts. The magnitude of misper-
ception errors, however, showed no clear mechanistic link to
the amounts of individual sleep stages. The potential roles for
circadian phase in sleep perception could not be assessed in
these protocols, but could represent an important factor in how
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we process time perception. We also cannot address whether
subjects inferred either the time of day or the expected sleep du-
ration based on the repeating alternation of 12-h and 4-h sleep
opportunities, despite not being informed of this pattern. The
extent of misperception was nevertheless substantial, even if
unaccounted for heuristics were involved.

Clinical Implications of Misperception

Despite the extensive literature documenting the occurrence
of misperception in various sleep disorders,”%*2* the issue of
perception is not typically addressed in epidemiological stud-
ies that depend on self-reported sleep.”” Many reports utilize
subjective reports of latency, efficiency, and total sleep time in
insomnia interventions.’® Although the patient’s subjective per-
ception is a justifiable endpoint for assessing the effectiveness
of interventions, from a mechanistic standpoint and from the
perspective of possible feedback to re-align subjective-objec-
tive mismatch, understanding the degree to which this phenom-
enon occurs in insomnia patients remains an important goal.

Clearly the misperception of sleep times was a “state” rather
than a “trait” phenomenon in this study of healthy adults. Patients
with insomnia could, in principle, demonstrate a trait of misper-
ception, independent of the sleep stage amounts on a particular
night, in which case pharmacological management takes on a
perspective other than increasing the amount of sleep obtained.
Other patients may demonstrate fluctuations in their sleep stage
amounts and consolidation from night to night, and thus their de-
gree of misperception may also fluctuate as a reversible state.
Determining where on this spectrum a particular patient resides
may have important implications for insomnia management.

Limitations

This study has several limitations. First, the experimental
setting was highly controlled, and thus may not have external
validity with respect to the sleep-wake patterns of patients with
insomnia. Although excess time in bed is a maladaptive behav-
ior adopted by some patients with insomnia, absence of time
cues and other experimental restrictions on activity do not oc-
cur clinically. The variance in misperception among individuals
with insomnia accounted for by excess time in bed is unknown.
Moreover, the habit of clock-watching may actually exacerbate
insomnia. Second, the form of insomnia observed here is entire-
ly attributed to excess time in bed, whereas clinical insomnia is
often multifactorial. Third, healthy subjects presumably do not
have the hyperarousal that is hypothesized to be a major patho-
physiological aspect of chronic insomnia. The extent to which
hyperarousal contributes to misperception is incompletely un-
derstood, but cortical hyperarousal is a plausible (and testable)
potential etiology.'® Finally, we cannot distinguish possible
contributions of circadian factors (i.e., time of day or night) or
sleep opportunity duration (4-h or 12-h) as potential causes of
the differences in misperception between the two types of sleep
period using these data.
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SUPPLEMENTAL MATERIAL

To evaluate the potential for spurious correlations between
TST error and sleep architecture components, we performed
a simulation experiment. Fifty “subjects” were simulated to
have normally distributed variance of stage percentages with
the following means: 5% wake, 5% N1, 50% N2, 20% N3, and
20% REM. These values were chosen to approximate typical
amounts seen in laboratory polysomnogram data. We assumed
a fixed time of 8 h total time in bed. We then simulated subjec-
tive TST values as random numbers from 180 to 480 min, to
mimic the majority of the experimentally observed subjective
sleep times. These simulated estimates had no correlation, by
definition, with the simulated objective TST values (mean 95%
efficiency, or ~456 min). These values allowed us to test the
hypothesis that TST errors could be spuriously correlated to
sleep stage percentages simply because stage percentages are
correlated with the objective TST, and TST enters into the cal-
culation of TST error.

The simulated objective TST values showed the following
significant correlation coefficients: wake, 1.0; N2, 0.77; N3,
0.21; REM 0.17 (p < 0.05). This demonstrates, as expected, that
the objective TST is correlated to varying degrees with sleep-
wake stages. The exact inverse correlation with wake is due to
the fact that TST is calculated by subtracting wake from the
time in bed.

Sleep Misperception in Healthy Adults

We then measured correlations between the TST errors and
the simulated sleep stages. Figure S3, A1 shows that the per-
centage of N2 sleep was correlated with the TST error, with r
=0.42 (p <0.002). Thus, even though the simulated subjective
sleep times were randomly assigned, the TST error can show
“significant” sleep stage correlations, because the objective
TST was itself strongly correlated with stages, in particular,
here, with stage N2 sleep. Figure S3, A2 shows the observed
data from our experimental subjects, demonstrating that the
correlation of TST error with stage N2 sleep was similar to that
seen in our simulations.

Although these simulations were compelling, they included
assumptions about stage percentages and subjective estimates.
Therefore, we next turned to our experimental data to explore the
potential for spurious correlations. To this end, we randomized
the experimental TST error values by reassigning the subjective
estimates randomly, and repeated this scrambling process 100
times, to generate a distribution of possible correlation coef-
ficients. We performed this analysis with the WAPSO percent
(Figure S3, B) and the N2 percentage (not shown). Note that
the strong correlation with WAPSO in the experimental data
(~0.4) is well within the range expected by pure chance, using
this scrambling protocol. Thus, by these complementary meth-
ods, we conclude that sleep-wake stage percentage correlations
with TST error are inherently confounded by the “embedded”
correlations with TST itself.
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Figure S1—Protocol schematics

6am Noon 6pm Midnight 6am Noon 6pm

Day 1
Day 2
Day 3
Day 4
Day 5
Day 6
Day 7
Day 8
Day 9

Day 10

The protocol for the study is shown in double raster format. Clock time
is on the X-axis, and day on the Y-axis. Black bars represent sleep
opportunities. For some subjects (random assignment), a sleep deprivation
occurred after 3 (n = 12) or 4 (n = 20) days of this 12+4 schedule; 12
subjects continued on this schedule without sleep deprivation for 8 days
(as shown in figure). Data after this sleep deprivation were not included in
these analyses, except for the final 8-h sleep episode, in certain analyses.
Actual protocol times were adjusted for each subject. The dashes indicate
that multiple sleep latency testing was performed. Total n = 44.
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Figure S2—Error in TST estimation in subgroups across
sleep periods
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The error in TST (defined as subjective — objective values, in minutes)
is given according to sleep period (SP#). The means and SD values are
shown for subgroups as follows: males (A), females (B), younger (C),
and older (D). Brackets indicate significant differences between adjacent
sleep periods (ANOVA with Bonferroni correction; p < 0.05). For the male
group, n = 19-23 for SP 1-7, n = 16 for SP 8, n = 15 for SP 9, n = 5-6 for
SP 10-16, and n = 13 for SP17. For the female group, n = 17-21 for SP
1-7,n =16 for SP 8, n = 11 for SP 9, n = 5-6 for SP 10-16, and n = 11
for SP17. For the younger group, n = 28-31 for SP 1-7, n = 24 for SP 8,
n =20 for SP 9, n =7-8 for SP 10-16, and n = 16 for SP17. For the older
group, n = 10-12 for SP 1-7,n = 8 for SP 8, n = 6 for SP 9, n = 3-4 for
SP 10-16, and n = 8 for SP17. The reason for variation in particular sleep
periods relates to infrequent missing data, as well as differences in when
the sleep deprivation occurred (i.e., whether after sleep period 8 or 9).
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Figure S3—Simulated pseudo-correlation of TST error with sleep architecture
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Sleep-wake stage percentages were simulated as Gaussian distributions (+ 20% standard deviation) centered at these mean values: 5% wake, 5% N1,
50% N2, 20% N3, and 20% REM. Four of the 5 stages were simulated, and the final stage adjusted to yield 100% (with approximately equal proportion
of each stage being the “adjusted” one); negative values were not allowed. TST was calculated by subtracting the % wake from the fixed time in bed of 8
hours. Random subjective TST values, in a uniform distribution between 180 min and 480 min were used to calculate TST error values. Panel A1 shows the
correlation of TST error with the NREM stage 2 percentage (linear regression and 95% confidence interval), with r = 0.42 (p < 0.002). Panel A2 shows the
same analysis applied to the observed data from our experimental subjects. Panel B shows the distribution of correlation coefficients between WAPSO %
and the TST error obtained over 100 trials of random scrambling of the experimental TST error values. The observed correlation is shown (left column) for
comparison. In the box-and-whisker plots, the boxes show the median as well as 25% and 75% boundaries, while the whiskers show the 90% confidence
range (5% to 95%); outliers are shown as filled circles.
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