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[ Sleep Original Research ]
Polysomnographic Assessment of Sleep
Disturbances in Cancer Development

A Historical Multicenter Clinical Cohort Study
Tetyana Kendzerska, MD, PhD; Brian J. Murray, MD; Andrea S. Gershon, MD; Marcus Povitz, MD;

Daniel I. McIsaac, MD, MPH; Gregory L. Bryson, MD; Robert Talarico, MSc; John Hilton, MD;

Atul Malhotra, MD; Richard S. Leung, MD, PhD; and Mark I. Boulos, MD
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BACKGROUND: Many cellular processes are controlled by sleep. Therefore, alterations in sleep
might be expected to stress biological systems that could influence malignancy risk.

RESEARCH QUESTION: What is the association between polysomnographic measures of sleep
disturbances and incident cancer, and what is the validity of cluster analysis in identifying
polysomnography phenotypes?

STUDY DESIGN AND METHODS: We conducted a retrospective multicenter cohort study using
linked clinical and provincial health administrative data on consecutive adults free of cancer at
baseline with polysomnography data collected between 1994 and 2017 in four academic hos-
pitals in Ontario, Canada. Cancer status was derived from registry records. Polysomnography
phenotypes were identified by k-means cluster analysis. A combination of validation statistics
and distinguishing polysomnographic features was used to select clusters. Cox cause-specific
regressions were used to assess the relationship between identified clusters and incident cancer.

RESULTS: Among 29,907 individuals, 2,514 (8.4%) received a diagnosis of cancer over a median
of 8.0 years (interquartile range, 4.2-13.5 years). Five clusters were identified: mild (mildly
abnormal polysomnography findings), poor sleep, severe OSA or sleep fragmentation, severe
desaturations, and periodic limb movements of sleep (PLMS). The associations between cancer
and all clusters compared with the mild cluster were significant while controlling for clinic and
year of polysomnography. When additionally controlling for age and sex, the effect remained
significant only for PLMS (adjusted hazard ratio [aHR], 1.26; 95% CI, 1.06-1.50) and severe
desaturations (aHR, 1.32; 95% CI, 1.04-1.66). Further controlling for confounders, the effect
remained significant for PLMS, but was attenuated for severe desaturations.

INTERPRETATION: In a large cohort, we confirmed the importance of polysomnographic
phenotypes and highlighted the role that PLMS and oxygenation desaturation may play in
cancer. Using this study’s findings, we also developed an Excel (Microsoft) spreadsheet
(polysomnography cluster classifier) that can be used to validate the identified clusters on
new data or to identify which cluster a patient belongs to.

TRIAL REGISTRY: ClinicalTrials.gov; Nos.: NCT03383354 and NCT03834792; URL: www.
clinicaltrials.gov CHEST 2023; 164(2):517-530
KEY WORDS: cluster analysis; incident cancer; sleep disturbances
FOR EDITORIAL COMMENT, SEE PAGE 287
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Take-home Points

Study Question: What is the association between
polysomnographic measures of sleep disturbances
and incident cancer, and what is the validity of
cluster analysis in identifying polysomnographic
phenotypes?
Results: Five clusters were identified: mild (mildly
abnormal polysomnography findings), poor sleep,
severe OSA or sleep fragmentation, severe desatura-
tions, and periodic limb movements of sleep (PLMS).
The associations between cancer and only PLMS and
severe desaturations clusters compared with the mild
cluster were significant while controlling for clinic
and year of the polysomnography and demographics.
Interpretation: In a large cohort, we confirmed the
importance of polysomnographic phenotypes and
highlighted the role that PLMS and oxygenation
desaturation may play in cancer. Using this study’s
findings, we also developed an Excel (Microsoft)
spreadsheet (polysomnography cluster classifier) that
can be used to validate the identified clusters on new
data or to identify which cluster a patient belongs to.
Sleep is a fundamental health phenomenon with distinct
and quantifiable biological, perceptual, behavioral, and
temporal attributes.1 Sleep impacts many behavioral and
physiological processes that may influence cancer
development, progression, recovery, quality of life, and
morbidity and mortality.1 Emerging evidence suggests
that sleep-related disturbances such as sleep-disordered
breathing, sleep fragmentation, abnormal sleep
architecture, and disruption of circadian rhythms may
be linked directly to cancer development and
progression.2 However, whereas most prior studies have
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focused on measures of sleep-disordered breathing and
nocturnal hypoxemia,3 potential evidence of an
association between cancer risk with abnormal sleep
architecture and sleep fragmentation has been
inconsistent and limited.4 A meta-analysis suggested
that although short sleep duration may increase cancer
risk in Asians and long sleep duration may be associated
with an increased risk of colorectal cancer, these findings
were not consistent in a dose-response meta-analysis.4

Other common sleep disorders that have not been
explored as extensively include restless legs syndrome,
which is associated frequently with periodic limb
movements of sleep (PLMS). These limb movements can
reflect the various causes and effects of malignancy. For
example, malignancy may be associated with iron loss
and consequent restless legs syndrome with PLMS.5

Alternatively, periodic limb movements can occur with
injury to a peripheral nerve,6 the spinal cord,7 or brain,8

all of which may be primary or metastatic sites for
various forms of cancer. Despite the importance of sleep
to cancer and the availability of numerous tools for
measuring sleep quality and quantity, objective sleep
measurements usually are underused in cancer studies.
A need exists for robust and generalizable data regarding
the association between sleep disturbances and cancer.

Polysomnography provides a rich set of sleep-related
physiologic information obtained in routine clinical
practice to inform clinical decision-making and to
support research.9 Cluster analysis using
polysomnography variables may help to identify
associations between health outcomes and unique
polysomnographic features or phenotypes beyond
considering each variable separately in a prognostic
model.10 The expected benefit of polysomnography
phenotyping would be to allow for more directed
diagnostic and management strategies, which may
lead to improved health outcomes and better-
designed clinical trials.11 Prior work has
demonstrated that cluster analysis may identify
relationships not seen in traditional modeling; for
example, it has been shown that phenotypic clusters
identified using routine polysomnography data can
capture the risk of cardiovascular outcomes otherwise
missed by conventional OSA severity classifications.12

However, only a few studies have examined the
association between polysomnographic clusters and
outcomes,10,12 suggesting limited reproducibility and
stability of phenotypic clusters.11 Thus, before using
polysomnographic phenotypes in clinical practice, a
need exists to develop reproducible clusters.11
[ 1 6 4 # 2 CHES T A UGU S T 2 0 2 3 ]
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In this study, we examined the association between
polysomnographic measures of sleep disturbance and
incident cancer controlling for known cancer risk factors
and using four large clinical cohorts of patients with
chestjournal.org
suspected OSA who were free of any cancer at study
entry. We also assessed the validity and reproducibility
of a cluster analysis in identifying distinct
polysomnographic phenotypes.
Study Design and Methods
Study Design

A historical cohort study was conducted using already linked
provincial health administrative data and polysomnographic (sleep
study) data from four large independent Ontario clinical sleep
cohorts from 1991 through 2017. Participants were followed up from
the diagnostic sleep study (index date) to the end of March 2020.
The ethics committees of all institutions involved approved this
study. ICES is an independent, nonprofit research institute whose
legal status under Ontario’s health information privacy law allows it
to collect and analyze health-care and demographic data for health
system evaluation and improvement.

Data Sources

Provincial Health Administrative Data: ICES has housed high-quality
individual-level databases on publicly funded services in Ontario since
1988 (https://datadictionary.ices.on.ca).13-15 The databases used in this
study are held securely in a de-identified form at ICES and were linked
using unique encoded identifiers at ICES. Information on cancer status
was derived from the Ontario Cancer Registry, which is based on
multiple combined data sources to provide good-quality incidence
data since 1964.16-19 Data regarding claims for positive airway
pressure therapy was obtained through the Ontario Assistive Devices
Program database.20 The Registered Persons Database was used to
derive vital status information.

Clinical Databases: Clinical databases included clinical and detailed
polysomnography data and are described elsewhere21-24: (1) St.
Michael’s Hospital Sleep Laboratory database, dating from 1994
through 2010 (Toronto); (2) the Sunnybrook Health Sciences Centre
sleep database, dating from 2010 through 2015 (Toronto;
ClinicalTrials.gov Identifier: NCT03383354); (3) the London Health
Sciences Centre Sleep and Apnea Assessment Unit polysomnography
database, dating from 2007 through 2015 (London); and (4) The
Ottawa Hospital Sleep Database, dating from 2015 through 2017
(Ottawa; ClinicalTrials.gov Identifier: NCT03834792). Details are also
provided in e-Table 1.

Populations of Interest

All consecutive adults who underwent a diagnostic sleep study (level 1
polysomnography) between 1994 and 2017 at four large academic
hospitals (Ontario, Canada) listed previously with available detailed
information from polysomnography and who were free of any
cancer diagnosis at baseline were considered for inclusion. Details on
cohort creation are provided in e-Figure 1. We previously used this
cohort to assess the relationship between measures of OSA severity
only and incident cancer.24 For this study, we focused only on
individuals with detailed information from polysomnography (not
only on those with available information on OSA severity as assessed
by the apnea-hypopnea index [AHI], as reported previously24). This
reduced the sample size of the cohort, but the median follow-up was
extended from 7 to 8 years.

Outcomes

The primary outcome was the time from the index date to the incident
cancer diagnosis. The following subgroups of suspected cancer causes
were considered using previously used definitions24: tocabbo use
related, alcohol related, virus or immune related, and hormone
related, as well as detectable vs nondetectable by screening. Details
are provided in e-Table 2. Each individual was followed up until
cancer diagnosis, death, emigration from Ontario, or the end of the
follow-up period (March 31, 2020), whichever occurred first.

Exposures

All available polysomnography variables collected from at least three of
the four clinical centers were considered as potential exposures (Table 1).
Given that we previously found that the severity of OSA as measured by
AHI and nocturnal hypoxemia (mean oxygen saturation [SaO2] in sleep
and percent of sleep time spent with SaO2 < 90%) were associated
independently with incident cancer, controlling for confounders,24 we
did not focus on these measures separately in this study. However,
these measures were considered in the cluster analysis (details
provided subsequently in the "Cluster Analysis" section).

Confounders and Risk Factors

A large number of potential confounders and risk factors available from
clinical and health administrative databases were considered using a
previously developed theoretical framework (also in e-Fig 2)24: (1) from
clinical databases at the date of the sleep study—age, sex, BMI,26-28 and
self-reported tobacco use status29,30; (2) from health administrative
databases—separate prior comorbidities (chronic heart failure [CHF],
COPD, hypertension, diabetes, obesity, and alcohol use disorder),
outpatient or inpatient visits for depression or anxiety within 5 years
before the index date, Charlson comorbidity index (to adjust for
multiple comorbidities),31 demographics (neighborhood income, rural
and immigrant status) at the date of the sleep study, prior health-care
exposure to adjust for a potential detection bias (number of primary care
office visits within 1 year before the index date), the date of the initial
cancer diagnosis, cancer type, cancer stage, and OSA-related treatment
in follow-up, such as initiation of positive airway pressure treatment or
maxillomandibular advancement, uvulopalatopharyngoplasty, or
bariatric surgical interventions (e-Table 3).31-37

Analyses

Descriptive Statistics: Descriptive statistics were calculated to
characterize the study population by cancer status and by clusters.
We calculated standardized differences while comparing baseline
characteristics between groups; a threshold of > 0.1 was used as an
indicator of a meaningful difference between groups. Survival across
clusters was estimated using the cumulative incidence function38 for
incident cancer and the Kaplan-Meier method for all-cause mortality
and was compared between categories with Gray’s test39 and the log-
rank test, respectively.

Cluster Analysis: For the primary analysis, instead of focusing on each
polysomnographic measure separately, we used cluster analyses to
identify clinically meaningful polysomnographic subgroups or
phenotypes (e-Fig 3). Of 15 available polysomnography variables
(Table 1), 13 polysomnography variables were considered in the
cluster analysis because they were available in all four clinical
centers. Rapid eye movement (REM) sleep latency and wakefulness
after sleep onset (WASO) were available in only three clinical
cohorts (e-Table 4); thus, they were excluded from the cluster
analysis, but were considered in the secondary analysis as separate
polysomnography indexes (see details in “Secondary Analyses”
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TABLE 1 ] Baseline Cohort Characteristics by the Total Sample and Polysomnographic Clusters

Cohort Characteristicsa

Cluster 1: Severe OSA or
Sleep Fragmentation

(n ¼ 1,824)
Cluster 2: PLMS
(n ¼ 1,010)

Cluster 3: Mild
(n ¼ 10,713)

Cluster 4: Severe
Desaturation
(n ¼ 552)

Cluster 5: Poor Sleep
(n ¼ 2,415) Total (N ¼ 16,514)

Polysomnography variables

TST, h 5.13 (4.24-5.92) 5.29 (4.48-6.02) 5.93 (5.33-6.52) 5.00 (3.85-5.86) 3.78 (2.88-4.53) 5.59 (4.71-6.30)

Sleep efficiency, % 73.5 (61.1-82.2) 76.0 (64.8-85.0) 85.1 (77.7-90.6) 72.3 (58.4-83.9) 54.9 (43.1-64.1) 80.5 (68.4-88.5)

No. of awakenings in TST 40.0 (29.0-56.0) 27.0 (19.0-36.0) 23.0 (17.0-30.0) 30.0 (20.0-42.0) 22.0 (15.0-31.0) 24.0 (17.0-33.0)

Arousal index/h 52.3 (39.4-68.5) 28.9 (15.1-44.7) 12.7 (6.9-20.8) 43.6 (19.2-75.8) 13.6 (6.8-24.4) 15.4 (7.9-28.6)

PLMI/h 0.0 (0.0-5.7) 60.5 (47.9-83.8) 0.0 (0.0-3.1) 0.0 (0.0-6.7) 0.0 (0.0-2.3) 0.0 (0.0-5.6)

PLMI $ 15 252 (13.8) 1,010 (100.0) 1,013 (9.5) 103 (18.7) 232 (9.6) 2,610 (15.8)

REM sleep, % 11.0 (6.0-15.6) 14.8 (9.8-19.6) 17.4 (13.2-21.4) 11.3 (5.4-16.7) 8.1 (1.8-13.2) 15.4 (10.1-20.1)

Stage 1, % 23.0 (13.8-38.6) 10.4 (6.6-16.2) 8.5 (5.3-13.1) 16.5 (7.9-31.0) 17.5 (10.7-26.2) 10.5 (6.2-17.6)

Sleep onset latency, min 11.0 (5.5-21.7) 13.5 (6.3-26.2) 10.0 (5.0-18.1) 11.6 (4.9-24.5) 45.5 (25.0-73.5) 12.2 (5.9-24.8)

REM latency, min 163.0 (101.8-249.8) 150.8 (98.8-233.5) 111.8 (79.5-169.0) 128.5 (87.0-220.5) 173.5 (108.8-255.5) 124.0 (83.0-191.5)

WASO, min 94.3 (59.7-141.51) 79.9 (50.6-120.5) 48.5 (28.0-77.4) 92.8 (51.2-149.6) 140.9 (93.5-190.2) 63.0 (34.5-107.0)

Apnea index, events/h 17.6 (5.2-36.7) 0.8 (0.0-4.1) 0.40 (0.0-2.5) 4.90 (0.3-35.8) 0.40 (0.0-2.7) 0.7 (0.0-4.5)

Hypopnea index, events/h 23.7 (11.2-38.6) 7.1 (1.5-15.8) 3.6 (0.5-10.6) 15.9 (5.0-36.7) 2.2 (0.2-9.3) 4.8 (0.6-14.2)

AHI, events/h 57.9 (43.6-74.6) 13.8 (5.7-25.6) 8.6 (2.8-18.3) 50.0 (16.6-83.7) 9.1 (2.4-20.5) 11.4 (3.6-26.8)

AHI categories25

Normal, < 5 11 (0.6) 222 (22.0) 3,836 (35.8) 40 (7.2) 888 (36.8) 4,997 (30.3)

Mild, 5-14.9 29 (1.6) 314 (31.1) 3,485 (32.5) 81 (14.7) 681 (28.2) 4,590 (27.8)

Moderate, 15-30 122 (6.7) 280 (27.7) 2,312 (21.6) 76 (13.8) 532 (22.0) 3,322 (20.1)

Severe, > 30/h 1,662 (91.1) 194 (19.2) 1,080 (10.1) 355 (64.3) 314 (13.0) 3,605 (21.8)

Time with SaO2 < 90%, % 4.7 (0.8-13.6) 0.10 (0.0-1.9) 0.0 (0.00-0.4) 67.8 (51.5-87.1) 0.0 (0.0-0.9) 0.1 (0.0-1.5)

Mean SaO2, % 93.3 (92.0-94.7) 94.7 (93.3-95.8) 95.30 (94.0-96.3) 87.1 (84.7-89.0) 94.6 (93.0-95.9) 95.0 (93.4-96.1)

Self-reported symptoms

Restless legs 504 (27.6) 491 (48.6) 2,864 (26.7) 169 (30.6) 699 (28.9) 4,727 (28.6)

Epworth sleepiness score/24 8.0 (5.0-12.0) 8.0 (4.0-11.0) 8.0 (5.0-12.0) 10.0 (5.0-13.0) 7.0 (4.0-11.0) 8.0 (5.0-12.0)

Demographics

Age, y 55.0 (45.0-65.0) 59.0 (50.0-69.0) 46.0 (36.0-56.0) 58.0 (48.0-69.0) 55.0 (43.0-66.0) 50.0 (39.0-60.0)

Male sex 1,405 (77.0) 690 (68.3) 5,764 (53.8) 346 (62.7) 1,237 (51.2) 9,442 (57.2)

(Continued)
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TABLE 1 ] (Continued)

Cohort Characteristicsa

Cluster 1: Severe OSA or
Sleep Fragmentation

(n ¼ 1,824)
Cluster 2: PLMS
(n ¼ 1,010)

Cluster 3: Mild
(n ¼ 10,713)

Cluster 4: Severe
Desaturation
(n ¼ 552)

Cluster 5: Poor Sleep
(n ¼ 2,415) Total (N ¼ 16,514)

Rural location 42 (2.3) 51 (5.0) 339 (3.2) 18 (3.3) 106 (4.4) 556 (3.4)

BMI, kg/m2 31.7 (27.9-36.6) 28.9 (25.4-32.4) 28.0 (24.8-32.1) 35.4 (30.6-41.7) 28.5 (25.0-33.4) 28.7 (25.2-33.3)

Current tobacco users
(self-reported)

287 (15.7) 174 (17.2) 1,595 (14.9) 100 (18.1) 343 (14.2) 2,499 (15.1)

Neighborhood income quintile

1 375 (20.6) 175 (17.3) 1,726 (16.1) 142 (25.7) 409 (16.9) 2,827 (17.1)

2 311 (17.1) 174 (17.2) 1,917 (17.9) 112 (20.3) 487 (20.2) 3,001 (18.2)

3 297 (16.3) 142 (14.1) 1,849 (17.3) 101 (18.3) 423 (17.5) 2,812 (17.0)

4 318 (17.4) 196 (19.4) 2,160 (20.2) 84 (15.2) 477 (19.8) 3,235 (19.6)

5 512 (28.1) 316 (31.3) 2,999 (28.0) 111 (20.1) 613 (25.4) 4,551 (27.6)

Prevalent comorbidities

Alcohol misuse disorder 144 (7.9) 90 (8.9) 540 (5.0) 48 (8.7) 160 (6.6) 982 (5.9)

CHF 304 (16.7) 202 (20.0) 534 (5.0) 201 (36.4) 225 (9.3) 1,466 (8.9)

COPD 443 (24.3) 308 (30.5) 1,374 (12.8) 289 (52.4) 436 (18.1) 2,850 (17.3)

Diabetes 758 (41.6) 356 (35.2) 2,060 (19.2) 286 (51.8) 605 (25.1) 4,065 (24.6)

Hypertension 1,262 (69.2) 646 (64.0) 4,070 (38.0) 425 (77.0) 1,229 (50.9) 7,632 (46.2)

Outpatient or inpatient visits
for depression or anxiety
in the previous 5 y

901 (49.4) 580 (57.4) 5,958 (55.6) 294 (53.3) 1,461 (60.5) 9,194 (55.7)

Primary care visits in the
previous year

6.0 (3.0-10.0) 6.0 (3.0-10.0) 4.00 (2.0-8.0) 7.0 (4.0-12.0) 5.0 (2.0-9.0) 5.0 (2.0-9.0)

Data are presented as No. (%) or median (interquartile range). AHI ¼ apnea-hypopnea index; CHF ¼ chronic heart failure; PLMI ¼ periodic leg movement index; REM ¼ rapid eye movement; SaO2 ¼ oxygen
saturation; TST ¼ total sleep time; WASO ¼ wakefulness after sleep onset.
aAll P < .001 (overall comparison c2 or one-way analysis of variance, as applicable, for every variable).
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section). We used principal component analysis with a varimax
rotation40 to guide our decision on variable reduction (e-Table 5).
We considered factors (ie, principal components) that explained at
least 75% of the variance as important.12 We reduced the number of
variables for those redundant based on correlation analysis and
clinical justifications. Specifically, because of the clinical and
statistical redundancy between total sleep time and sleep efficiency
(second principal component; r > 0.88), we decided to keep sleep
efficiency only in the cluster analysis. AHI was chosen over the
separate apnea and hypopnea indexes because it is the most used
metric in clinical practice (first principal component; r $ 0.70).
Then, using the 10 selected variables, we used the k-means clustering
algorithm to identify clusters.41,42 We computed and plotted select
cluster validation statistics, such as the sum of squared error, the
silhouette index, and the gap statistic with 500 bootstrap resamples,
across a minimum cluster size of three and a maximum of nine (e-
Fig 4).41,42 These were chosen to capture complexity beyond a binary
variable without having an extreme number of groups. Because no
consensus exists regarding which cluster validation statistics are most
appropriate, we relied on clinical expertise to guide the final number
of selected clusters and used the validation statistics to confirm the
decision, rather than to derive the number of clusters independently.
From the three to seven clusters identified using the 10
polysomnography variables tested, five were considered for the
analysis: mild (mildly abnormal polysomnography findings; reference
group for the statistical analysis), poor sleep, severe OSA or sleep
fragmentation, severe desaturations, and PLMS (e-Figs 4, 5). We
selected five over four clusters to differentiate between severe OSA
without significant oxygen desaturations and severe desaturations
groups, given different associated risks on adverse health outcomes.12

After clusters were identified, we evaluated their construct validity (how
well the clusters measure a specific construct) and predictive validity
(how well the clusters predict future relevant outcomes).43 Specifically,
to understand construct validity, we explored the distribution of
clusters by polysomnography variables (e-Fig 5), sex, and age. To test
predictive validity, we assessed the association between clusters and
all-cause mortality. We selected mortality for validation as an
independent outcome because we anticipated or hypothesized the
directions of the associations between polysomnography
measures,21,44,45 including polysomnographic phenotypes10 and all-
cause mortality based on the current evidence. Finally, given that the
k-means cluster algorithm is entirely data driven based on Euclidean
distances between observations, the clusters are not directly
reproducible and can not be derived or validated on new data. To
522 Original Research
overcome this limitation, we fit a polytomous (multinomial) regression
model with the outcome being the identified clusters and the
exposures being the standardized polysomnography parameters that
formed the cluster analysis. The coefficients from this model then
were used to assign a given individual to a cluster based on the
polysomnography parameter values. To reiterate, this means the five-
cluster solution can be reproduced on new datasets or even in real
time in a clinic setting using the model coefficients and input
polysomnography parameter values (details are presented in the Data
Supplement: Polysomnography Cluster Classifier).

Adjustment for Covariates: We used Cox cause-specific regressions,
with death considered as a competing risk in incident cancer, to
assess the relationship between identified clusters and incident
cancer, controlling for the covariates described previously. For a
variable selection process, we developed a theoretical framework
published previously24 (e-Fig 2).

Consistent with our previous study,24 we entered covariates into the
statistical models sequentially as follows: model 1, adjusted for the
clinic site and year of sleep study, given potential differences in
scoring criteria between sites and over time; model 2, additionally
adjusted for age and sex; model 3, additionally adjusted for alcohol
use disorder, CHF, COPD, depression or anxiety, hypertension, and
diabetes at baseline; and model 4, additionally adjusted for OSA
treatment considered as a time-varying covariate. In the sensitivity
analyses, given missing values for BMI (n ¼ 363 missing [1.2%])
and tobacco use status (n ¼ 14,613 missing [48.9%]), we additionally
adjusted for Charlson comorbidity index and BMI (model 5), as well
as tobacco use status (model 6). Analyses were performed only on
the clinical cohorts combined.

Secondary Analyses

In the secondary analyses, while investigating the effect of each
polysomnography index separately using Cox cause-specific
regressions, we additionally adjusted the statistical model for OSA
severity as measured by AHI and time spent with SaO2 <

90% (model 1A).

Complete case analysis was considered. The numbers of missing values
for polysomnography variables are presented in e-Table 4. All
statistical analyses were performed in the secure environment at
ICES following Ontario privacy standards using SAS Enterprise
Guide version 7.1., SAS version 9.4 software (SAS Institute, Inc.).
Results
Among 29,907 individuals considered for inclusion
(median age, 50 years; 58.3% male), 2,514 individuals
(8.4%) demonstrated any type of cancer over a median
follow-up of 8.0 years (interquartile range, 4.2-13.5 years)
(Table 1). Of these 2,514 individuals, 516 individuals
(20.5%) demonstrated tobacco use-related cancer, 314
individuals (12.5%) demonstrated virus- or immune-
related cancer, 103 individuals (4.1%) demonstrated
alcohol-related cancer, and 787 individuals (31.3%)
demonstrated hormone-related cancer (Table 2).

Individuals who received a cancer diagnosis were more
likely to be older with higher BMI and prevalent CHF,
COPD, diabetes, and hypertension; they were also more
likely to have reduced total sleep time, sleep efficiency,
and mean SaO2 and an increased number of
awakenings, periodic leg movement index, WASO, AHI,
and time spent with SaO2 of < 90% (e-Table 6).

Cluster Analysis

Cohort characteristics of the final five clusters are
presented in Table 1. Identified clusters demonstrated
strong predictive validity: controlling for confounders,
all clusters compared with the mild cluster were
associated strongly with all-cause mortality (adjusted
hazard ratio [aHR], > 1.40 in all models), with the
greatest effect noted for the severe desaturations cluster
(aHR, 2.34 in the final model; 95% CI, 1.86-2.94) (Fig 1,
Table 3).
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TABLE 2 ] Outcome Characteristics by the Total Sample and Polysomnographic Clusters

Outcome Characteristic

Cluster 1: Severe OSA or
Sleep Fragmentation

(n ¼ 1,824)
Cluster 2: PLMS
(n ¼ 1,010)

Cluster 3: Mild
(n ¼ 10,713)

Cluster 4: Severe
Desaturation
(n ¼ 552)

Cluster 5: Poor Sleep
(n ¼ 2,415)

Total
(n ¼ 16,514)

Cancer, total 221 (12.1) 175 (17.3) 788 (7.4) 80 (14.5) 184 (7.6) 1,448 (8.8)

Follow-up time, ya 9.91 (4.94-13.59) 10.16 (4.16-15.01) 8.49 (4.28-14.04) 7.96 (4.13-12.95) 4.82 (3.62-9.30) 7.96 (4.19-13.49)

Mean follow-up time, ya 9.64 � 5.07 9.94 � 5.91 9.31 � 5.56 8.53 � 5.54 6.82 � 4.73 8.99 � 5.49

Rate per 100 person-y (95% CI)b 1.26 (1.10-1.43) 1.74 (1.50-2.02) 0.79 (0.74-0.85) 1.70 (1.37-2.12) 1.12 (0.97-1.29) 0.98 (0.93-1.03)

Cancer subtypes

Tobacco use related 43 (2.4) 39 (3.9) 145 (1.4) 30 (5.4) 37 (1.5) 294 (1.8)

Immune related 24 (1.3) 29 (2.9) 106 (1.0) 7 (1.3) 29 (1.2) 195 (1.2)

Alcohol related 10 (0.5) 8 (0.8) 31 (0.3) 6 (1.1) 12 (0.5) 67 (0.4)

Hormone related 66 (3.6) 52 (5.1) 282 (2.6) 14 (2.5) 51 (2.1) 465 (2.8)

Screening detected 88 (4.8) 71 (7.0) 302 (2.8) 19 (3.4) 65 (2.7) 545 (3.3)

All-cause mortality 280 (15.4) 181 (17.9) 450 (4.2) 176 (31.9) 266 (11.0) 1,353 (8.2)

Time from the index date to death,
emigration from Ontario, or the
end of the follow-up, y

10.33 (5.57-14.02) 11.46 (4.60-15.82) 9.28 (4.38-14.51) 8.63 (4.57-13.70) 4.91 (3.76-9.60) 8.85 (4.34-14.06)

Time from the index date to death,
emigration from Ontario, or the
end of the follow-up, y

10.14 � 5.02 10.73 � 5.83 9.65 � 5.60 9.02 � 5.56 7.13 � 4.79 9.38 � 5.53

Data are presented as No. (%), mean � SD, or median (interquartile range), unless otherwise indicated. PLMS ¼ periodic limb movements of sleep.
aTime from the index date (the date of the sleep study) to cancer diagnosis, death, emigration from Ontario, or the end of the follow-up period (March 31, 2020), whichever occurred first.
bP < .0001 (between-clusters difference).
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Figure 1 – Unadjusted Kaplan-Meier survival curves for all-cause mortality stratified by polysomnographic clusters: cluster 1, severe OSA or sleep
fragmentation; cluster 2, periodic limb movements of sleep; cluster 3, mild, representing a mildly abnormal polysomnography findings; cluster 4, severe
desaturations; and cluster 5, poor sleep. PLMS ¼ periodic limb movements of sleep.
Primary Analyses

The associations between incident cancer and all clusters
compared with the mild cluster were significant in the
univariate analyses and when controlling for the clinic
site and year of the sleep study (Fig 2, Table 3).
However, when additionally controlling for age and sex,
the effect remained significant only for the PLMS (aHR,
1.26; 95% CI, 1.06-1.50) and severe desaturations (aHR,
1.32; 95% CI, 1.04-1.66) clusters. The effect remained
significant for the PLMS cluster, but was attenuated
further for the severe desaturations cluster when
controlling further for confounders.

Secondary Analyses

While investigating the association of each of the 15
polysomnographic measures separately in the statistical
model (e-Figs 6-8, e-Table 7)—controlling for the clinic
site, year of sleep study, age, and sex—lower sleep
efficiency, reduced percentage of REM sleep and mean
524 Original Research
SaO2, increased AHI, time spent with SaO2 < 90%,
periodic leg movement index, and WASO were
associated significantly with incident cancer. After
controlling for other covariates, the effect was
attenuated, but remained significant, in at least four
models for a reduced percentage of REM sleep and
increased WASO, AHI, periodic leg movement index,
and time spent with SaO2 < 90%.

Estimates from the polytomous (multinomial)
regression model, with the outcome being the identified
clusters and the exposures being standardized
polysomnographic parameters, are presented in e-
Table 8. We also provided an Excel (Microsoft)
spreadsheet (polysomnography cluster classifier) in
which a user can input the polysomnography
parameters of a given patient and receive an output that
identifies which cluster the given patient belongs to. This
model can be used to validate the clusters on new data or
to identify which cluster a patient belongs to in real time.
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TABLE 3 ] Association Between Each Cluster Considered Separately and Incident Cancer, Controlling for Confoundersa

Variable Model 1 Model 2 Model 3 Model 4 Model 5 Model 6

Incident cancer

Cluster 1: severe OSA or sleep
fragmentation

1.59 (1.37-1.85) 1.11 (0.95-1.30) 1.06 (0.90-1.24) 1.04 (0.89-1.22) 0.99 (0.84-1.16) 1.00 (0.84-1.19)

Cluster 2: PLMS 2.26 (1.91-2.66) 1.26 (1.06-1.50) 1.22 (1.03-1.45) 1.22 (1.03-1.45) 1.20 (1.01-1.43) 1.20 (1.00-1.44)

Cluster 4: severe desaturation 2.15 (1.70-2.70) 1.32 (1.04-1.66) 1.14 (0.90-1.45) 1.12 (0.88-1.43) 1.01 (0.78-1.29) 1.07 (0.82-1.41)

Cluster 5: poor sleep 1.42 (1.21-1.67) 1.04 (0.88-1.22) 1.01 (0.85-1.20) 1.01 (0.85-1.19) 0.99 (0.84-1.17) 1.00 (0.83-1.20)

Cluster 3: mild Reference Reference Reference Reference Reference Reference

All-cause mortality

Cluster 1: severe OSA or sleep
fragmentation

3.56 (3.06-4.13) 1.95 (1.67-2.29) 1.70 (1.45-1.99) 1.65 (1.40-1.93) 1.68 (1.43-1.98) 1.68 (1.40-2.00)

Cluster 2: PLMS 4.28 (3.59-5.10) 1.73 (1.44-2.07) 1.56 (1.30-1.87) 1.54 (1.28-1.85) 1.39 (1.16-1.68) 1.44 (1.18-1.75)

Cluster 4: severe desaturation 7.87 (6.60-9.37) 3.79 (3.16-4.53) 2.23 (1.85-2.70) 2.17 (1.80-2.63) 2.43 (1.99-2.98) 2.35 (1.87-2.96)

Cluster 5: poor sleep 3.24 (2.78-3.79) 1.96 (1.67-2.30) 1.81 (1.54-2.12) 1.81 (1.54-2.12) 1.85 (1.57-2.17) 1.74 (1.45-2.08)

Cluster 3: mild Reference Reference Reference Reference Reference Reference

Estimates are presented as hazard ratios (95% CI). Boldface values are those statistically significant with P < .05. PLMS ¼ periodic limb movements of sleep.
aWe entered covariates into the statistical models sequentially: model 1, adjusted for the clinic site and year of sleep study, given potential differences in scoring criteria between sites and over time; model 2,
additionally adjusted for age and sex; model 3, additionally adjusted for alcohol misuse disorder, chronic heart failure, COPD, depression or anxiety, hypertension, and diabetes at baseline; model 4, additionally
adjusted for OSA treatment considered as a time-varying covariate; model 5, additionally adjusted for Charlson comorbidity index and BMI; and model 6, additionally adjusted for tobacco use status.
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Figure 2 – Estimated cumulative incidence of cancer stratified by polysomnographic clusters: cluster 1, severe OSA or sleep fragmentation; cluster 2,
periodic limb movements of sleep; cluster 3, mild, representing mildly abnormal polysomnography findings; cluster 4, severe desaturations; and cluster 5,
poor sleep. PLMS ¼ periodic limb movements of sleep.
Discussion
In a multicenter clinical cohort of adults with suspected
OSA free of cancer diagnosis at baseline, our findings
support the importance of identifying
polysomnographic clusters and highlight the important
role that PLMS and oxygenation desaturation may play
in cancer-related outcomes. Poor-quality sleep was
associated with increased malignancy risk in our study
across a variety of measures, such as decreased sleep
efficiency, increased percentage of stage N1 sleep,
reduction in REM sleep, and increased WASO. Intrinsic
sleep disorders such as sleep apnea may contribute to
these effects because we saw associations with sleep
apnea and oxygen desaturation. A novel finding was the
potential association of periodic limb movements with
malignancy.

Similar to two previous studies that used cluster analyses
to investigate an association between polysomnographic
features and health outcomes, we identified mild, poor
sleep, severe OSA, hypoxemia, and PLMS clusters.10,12

In adjusted analyses from both previous studies,
526 Original Research
hypoxemia and PLMS clusters were associated with the
risk of cardiovascular events and mortality, supporting
the potential clinical importance of these clusters.12

Reproducibility and stability of the cluster analysis and
clusters is an important limitation of previously
published studies. Although in our study we neither
found considerable benefits of the cluster analysis
vs separate polysomnography variables in better
prediction nor identified relationships not seen in
traditional modeling compared with other studies,12 the
regression models presented in our study allow for
external validation of the identified clusters on new data
and facilitate calculating a patient’s cluster in real time
(including for individuals with no clear
polysomnography pattern), as well as contribute to
developing a reproducible approach for the cluster
analysis.

A potential association of PLMS with cancer was noted.
Although emerging evidence suggests that PLMS may be
a prognostic factor for incident cardiovascular events
and mortality,45 links between PLMS and cancer have
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not been established. One interpretation of our results is
that PLMS may contribute to the pathogenesis of cancer.
Inflammation is one of the mechanisms that may link
PLMS with cancer.46,47 In a study of patients with
restless leg syndrome (RLS), those with elevated PLM
indexes ($ 45 PLMS/h of sleep) showed more than a
threefold chance of having an elevated C-reactive
protein level, a marker of systemic inflammation,
compared with patients with RLS with lower PLM
indexes. In that study, the presence of RLS was not
reported to be associated with increased levels of serum
C-reactive protein, suggesting that the presence of PLMS
was the main modulator of the elevated C-reactive
protein levels.46 Other than inflammation mechanisms
such as oxidative stress,48 sleep disturbance,49 iron loss,
and metastatic deposits5-8 also may play a role in linking
PLMS with cancer. Furthermore, emerging evidence
suggests a link between dopamine signalling and
cancer,50 which is important because PLMS are also
known to be mediated strongly by dopaminergic
factors.51

Alternatively, PLMS may be a marker of comorbidities
that frequently co-occur in patients with cancer. PLMS
are associated with sleep disorders such as RLS, which
are associated with low iron levels that are common in
some forms of cancer.52 PLMS also are linked with
numerous medical conditions such as CHF and
hypertension (controlled for in our analyses), as well as
end-stage renal disease and liver disease53 that may be
present in some forms of cancer.

Although this work raised many further questions, it
also identified practical testable sleep interventions that
can be explored to reduce malignancy risk.54,55 It is
hoped that attention to sleep and various
polysomnography metrics (such as PLMS and oxygen
levels) on a population level may help to mitigate cancer
incidence. Given the growing recognition of PLMS as a
separate polysomnographic phenotype10,12 and potential
associations between PLMS and a higher risk of CVD,
mortality,45 and now cancer, a need exists for
ambulatory approaches to detect PLMS56 to understand
better the pathophysiologic mechanisms through which
PLMS may contribute to adverse health consequences.
Future work will need to delineate which patient
populations with PLMS are at higher risk of adverse
health outcomes.

Our study had many strengths, including (1) long
follow-up through the provincial health administrative
data; (2) a wide range of polysomnography indexes from
chestjournal.org
different sleep centers across Ontario, which represented
diverse populations contributing to generalizability of
our findings; (3) access to a validated high-quality cancer
registry to define outcomes; and (4) robust confounder
control data.

The main limitation of our study was its retrospective
and observational study design using data from clinical
academic centers only, over different periods, which may
limit its generalizability and may increase the potential
for unmeasured confounding, although we have been
able to replicate findings from other studies. Although
our study was limited by the number of variables
available in some clinical centers, this represents a real-
world situation in which a different set of
polysomnography variables are available.57 Because no
gold standard exists, some bias always accompanies
selecting parameters for validation statistics; however,
all-cause mortality has minimal misclassification bias
and has been well studied in the sleep medicine
literature. Finally, although the sample size was robust,
we recognize that we still were underpowered for some
subgroups, for example, specific tumor types. In
addition, a likelihood exists that focusing only on those
with detailed polysomnography data could bias our
results through selection. However, baseline
characteristics of the initial cohort,24 of the cohort used
in the study, and of included vs excluded individuals
from the cluster analysis were comparable (e-Table 9),
indicating that, if anything, our results are biased
toward the null because of reduced sample size. Given
the study objective to identify polysomnographic
phenotypes, self-reported symptoms-related variables
were not considered, but should be evaluated in future
work.
Interpretation
In a large clinical cohort of adults with suspected OSA
free of cancer at baseline, we confirmed the importance
of identifying polysomnographic phenotypes and
highlighted the important role that PLMS and
oxygenation desaturation may play in cancer-related
outcomes. An Excel spreadsheet (polysomnography
cluster classifier) developed via our study allows for
external validation of the identified clusters on new data
and facilitates calculating a patient’s cluster in real time
(including for individuals with no clear
polysomnography pattern) as well as contributes to
developing a reproducible approach for future cluster
analyses.
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