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Background: Emerging evidence has shown higher overall cancer incidence in patients with obstructive
sleep apnea. Gastrointestinal cancers, including esophageal, stomach, liver, pancreas, and colorectal cancers
account for 26% of incident cancers. However, the link between gastrointestinal cancers and obstructive
sleep apnea is still unclear. We performed a systematic review and meta-analysis (registered PROSPERO
CRD42021220836) to investigate the association between obstructive sleep apnea and incidence of
gastrointestinal cancer.

Methods: We searched four electronic databases (PubMed, Embase, Cochrane Library, Scopus) and
included studies published from inception till 15th November 2020 reporting the association of obstructive
sleep apnea with gastrointestinal cancer incidence. Extracted data was meta-analyzed in a random-effects
model.

Results: A total of seven studies were included, forming a combined cohort of 5,120,837 patients. Studies
which adjusted for demographics and comorbidities were included in meta-analysis. Among four studies
with 7-11 years of median follow-up, patients with obstructive sleep apnea experienced increased incidence
of colorectal cancer (HR 1.70, 95% CI: 1.48-1.96, I’'=22%). Pancreatic cancer incidence was nominally
increased in three studies (HR 1.36, 95% CI: 0.88-2.09, I'=96), though this was not statistically significant.
There was no association between obstructive sleep apnea and liver cancer incidence among three studies
(HR 0.99, 95% CI: 0.81-1.22, I’'=84). However, the lack of a statistically significant relationship between
obstructive sleep apnea and pancreatic cancer in our meta-analysis does not necessarily imply the true

absence of an association.
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Conclusions: An increased risk of colorectal cancer was seen in patients with obstructive sleep apnea

among studies with long-term follow-up. Further research is required to explore the utility of incorporating

obstructive sleep apnea screening into colorectal cancer screening guidelines to identify high-risk individuals
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and to confirm a possible association of obstructive sleep apnea with pancreatic cancer.
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Introduction

Cancer is a leading cause of mortality in the world (1).
Among them, gastrointestinal (GI) cancers, including
esophageal, stomach, liver, pancreas, and colorectal cancers,
account for 26% of incident cancers and 35% of cancer-
related death worldwide in 2020 (1). Due to the large
disease burden of GI cancers, there has been rising interest
in identifying risk factors, which may play a critical role
in risk stratification and early diagnosis (2). Furthermore,
recent studies have suggested that up to half of all GI
cancers could be caused by modifiable risk factors amenable
to intervention, which further emphasizes the importance
of identifying these risk factors (3).

Obstructive sleep apnea (OSA) is a highly prevalent
disorder, with close to one billion adults suffering from
OSA globally (4). While OSA has been well-established
as an independent risk factor for both cardiovascular and
neuropsychiatric disease (5-10), emerging evidence has
shown higher overall cancer incidence in individuals with
OSA, suggesting that it could be an important risk factor
for GI cancers as well (11-16). Laboratory-based studies
have shown the underlying mechanism to be related
to repetitive hypoxia and reoxygenation, particularly
intermittent hypoxia which is a potent enhancer of the
hallmarks of cancer, such as angiogenesis, immune evasion,
and metastasis (10,11,17-24). However, epidemiological
results have been inconclusive, particularly for GI cancers,
with studies reporting increased risk (25-27), no association
(28,29), or even reduced risk (26,30). A meta-analysis which
sought to clarify the relationship reported no association
between OSA and colorectal cancer (31). However, they did
not comment on the heterogeneity of the three studies nor
did they take into account other gastrointestinal cancers.
Moreover, there have been two new cohort studies detailing
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the association between gastrointestinal cancers and OSA
since the publication of the meta-analysis, including a large
cohort of 1.3 million veterans (27,29).

Therefore, it is now timely to clarify this association,
which has potentially significant clinical implications, given
the conflicting epidemiological studies and the surfacing of
new cohort studies. We hence conducted a meta-analysis to
pool the association of OSA with each of the GI cancers. This
systematic review was conducted in accordance with a protocol
registered a priori on PROSPERO (CRD42021220836). We
present the following article in accordance with the PRISMA
reporting checklist (32) (available at https://jgo.amegroups.
conV/article/view/10.21037/jgo-22-153/rc).

Methods
Search strategy

We systematically examined four electronic databases
(Cochrane Library, Embase, PubMed, Scopus) from
inception to 15 November 2020 with the following search
terms: (sleep apnea OR nocturnal hypoxia OR nocturnal
hypoxemia) AND cancer AND (incidence OR incident
OR mortality). Given that “sleep-disordered breathing”
is a heterogenous blanket term encompassing central
sleep apnea, OSA, primary snoring and sleep-related
hypoventilation syndromes (33,34), we did not include it
in our search strategy. We did not limit our initial search
strategy to gastrointestinal cancers as some papers have
reported on the incidence and mortality of gastrointestinal
cancers within an overall cohort study of many cancer
types. Instead, we assessed all potentially relevant full-text
articles for gastrointestinal cancers. We hand-searched the
reference lists in included articles and relevant reviews,
thereby including one additional relevant record (28).
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Study selection

Two authors independently screened studies using the
Rayyan application (35). Articles were screened by title and
abstract in the first phase of study selection, and by article
full-texts where available in the second phase. We included
observational studies and randomized controlled trials of
adults aged 18 years and above, which reported on the
association of OSA with gastrointestinal cancer incidence
compared to healthy controls with neither sleep apnea nor
nocturnal hypoxemia, or with less severe forms of these
conditions. Gastrointestinal cancers include, but were not
limited to, esophageal, stomach, colorectal, liver, pancreas,
and biliary cancers. Obstructive sleep apnea was defined by
the apnea-hypopnea index (AHI), respiratory disturbance
index (RDI), or clinical diagnosis e.g., International
Classification of Diseases (ICD) diagnostic codes.
Nocturnal hypoxemia was measured by pulse oximetry
or any other objective assessments of oxygen saturation
e.g., sleep duration with arterial oxygen saturation <90%
(T90%), oxygen desaturation index (ODI). As per protocol,
we included conference abstracts and other grey literature
which fulfilled the above criteria, and excluded reviews,
letters, case reports, and publications not in English.

Data extraction

Two authors performed data extraction of the following
data from each included study into a standardized template:
name of first author, year of publication, study design,
country, sample size, mean/median age, percentage male,
body mass index (BMI), intervention/exposure, outcomes,
covariates, statistical approaches, and main findings.

Statistical analysis

We obtained sufficient data through the systematic review to
meta-analyze the longitudinal association between baseline
OSA (defined based on ICD codes) and the incidence
of colorectal, liver, and pancreatic cancers (also defined
using ICD codes). We utilized the generic inverse variance
approach favoring estimates with maximal adjustments for
covariates where available. We utilized a random-effects
model to account for anticipated heterogeneity in the
observational estimates (36), and evaluated between-study
heterogeneity with the I’ statistic (37). We considered an I2
of less than 30% to represent low heterogeneity between
studies, 30% to 60% to represent moderate heterogeneity,
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and more than 60% to represent substantial heterogeneity.
We conducted pre-specified subgroup analyses of follow-
up duration, covariate adjustment, and study quality. We
investigated for publication bias through visual assessment
of funnel plots for asymmetry, trim-and-fill, or Egger’s
bias, as planned in our protocol (38-40). We performed
all analyses in RevMan (version 5.4) following statistical
methods outlined in the Cochrane Handbook, and
considered a two-sided P value of less than 0.05 to denote
statistical significance.

Quality of evidence

Given that the included studies were all observational in
nature, we used the Newcastle-Ottawa Scale (NOS) to
assess the risk of bias of each study (Table S1) (41,42).
Two authors independently graded studies to have a high
(<5 stars), moderate (5-7 stars), or low risk of bias (>8 stars)
following the NOS scoring in past reviews (43,44). At the
outcome level, we used the Grading of Recommendations
Assessment, Development and Evaluation (GRADE)
system (45) to assess the quality of pooled evidence,
based on risk of bias, statistical heterogeneity, statistical
imprecision, indirectness, and publication bias, as shown in

Table S2.

Results

The process of study selection is presented in Figure S1.
The systematic search retrieved 1,705 articles, and
hand-searching identified one additional study (28).
After removing 197 duplicates, we excluded a further
1,509 articles through title and abstract screening and
27 articles through full text screening. We included seven
articles in the review (25-30,46).

Baseline characteristics

The seven studies formed a combined cohort of 5,120,837
patients, with follow-up durations of 3.8 to 11 years.
Across the seven studies, four were retrospective, two were
prospective, and one was a case-control study. Four studies
took place in North America, two in Asia, and one in
Europe. The baseline characteristics of the seven studies are
summarized in Tible 1.

The diagnosis of obstructive sleep apnea was made using
the ICD diagnostic codes, except for Justeau 2020 (46)
which diagnosed OSA with T90%. All studies reported
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Study or Subgroup log[Hazard Ratio]

Hazard Ratio
SE Weight IV, Random, 95% CI
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Hazard Ratio
1V, Random, 95% CI

7.1.1 Adj d; >5 years dian follow-up

Chen 2020 0.5878 0.1739 19.8%
Fang 2015 0.4383 0.2661 17.2%
Huang 2020 0.1655 0.2178 18.6%
Jara 2020 0.5822 0.0293 22.2%
Subtotal (95% CI) 77.8%

Test for overall effect: Z = 7.42 (P < 0.00001)

7.1.2 Adj d; <5 years dian follow-up
Gozal 2016 -0.1364 0.0214 22.2%
Subtotal (95% CI) 22.2%

Heterogeneity: Not applicable
Test for overall effect: Z = 6.37 (P < 0.00001)

Total (95% CI) 100.0%

Heterogeneity: Tau? = 0.24; Chi? = 401.11, df = 4 (P < 0.00001); I> = 99% I t

Test for overall effect: Z = 1.38 (P = 0.17)

1.80 [1.28, 2.53] e
1.55[0.92, 2.61] B B —
1.18[0.77, 1.81] -

1.79 [1.69, 1.90] -
1.70 [1.48, 1.96] <o

Heterogeneity: Tau? = 0.01; Chi® = 3.86, df = 3 (P = 0.28); I> = 22%

0.87 [0.84, 0.91] -
0.87 [0.84, 0.91] (
1.38 [0.87, 2.18] —~—
0.2 0.5 2 5

Test for subgroup differences: Chi? = 79.69, df = 1 (P < 0.00001), I*> = 98.7%

Figure 1 Random-effects meta-analyses of the longitudinal associations of obstructive sleep apnea (OSA) with the incidence of colorectal

cancer. Black diamonds represent the pooled hazard ratio (HR) for each meta-analysis; red box sizes are proportional to the relative weight

of each study in the meta-analysis.

obstructive sleep apnea, except for Sillah 2018 (30) which
reported sleep apnea. Additionally, Sillah 2018 (30) did
not adjust for important comorbidities such as obesity,
and hence was excluded from the meta-analysis. Six
studies, comprising 5,086,435 patients, which focused on
obstructive sleep apnea and adjusted for both demographics
and comorbidities were included in the meta-analysis.

Colorectal cancer incidence

Five studies were included (25-29), all of which had low or
moderate risk of bias. Justeau 2020 (46) was not included
in the analysis as the study stratified the incidence rates
according to the severity of OSA rather than the presence
of OSA. The five adjusted studies had adjusted for age, sex,
and comorbidities (25-29), included but were not limited
to chronic obstructive pulmonary disease (25,27,28),
hypertension (25,26,29), diabetes mellitus (25-29), obesity/
body-mass index (26,27,29), liver disease (25,27,28), peptic
ulcer disease (27,28), stroke (26-28), and cardiac diseases
(25-29). All studies had median follow-up duration of five
or more years, except for Gozal 2016 (26). The pooled
incidence outcomes are shown in Figure I. In the overall
analysis, there was no association observed between
OSA and incident colorectal cancer (HR 1.38, 95% CI:
0.87-2.18, 1°=99). For the meta-analysis on OSA and
colorectal cancer incidence, which had high heterogeneity
(I’=99%), pre-specified sensitivity analyses showed that
when including (I) a median duration of follow-up >5 years

© Journal of Gastrointestinal Oncology. All rights reserved.

(I’=93%), patients with OSA had significantly higher pooled
hazards of incident cancer (HR 1.70, 95% CI: 1.48-1.96,
I’=22%) compared to patients without OSA. Notably,
the heterogeneity decreased to 22% (low heterogeneity).
When pre-specified sensitivity analyses were performed for
(IT) moderate or low risk of bias (I’=99%), the association
remained insignificant.

Liver cancer incidence

Three studies were included (26-28). All three studies
adjusted for important confounders, including age, sex,
comorbidities (26-28), of which two studies had additionally
adjusted for obesity/body-mass index (26,27). The pooled
incidence outcomes are shown in Figure 2. There was
no association observed between OSA and incident liver
cancer (HR 0.99, 95% CI: 0.81-1.22, I’=84). Due to the
lack of studies, pre-specified sensitivity analyses were not
performed.

Pancreatic cancer incidence

Three studies were included (26,27,29). All three studies
adjusted for important confounders, such as age, sex,
comorbidities including obesity and body-mass index
(26,27,29). The pooled incidence outcomes are shown
in Figure 3. There was no association observed between
OSA and incident pancreatic cancer (HR 1.36, 95% CI:
0.88-2.09, I’=96). Due to the lack of studies, pre-specified
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Hazard Ratio Hazard Ratio
Study or Subgroup  log[Hazard Ratio] SE Weight 1V, Random, 95% CI 1V, Random, 95% CI
Fang 2015 0.239 0.2553 12.5% 1.27[0.77, 2.09]
Gozal 2016 0.0661 0.044 44.3% 1.07 [0.98, 1.16]
Jara 2020 -0.1625 0.0504 43.2% 0.85[0.77, 0.94] -
Total (95% CI) 100.0% 0.99 [0.81, 1.22]

Heterogeneity: Tau? = 0.02; Chi? = 12.79, df = 2 (P = 0.002); I* = 84% b t T t |

Test for overall effect: Z = 0.11 (P = 0.92)

0.2 0.5 1 2 5

Figure 2 Random-effects meta-analyses of the longitudinal associations of obstructive sleep apnea (OSA) with the incidence of liver cancer.

Black diamonds represent the pooled hazard ratio (HR) for each meta-analysis; red box sizes are proportional to the relative weight of each

study in the meta-analysis.

Hazard Ratio Hazard Ratio
Study or Subgroup  log[Hazard Ratio] SE_Weight IV, Random, 95% CI 1V, Random, 95% CI
Gozal 2016 0.1222 0.0391 40.1% 1.13 [1.05, 1.22] =
Huang 2020 0.6259 0.0577 39.5% 1.87[1.67, 2.09] -
Jara 2020 0.0583 0.3441 20.4% 1.06 [0.54, 2.08] e L —
Total (95% CI) 100.0% 1.36 [0.88, 2.09] ~l—
Heterogeneity: Tau? = 0.12; Chi? = 52.64, df = 2 (P < 0.00001); I> = 96% ?0.2 055 25 55

Test for overall effect: Z = 1.40 (P = 0.16)

Figure 3 Random-effects meta-analyses of the longitudinal associations of obstructive sleep apnea (OSA) with the incidence of pancreatic

cancer. Black diamonds represent the pooled hazard ratio (HR) for each meta-analysis; red box sizes are proportional to the relative weight

of each study in the meta-analysis.

sensitivity analyses were not performed.

Cancer mortality

Gozal 2016 (26) investigated the longitudinal association
between OSA and colorectal cancer mortality (HR: 0.92;
95% CI: 0.69 to 1.21), and OSA and liver cancer (HR: 0.85;
95% CI: 0.56 to 1.32).

Discussion

In this pair-wise meta-analysis, we found that among four
studies with 7-11 years of median follow-up, patients with
OSA experienced a 70% increased incidence of colorectal
cancer compared to patients without OSA. There was
lack of association between OSA and liver and pancreatic
cancers. This is in the context of the recent publication of
two new large cohort studies since the last meta-analysis,
against the backdrop of conflicting epidemiological studies
investigating the relationship between OSA and cancers.
Despite previous systematic reviews and meta-analyses
illustrating an increased overall cancer incidence in OSA
patients (47,48), our analysis supports suggestions that OSA
confers differential risk to site-specific cancers, even within
GI cancers. Cellular and murine models have demonstrated
several possible biological relationships between OSA and

cancers (18-21). Among the many biological processes, one
possible mechanism that may explain the differential risk is
the role of hypoxia-inducible factors (HIF). OSA, through
intermittent hypoxia, is thought to upregulate HIF, which
subsequently increases angiogenesis and metabolism and
thus leading to tumor progression. However, studies have
also shown paradoxical roles of HIF in different cancers:
while it increases tumorigenesis and growth of renal cell
carcinoma (49), it acts as tumor suppressors in non-small cell
lung cancer, hepatocellular carcinoma, and glioma (50-52).
Even within the same site-specific cancer, different cell lines
have been shown to display different hypoxic behaviors (53).
The confusing relationship between hypoxia and pancreatic
cancer has also been well documented, with HIF having
potentially different oncogenic roles on cancer cells and
tumor microenvironment (54,55). This suggests that
the relationship between OSA, hypoxia and the tumor
microenvironment may be more complicated than
previously thought and could possibly explain the lack of
association seen in our meta-analyses of liver and pancreatic
cancer. This is as opposed to other cancers such as
cutaneous melanoma which has consistently demonstrated
an increased risk in patients with OSA (11). Thus, future
studies should investigate the risk of specific cancers in
patients with OSA rather than overall cancer incidence,
to better understand the interaction between hypoxia and

© Journal of Gastrointestinal Oncology. All rights reserved. 7 Gastrointest Oncol 2022;13(6):2789-2798 | https://dx.doi.org/10.21037/jgo-22-153



Journal of Gastrointestinal Oncology, Vol 13, No 6 December 2022

different cancers.

Importantly, we found that in a subgroup analysis,
patients with OSA were 70% more likely to develop
colorectal cancer, after adjustment for important
comorbidities and exclusion of studies with less than five
years of median follow-up duration. Significantly, the
heterogeneity was markedly lower in this subgroup analysis.
It is thus likely that the high heterogeneity seen in the
overall analysis of colorectal cancer could be attributed to
the combination of these two factors: (I) whether the studies
adjusted for comorbidities and (II) difference in follow-up
duration. These two factors are critical when investigating
the relationship between OSA and cancers Adjustment of
comorbidities, particularly obesity, removes the effect of an
important confounder (11), since patients with obesity are at
an increased risk of developing OSA, and at the same time,
epidemiological studies have also described the association
between obesity and various types of cancer (56,57), possibly
through the mechanism of pro-inflammatory cytokines (58).
Furthermore, a longer duration of follow-up is also critical
in detecting new cancers, given that cancers typically
develop following a time lag after risk factor exposure (27).
This is particularly important in the context of colorectal
cancer, which when following the adenoma—carcinoma
sequence, often takes 5-10 years to fully develop (59).
Hence, such an association could only be detected on longer
term epidemiological studies. Thus, this subgroup analysis
among four studies with 7-11 years of median follow-
up, excluding a study with three years of follow-up, may
provide a clearer picture of the true relationship between
OSA and colorectal cancer. The discrepancy between the
finding of our subgroup analysis and previous meta-analyses
is likely due to our inclusion of two new studies, which both
adjusted for comorbidities and had long-term follow-up of
at least 5 years.

Our finding of a positive association of OSA and
colorectal cancer in this subgroup analysis has some
important implications. Firstly, we recommend that future
studies investigating risk of OSA and site-specific cancers
should have at least five years of follow-up and multi-adjust
for key confounders such as obesity. Secondly, the possible
association of OSA and colorectal cancer calls for further
investigation on whether early detection and treatment of
OSA reduces the incidence of colorectal cancer, as most
cases of OSA remain largely undiagnosed and untreated (4).
Future research should explore the possibility of additional
population based OSA screening through the STOP-BANG
questionnaire in identifying high-risk OSA individuals
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as part of colorectal screening guidelines in reducing the
global incidence and burden of colorectal cancer.

Limitations

Our study comprises a large number of participants
with appropriate adjustment for key confounders and
sound methodological decisions such as consideration of
type-specific cancers, follow-up duration, and covariate
adjustment in this analysis of cancer risk. All seven
included studies also achieved a score of at least five on the
Newecastle-Ottawa scale, indicating low to moderate risk
of bias. The findings should nonetheless be considered
in view of the following limitations. First, there exists
significant heterogeneity in our overall findings. While
the heterogeneity became significantly reduced (99% to
22%) in the sensitivity analysis of >5 years of follow-up
and covariate adjustment for colorectal cancer, due
to insufficient studies we could not comment if the
heterogeneity will be similarly reduced if such sensitivity
analyses was performed for liver and pancreatic cancer.
Second, the lack of a statistically significant relationship
between OSA and pancreatic cancer in our meta-analysis
does not necessarily imply the true absence of an association.
Among the three included studies, Gozal et 4/. and Huang
et al. had found a statistically significant association (26,29).
Therefore, the lack of a significant pooled association may
imply a lack of precision from insufficient studies. Further
studies, ideally with >5 years of follow-up and adequate
adjustment for comorbidities, are required before we can
draw definitive epidemiological conclusions can be drawn
on the association of OSA with liver and pancreatic cancer.
Third, most epidemiological studies to date evaluated
cancer as a single outcome variable (11), and there exists
a need to identify if the association holds true for the
aggressiveness and progression of individual cancers. Only
Gozal 2016 has examined the effect of OSA on cancer
mortality, and there are insufficient studies to be meta-
analyzed for cancer mortality hence we could not comment
if OSA will be associated with any increased mortality from
gastrointestinal cancers. Fourth, while confounders were
adjusted for where possible, certain potential confounders
were not amenable to analysis due to lack of reporting in
the included studies. These potential confounders include
alcohol consumption and non-steroidal anti-inflammatory
drugs, which are associated with an increased and decreased
risk of malignancies, respectively (60,61). Fifth, this meta-
analysis is suggestive, but cannot demonstrate a causal
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relationship between OSA and colorectal cancer, as there
may be residual unadjusted confounding among the cohort
studies.

Conclusions

In our pooled cohort comprising more than five million
patients, we demonstrated an increased risk of colorectal
cancer in patients with OSA across studies with long-term
median follow-up of at least five years. Associations between
OSA and other types of GI cancers were insignificant.
Further studies are required before definite epidemiological
conclusions can be made on the association of OSA with
other types of GI cancer.
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* Repeated study (n=1)

Figure 1 PRISMA flow diagram of study selection.
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Table S1 Assessment of study-level risk of bias with the Newcastle-Ottawa Scale (NOS)
Case Control NOS

Study Adequate case  Representativeness  Community Definition of  Adjusts Adjusts Secure Same method  Similar non-  Total Risk of
definition of case controls controls for age for database of response rate bias*
obesity records ascertainment
/ blinded for cases/
interview controls
Fang 2015 1 1 1 1 1 0 1 1 1 8 Low
Cohort NOS
Study Representativeness Non-exposed cohort Ascertainment Demonstrates Adjusts Adjusts Assessment Follow-up at Adequacy Total Risk of
of exposed cohort  drawn from same  of exposure that cancer  for age for of outcome  least 3 years of follow-up bias*
community as  (secure record, was not initially obesity (record (complete,
exposed cohort structured present linkage) or describes
interview) characteristics
of missing
subjects)
Chen 2020 1 1 1 1 1 0 1 1 1 8 Low
Gozal 2016 1 1 1 1 1 1 1 1 0 8 Low
Justeau 2020 1 1 1 1 1 1 1 1 1 9 Low
Jara 2020 0 1 1 1 1 1 1 1 0 7 Moderate
Sillah 2018 1 1 1 0 1 0 1 1 0 6 Moderate
Huang 2020 0 1 0 1 0 1 1 1 0 5 Moderate

*, high (<5 stars), moderate (5-7 stars), low risk of bias (=8 stars).

Table S2 Assessment of quality of pooled evidence with the Grading of Recommendations Assessment, Development and Evaluation (GRADE) system

Outcomes Pooled outcomes (95% Cl) No. of patients (no. of included studies) Statistical heterogeneity Quality of evidence (GRADE)
Colorectal cancer incidence 1.23 (0.82, 1.85) 5,112,089 (6 studies) [’=99% (P<0.001) (SISl
Liver cancer incidence 0.99 (0.81, 1.22) 4,991,457 (3 studies) 1’=84% (P=0.002) PPPS*®
Pancreatic cancer incidence 1.36 (0.88, 2.09) 4,851,521 (3 studies) [’=96% (P<0.001) CleISISN

2 Downgraded by one level for inconsistency (statistical heterogeneity I°=50%). No studies were downgraded for risk of bias since all studies =5 based on NOS.
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