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BACKGROUND: Portable monitoring is a convenient means for diagnosing sleep apnea.
However, data on whether one night of monitoring is sufficiently precise for the diagnosis of
sleep apnea are limited.

RESEARCH QUESTION: The current study sought to determine the variability and misclassi-
fication in disease severity over three consecutive nights in a large sample of patients referred
for sleep apnea.

METHODS: A sample of 10,340 adults referred for sleep apnea testing was assessed. A self-
applied type III monitor was used for three consecutive nights. The apnea-hypopnea index
(AHI) was determined for each night, and a reference AHI was computed by using data from
all 3 nights. Pairwise correlations and the proportion misclassified regarding disease severity
were computed for each of the three AHI values against the reference AHI.

RESULTS: Strong correlations were observed between the AHI from each of the 3 nights
(r ¼ 0.87-0.89). However, substantial within-patient variability in the AHI and significant
misclassification in sleep apnea severity were observed based on any 1 night of moni-
toring. Approximately 93% of the patients with a normal study on the first night and
87% of those with severe sleep apnea on the first night were correctly classified compared
with the reference derived from all three nights. However, approximately 20% of the
patients with mild and moderate sleep apnea on the first night were misdiagnosed either
as not having sleep apnea or as having mild disease, respectively.

CONCLUSIONS: In patients with mild to moderate sleep apnea, one night of portable testing
can lead to misclassification of disease severity given the substantial night-to-night variability
in the AHI. CHEST 2020; 158(1):365-373
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Sleep apnea is a relatively common disorder, with
prevalence estimates of 9% to 38% in the general
population.1,2 Untreated sleep apnea is associated with
clinical consequences, including incident hypertension,3

cardiovascular disease,4 stroke,5 and all-cause mortality.6

Moreover, patients with undiagnosed sleep apnea have
higher rates of health-care utilization and impose
substantial added medical costs annually in the United
States.7 Although there is an increasing awareness of
sleep apnea among health-care professionals, it remains
frequently underdiagnosed, even in patients with
moderate to severe disease.8-10 With advancements in
technology, portable monitoring for sleep apnea is now
feasible and has circumvented many of the limitations of
in-laboratory testing.

Regardless of whether an in-laboratory
polysomnogram or home sleep apnea test is
performed, an important consideration in interpreting
the data is night-to-night variability.11-13 It is well
established that on the first night in a sleep laboratory,
normal subjects and patients with sleep disorders
exhibit alterations in sleep quality that are not
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necessarily alleviated by the use of a home
monitor.14-18 Thus, both environment- and patient-
related factors are potential sources of night-to-night
variability. Research on the use of in-laboratory
polysomnography and portable monitoring in adult
patients with sleep apnea has shown that a single
night of monitoring may be insufficient for a precise
determination of disease severity and could misclassify
a significant proportion of those affected.19-32 In light
of the convenience associated with the use of portable
monitors, empirical evidence is needed to determine
the variability in assessing sleep apnea severity based
on multi-night testing, which is more convenient and
practical in the home. Thus, the current study sought
to determine the variability and misclassification in
disease severity by using a portable sleep apnea
monitor over 3 consecutive nights in a large sample of
patients referred for sleep apnea. It was hypothesized
that there would be considerable night-to-night
variability in the apnea-hypopnea index (AHI),
particularly in those with mild to moderate sleep
apnea.
Patients and Methods
Study Sample

The study sample consisted of patients referred to a certified
independent diagnostic testing facility (NovaSom, Inc.) for a type III
sleep study for the evaluation of sleep apnea. The criteria proposed
for home testing by the American Academy of Sleep Medicine were
applied to delineate whether home testing was appropriate.33 Per the
recommended guidelines, patients with significant comorbid medical
conditions such as moderate to severe COPD, neuromuscular
disease, or congestive heart failure (New York Heart Association
functional class III or IV) were not eligible. Each patient was
required to have at least one or more symptoms suggestive of sleep
apnea such as excessive sleepiness, witnessed apneas, reports of
daytime napping, falling asleep at work or while driving, or
witnessed nocturnal motor activities. Exclusionary criteria included
ongoing or previous treatment with continuous positive pressure
therapy, upper airway surgery, or use of supplemental oxygen.
Demographic information was obtained from all patients along with
self-reported daytime sleep tendency using the Epworth Sleepiness
Scale.34

Of the 12,325 eligible patient referrals available for analysis, 976 patients
did not have data for all three nights of monitoring and an additional
1,009 patients had < 2 h of recording on any night. Exclusion of the
1,985 (16.1%) patients resulted in an analysis sample of 10,340
patients. No significant differences in demographic variables such as
age, sex, race, BMI, or self-reported sleepiness were noted between the
included vs excluded patients. Approval for analysis of the de-identified
clinical data was obtained from the Institutional Review Board of the
Johns Hopkins University (IRB00223097).

Home Sleep Apnea Test

A portable monitor (AccuSom; NovaSom, Inc.), which has been
previously validated against full polysomnography,35 was shipped to
each patient following a telephone call from the central facility to
review the testing protocol, device operation, and sensor placement.
The monitor recorded the following physiologic signals:
oxyhemoglobin saturation, oronasal airflow using an acoustic sensor,
and chest excursion using an effort belt. The monitor was
programmed to collect data until the patient stopped the recording
or for a maximum of 8 h. Each patient was required to provide 3
nights of recording. A computerized algorithm within the monitor
would alert the patient if the quality of any signal was suboptimal,
allowing the patient to reapply or adjust the sensor.

The recorded data from each night were downloaded to a central
repository and linked to the patient’s demographic and clinical data.
The digital recordings were subjected to an automated algorithm for
scoring of apneas and hypopneas in accordance with standard
criteria.36 An apnea was defined as a reduction in airflow of $ 90%,
lasting for $ 10 s. The apnea was defined as obstructive unless the
chest effort during the event fell to # 10% of the prevailing
effort baseline. A hypopnea was defined as a reduction in airflow
of $ 50%, lasting for $ 10 s, and having a corresponding drop in
oxyhemoglobin saturation of 4%. To determine the AHI, the number
of apneas and hypopneas was divided by the total recording time.
The results from the automated scoring were initially reviewed by a
registered technologist and then by a medical provider certified in
sleep medicine.

Statistical Analyses

The variable of interest was the AHI derived from each of three nights
of home testing. The level of concordance in the AHI across nights was
estimated by using the Pearson correlation coefficient (r). Because
repeat measurements reduce imprecision, a reference AHI value was
computed based on the individual values derived from the three
nights. Specifically, the reference AHI was obtained as the posterior
mean given the data and a measurement error model.37 The model
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assumes that the observed AHI for each night is independently drawn
from a gamma distribution, assuming the “true” unknown AHI. Most
variables in medicine, such as the AHI, are nonstationary stochastic;
thus, the posterior mean was used because it likely represents the
“average” degree of exposure to apneas and hypopneas across
multiple nights.

Agreement between the AHI from each night with the reference AHI
was examined by using Bland-Altman analysis.38 This method consists
of calculating the difference between the AHI from a specific night
(AHIi, where i ¼ 1, 2, or 3) and the reference AHI value. The
difference (AHIi – AHIr) was plotted against the reference AHI value
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Figure 1 – Within-patient SD of the AHI vs the reference AHI values
derived from the 3 nights of home sleep testing. AHI ¼ apnea-hypopnea
index.
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(AHIr), and the limits of agreement were defined as �1.96 SD of the
mean difference. Finally, the presence and severity of sleep apnea
were defined based on individual and reference AHI values using the
following thresholds: < 5.0 (normal), 5.0 to 14.9 (mild), 15.0 to 29.9
(moderate), and $ 30.0 (severe). Cross-tabulations were used to
examine the degree of misclassification of disease status (presence
vs absence) and disease severity (mild, moderate, and severe)
between a specific night and the reference AHI value. Statistical
analyses were conducted by using SAS version 9.4 (SAS Institute,
Inc.), R (R Foundation for Statistical Computing; http://www.r-
project.org/), and WinBUGS statistical software packages.
Results
The study sample consisted of 10,340 patients referred
for home sleep apnea testing (mean, 64.7%). The average
age was 54.0 years (range, 21.0-95.0 years), and the
mean BMI was 33.0 kg/m2 (range, 15.2-86.0 kg/m2). The
race distribution of the sample was as follows: white,
73.6%; black, 9.8%; Asian, 1.9%; other, 2.0%; and
missing, 12.7%. More than 61% of the patient referrals
were either from general practitioners or internists; the
remaining two-thirds of the patient sample were referred
from pulmonologists (12.3%), sleep specialists (10.5%),
otolaryngologists (9.4%), or other medical disciplines
(6.1%). The average AHI values in the sample for the
first, second, and third night were 15.6 events/h (range,
0.0-150.8 events/h), 15.7 events/h (range, 0.0-141.1
events/h), and 15.6 events/h (range, 0.0-141.0 events/h),
respectively. The within-patient average and SD of
the AHI values across the three nights were 15.6 and 4.4
events/h, respectively.
The association between the AHI values across the three
nights was strong and relatively consistent: night 1
vs night 2, r ¼ 0.89 (95% CI, 0.88-0.90); night 1 vs night
3, r ¼ 0.87 (95% CI, 0.86-0.88); and night 2 vs night 3,
r ¼ 0.89 (95% CI, 0.88-0.90). Despite the strong
correlations in AHI across nights, there was substantial
within-patient variability in the AHI values (average SD,
4.4 events/h). The within-patient variability in AHI
was related to the reference AHI value from the 3 nights
(Fig 1). Approximately 33% of the variance in the
within-patient night-to-night AHI variability could be
attributed to the reference AHI (r2 ¼ 0.33). Bland-
Altman plots, which compare a specific night’s AHI
vs the reference AHI, are shown along with the bivariate
plots in Figure 2. The mean difference between the AHI
values from nights 1, 2, and 3 and the reference AHI was
0.01 (SD, 5.5), 0.05 (SD, 5.0), and –0.06 (SD, 5.3) events/
h, respectively. Although there was no systematic bias
between any one night and the overall reference AHI,
the limits of agreement (�1.96 SD) were wide: night 1,
11.0 to –11.1 events/h; night 2, 10.3 to –10.4 events/h;
and night 3, 10.4 to –10.7 events/h. Furthermore,
approximately 5.8%, 5.8%, and 6.2% of the study sample
was outside the �1.96 SD limits for nights 1, 2 and 3.

Using the reference AHI, the distribution of disease
severity was as follows: 2,957 patients (28.6%) did not
have sleep apnea, 3,885 patients (37.6%) had mild
disease, 1,963 (19.0%) had moderate disease, and 1,535
(14.9 %) had severe disease. Comparisons of patients
within each group based on the reference AHI vs that of
individual night AHI values are shown in Table 1. Of the
3,885 patients with mild disease based on the reference
AHI, 895 (23.0%), 886 (22.8%), and 895 (23.0%) patients
were labeled as not having sleep apnea based on the first,
second, and third night’s AHI, respectively. Of the 1,963
patients having moderate disease using the reference
AHI, 447 (22.3%), 412 (21.0%), and 440 (22.4%) were
classified as having mild sleep apnea for the three nights.
Thus, if only one night of home sleep monitoring had
been performed, approximately 23% of patients with
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Figure 2 – Pairwise and Bland-Altman plots of the AHI from the three nights of home sleep testing. The dashed lines in the plots on the left represent
lines of identity. The dashed lines in the plots on the right represent the limits of agreement (mean bias � 1.96 SD). See Figure 1 legend for expansion
of abbreviation.
mild disease would be misdiagnosed as not having sleep
apnea and approximately 22.0% of patients with
moderate disease would be diagnosed as having mild
sleep apnea.
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A single night of sleep recording was also associated
with overdiagnosis. Of the 2,957 patients without sleep
apnea based on the reference AHI, 176 (6.0%), 187
(6.3%), and 228 (7.7%) were classified as having mild
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TABLE 1 ] Disease Severity Comparing the AHI From Each of the 3 Nights vs the Reference AHI

AHI (events/h)

Reference AHI (events/h)

< 5.0 (n ¼ 2,957) 5.0-14.9 (n ¼ 3,885) 15.0-29.9 (n ¼ 1,963) $ 30.0 (n ¼ 1,535)

Night 1

< 5.0 2,780 (94.02%)a 895 (23.04%) 1 (0.05%) 0 (0.00%)

5.0-14.9 176 (5.95%) 2592 (66.72%)a 447 (22.77%) 4 (0.26%)

15.0-29.9 0 (0.00%) 387 (9.96%) 1,240 (63.17%)a 169 (11.01%)

$ 30 1 (0.03%) 11 (0.28%) 275 (14.01%) 1,362 (88.73%)a

Night 2

< 5.0 2,769 (93.64%)a 886 (22.80%) 3 (0.15%) 0 (0.00%)

5.0-14.9 187 (6.32%) 2,623 (67.52%)a 412 (20.99%) 1 (0.07%)

15.0-29.9 1 (0.03%) 361 (9.29%) 1,293 (65.87%)a 154 (10.03%)

$ 30 0 (0.00%) 15 (0.39%) 255 (12.99%) 1,380 (89.90%)a

Night 3

< 5.0 2,725 (92.15%)a 895 (23.04%) 9 (0.46%) 0 (0.00%)

5.0-14.9 228 (7.71%) 2,617 (67.36%)a 440 (22.41%) 5 (0.33%)

15.0-29.9 4 (0.14%) 359 (9.24%) 1,232 (62.76%)a 184 (11.99%)

$ 30 0 (0.00%) 14 (0.36%) 282 (14.37%) 1,346 (87.69%)a

AHI ¼ apnea-hypopnea index.
aRepresents agreement between the AHI from 1 night compared with the reference AHI. Entries above and below these noted entries represent under-
classification and overclassification of disease severity, respectively, compared with the reference AHI.
disease using the AHI from the first, second, and third
night, respectively. Similarly, of the 3,885 patients with
mild sleep apnea based on the reference AHI, 387
(10.0%), 361 (9.3%), and 359 (9.2%) were classified as
having moderate disease for the 3 nights, respectively
(Table 1). A similar pattern of misclassification was also
seen in those with moderate disease. Collectively, the
greatest misclassification (underassessment and
overassessment of disease severity) occurred in patients
with mild to moderate sleep apnea. Interestingly, there
was no evidence of a first night effect, given that the degree
of misclassification was similar across the three nights.
TABLE 2 ] Sensitivity, Specificity, PPVs, and NPVs for a Ref

Reference AHI Nights Averaged Sensitivity

< 5 events/h

1 87.9 (87.1-88.6) 91

1, 2 91.9 (91.2-92.5) 93

1, 2, 3 93.7 (93.2-94.3) 95

$ 30 events/h

1 88.7 (87.2-90.3) 95

1, 2 94.7 (93.4-95.7) 96

1, 2, 3 99.6 (99.3-99.6) 97

Point estimates were determined by using the average AHI from 1, 2, and 3 nig
predictive value; PPV ¼ positive predictive value. See Table 1 legend for expan
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Considering that the thresholds of 5 and 30 events/h are
used to define mild and severe sleep apnea, respectively,
several test characteristics were determined by using
the reference AHI. Specifically, sensitivity and specificity
of identifying those without sleep apnea and those
with severe disease were determined assuming that
the observed average AHI from the first night, first
and second nights, and all three nights is < 5 events/h
and $ 30 events/h (Table 2). Based on the derived
positive predictive values, for a patient without sleep
apnea on the first night (observed AHI < 5 events/h),
the probability of not having sleep apnea is
erence AHI < 5 events/h and $ 30 events/h

Specificity PPV NPV

.0 (90.4-91.6) 75.8 (74.2-77.3) 95.1 (94.6-95.5)

.9 (93.4-94.4) 82.6 (91.2-84.1) 96.0 (95.5-96.4)

.2 (94.7-95.6) 85.9 (84.5-87.2) 96.5 (96.1-96.9)

.6 (95.1-96.0) 81.5 (79.7-83.1) 96.4 (95.9-96.7)

.9 (96.5-97.3) 86.9 (85.4-88.4) 97.3 (97.0-97.7)

.5 (97.2-97.8) 89.3 (87.9-90.7) 97.8 (97.5-98.1)

hts of monitoring being < 5 events/h and $ 30 events/h. NPV ¼ negative
sion of other abbreviation.
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Figure 3 – Positive predictive values for an AHI < 5 events/h (top panel)
and for an AHI> 30 events/h (bottom panel) for average AHI from 1, 2,
and 3 nights of observation. See Figure 1 legend for expansion of
abbreviation.
75.8% (95% CI, 74.2-77.3). The probability of not having
sleep apnea increases to 82.6% and 85.9% if the observed
average AHI from the first 2 nights and from all 3 nights
is < 5 events/h, respectively. Moreover, for a patient with
severe disease on the first night ($ 30 events/h), the
probability of having severe sleep apnea is 81.5% (95% CI,
79.7-83.1). The probabilities for severe disease increase to
86.9% and 89.4% if the average observed AHI values from
first 2 nights and all 3 nights also demonstrate severe sleep
apnea. Figure 3 displays the positive predictive values for
not having sleep apnea (< 5 events/h) and having severe
sleep apnea ($ 30 events/h) as a function of the observed
AHI determined from the first night, first two nights, and
all three nights being above a specific threshold.

To determine the changes in classification of disease
severity based on multi-night testing, patients
370 Original Research
underdiagnosed (n ¼ 1,516) on the first night relative to
the reference AHI were examined, and misclassification
rates based on additional nights of testing were then
determined. Approximately 40% of the patients (605 of
1,516) remained underdiagnosed, with a majority of the
patients with mild disease still being classified as normal
based on the two additional nights of monitoring. Of the
850 overdiagnosed patients based on the first night,
32.9% remained overdiagnosed despite having two
additional nights of testing.

Discussion
The results of the current study, the largest to date on
multi-night home testing for sleep apnea, show that
there is considerable night-to-night variability in the
assessment of breathing abnormalities during sleep. This
variability undoubtedly has important implications
regarding whether a patient is diagnosed as having sleep
apnea and whether the patient has mild, moderate, or
severe disease. In a large representative sample of
patients referred for the evaluation of sleep apnea, a
single night of monitoring was conclusive in a majority
of patients if the first night revealed either normal
breathing during sleep (< 5 events/h) or severe sleep
apnea ($ 30 events/h). Specifically, > 92% of patients
with a normal first night and > 87% of the patients with
severe sleep apnea on the first night were appropriately
classified. In contrast, two-thirds of patients with mild
and moderate disease, as assessed by the 3 nights of
testing, would be accurately classified with 1 night of
monitoring. The remaining one-third would be either
underdiagnosed or overdiagnosed. Given the relative
ease of using a home portable monitor, a subset of
patients at risk for sleep apnea may benefit from multi-
night recording at home for precise ascertainment of
disease severity.

Night-to-night variability in sleep apnea severity has
important implications not only for the clinical
diagnosis but also for estimating disease prevalence in
epidemiologic studies. Thus, it is not surprising that the
issue of whether 1 night of monitoring is sufficient has
been a topic of significant debate. Although a number of
previous studies20-31 have specifically examined the
variability in sleep apnea severity over consecutive and
nonconsecutive nights, the findings across these studies
have been generally inconsistent. As a result, some have
advocated the use of just one night of monitoring,25-31

whereas others have recommended a more cautious
approach of considering additional monitoring when the
clinical history is suggestive of sleep apnea but the initial
[ 1 5 8 # 1 CHE S T J U L Y 2 0 2 0 ]



diagnostic evaluation is unrevealing.20-24 Such
discrepancy in recommendations is to be expected given
that most of the available data are based on small study
samples, which have considerable interpatient
heterogeneity. Furthermore, the variability in the
methods used to record, score, and quantify sleep apnea
severity across the available studies could further
contribute to discrepancies across available studies and
therefore limits the ability to reach a generalizable
consensus regarding multi-night testing.

Despite recognizing all of the potential limitations of
overdiagnosis or underdiagnosis of disease severity with
one night of polysomnography, the American Academy
of Sleep Medicine39 has previously recommended that a
single night of recording is sufficient for the diagnosis of
sleep apnea. However, guidelines should be interpreted
in the context of conducting a full montage in-
laboratory polysomnogram. At present, there are a
limited number of studies looking at the value of multi-
night testing with a home portable monitor for the
diagnosis of sleep apnea, particularly in a large
representative sample of patients at risk. Our results
confirm previous findings showing more inter-night
variability in metrics of sleep apnea in persons with mild
disease.11,13,40,41 Because home portable monitoring
provides a simple and less expensive alternative to an in-
laboratory study, it is imperative that studies examining
different approaches of deploying such technologies be
conducted to establish optimal ways of using them in
everyday clinical practice. The results provided here also
show that portable monitoring with multi-night testing
is particularly valuable in defining the variability in sleep
apnea severity across multiple nights.

One of the major assumptions of this study was the use
of a composite index of disease severity based on all
three nights as the reference standard. It could be easily
argued that any one night or even the maximum value
that is diagnostic for sleep apnea should be used as the
reference. Indeed, in clinical practice, one night is used
for making decisions regarding diagnosis and therapy.
Even epidemiologic studies such as the Wisconsin Sleep
Cohort Study42 and the Sleep Heart Health Study43 have
exclusively used a single night of polysomnography for
assessing disease severity. With only one measurement
that is subject to modest variation, estimates of relative
risks (or ORs) for health outcomes from epidemiologic
studies could be affected. The use of multiple
measurements is common practice in many areas of
chestjournal.org
clinical medicine (eg, hypertension) and is also
universally incorporated in observational research and
clinical trials because of the intraindividual variation and
associated measurement error. Thus, the issue of disease
misclassification is not trivial: it not only can change
how a particular patient is clinically assessed and
managed but it can also influence our understanding of
the public health implications of the disease process.

There are several strengths to this study. First, the
analyses presented were based on a large study sample
with substantial regional representation across the
United States. Thus, the inferences are generalizable to
patients at risk for sleep apnea. Second, the use of a
self-applied monitor with built-in automated quality
control measures that identified poorly placed sensors
at the time of self-application provided a robust yet
simple monitoring system that can be readily deployed
in clinical practice. Third, automated scoring of the
sleep recordings with subsequent review by trained
personnel provided a systematic approach that
minimized the variability commonly associated with
manual scoring. Finally, collecting three nights of data
at home in a large sample size provided valuable
information on the potential insights gained from multi-
night testing. Although a few studies with smaller
sample sizes have collected more than two nights of
data,11,17,40,41 previous research on night-to-night
variability of sleep apnea has generally been based on
two nights. Having multiple nights of testing helped not
only clarify the issue of night-to-night variability but
also provided insight into whether additional nights
improve diagnostic yield for sleep apnea.

The current study also has several limitations. These
include lack of physiological recordings of oronasal
airflow, body position, or sleep. Although having such
measurements would have helped refine the estimates of
disease severity, the portable monitor used was
convenient for self-application in the home setting.
Other limitations include the lack of information on
other patient-related factors such as alcohol intake or
use of sedative medications, which could certainly
contribute to night-to-night variability of AHI.
However, the influence of such factors is likely to be
nondifferential across categories of sleep apnea severity.
Finally, the use of a minimum threshold of 2 h of
recording time could certainly also contribute to night-
to-night variability, particularly if the amount of sleep
fluctuated across the three nights.
371
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Given the growing demand to identify and treat sleep
apnea in the general community, there is an urgent
need for implementing appropriate methods for
portable monitoring in the ambulatory setting. Multi-
night portable monitoring clearly provides an
alternative for additional diagnosing of sleep apnea that
is accessible for all health-care professionals. A strategy
372 Original Research
that combines home monitoring with daily
transmission of overnight data via wireless
communication can be easily implemented. The results
presented here indicate that multiple nights of
monitoring provide a better understanding of the
potential heterogeneity in disease severity, which may
affect therapeutic decisions.
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