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Abstract

Study Objectives: Chronic kidney disease (CKD) is a global health concern and a major risk factor for cardiovascular morbidity and mortality. Obstructive sleep
apnea (OSA) may exacerbate this risk by contributing to the development of CKD. This study investigated the prevalence and patient awareness of the risk of CKD
progression in individuals with OSA.

Methods: Adults referred to five Canadian academic sleep centers for suspected OSA completed a questionnaire, a home sleep apnea test or in-lab polysomnography
and provided blood and urine samples for measurement of estimated glomerular filtration rate (eGFR) and the albumin:creatinine ratio (ACR), respectively. The risk
of CKD progression was estimated from a heat map incorporating both eGFR and ACR.

Results: 1295 adults (42% female, 54 + 13 years) were categorized based on the oxygen desaturation index (4% desaturation): <15 (no/mild OSA, n = 552), 15-30 (moderate
OSA, n = 322), and >30 (severe OSA, n = 421). After stratification, 13.6% of the no/mild OSA group, 28.9% of the moderate OSA group, and 30.9% of the severe OSA group
had a moderate-to-very high risk of CKD progression (p < .001), which was defined as an eGFR <60 mL/min/1.73 m? an ACR >3 mg/mmol, or both. Compared to those
with no/mild OSA, the odds ratio for moderate-to-very high risk of CKD progression was 2.63 (95% CI: 1.79-3.85) for moderate OSA and 2.96 (2.04-4.30) for severe OSA
after adjustment for CKD risk factors. Among patients at increased risk of CKD progression, 73% were unaware they had abnormal kidney function.

Conclusion: Patients with moderate and severe OSA have an increased risk of CKD progression independent of other CKD risk factors; most patients are unaware of
this increased risk.

Statement of Significance

Chronic kidney disease (CKD) and obstructive sleep apnea (OSA) are common global health concerns associated with increased cardiovascular morbidity and mor-
tality. OSA may contribute to the pathogenesis of CKD thereby promoting their co-existence and further increasing cardiovascular complications. We estimated
the risk of CKD progression, based on conventional measurements of kidney function, in a cohort of 1295 patients referred for assessment of OSA. We found that
~30% of patients with severe OSA had a 3 times greater risk of CKD progression compared to those with mild/no OSA. Furthermore, most patients were unaware
of this risk. These results highlight a vulnerable patient population and the opportunity to reduce the risk of CKD progression and cardiovascular disease in pa-
tients with newly diagnosed OSA.
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Introduction

Chronic kidney disease (CKD) is a global epidemic that is found
in more than 10% of the adult population; this prevalence is ex-
pected to increase as the population ages [1-4]. In addition to
being a direct cause of morbidity and mortality, CKD is a major
risk factor for cardiovascular disease [5-7]. The key diagnostic
criteria for CKD are reduced glomerular filtration rate and/or
proteinuria [8]. The stages of CKD range from 1 to 5 (most se-
vere) depending on the degree of reduced glomerular filtration
rate and proteinuria [8]. If CKD is not treated, it may progress
to end-stage kidney disease (ESKD), requiring renal function
replacement with chronic dialysis or kidney transplantation.
This has enormous implications for individual patients and
healthcare systems [9-11]. Consequently, identification of treat-
able risk factors for the development and progression of CKD are
urgently needed.

Obstructive sleep apnea (OSA) is also very common; it is es-
timated that 38% of the world’s adult population has moderate-
to-severe OSA [12]. Furthermore, OSA is common in patients
with CKD [13], and has been reported to contribute to the patho-
genesis of CKD through exposure to intermittent hypoxia in
both experimental animal models [14, 15] and in human studies
[16-18]. The interaction of these two common and increasingly
prevalent conditions present both an urgent global health con-
cern and an opportunity for mitigation since OSA is a treatable
CKD risk factor.

Substantial medical literature support a bi-directional re-
lationship between OSA and CKD [19, 20]. The prevalence of
CKD in patients presenting with OSA has been evaluated in
cross-sectional and longitudinal studies, using both biochemical
and administrative data, with virtually all reporting a significant
association between OSA and CKD [21]. Cross-sectional studies
have used estimated glomerular filtration rate (eGFR) based on
serum creatinine, with or without a measurement of proteinuria
(reflected by the albumin:creatinine ratio (ACR)) to determine
the prevalence of CKD and its relationship to an index of OSA se-
verity such as the apnea-hypopnea index [22-25]. Longitudinal
studies have used biochemical and administrative data to dem-
onstrate an association between OSA and incident CKD [26-29],
notwithstanding the high prevalence of undiagnosed OSA in
the community limiting the accuracy of administrative data.
Importantly, most of these results were independent of common
comorbidities that can cause CKD including hypertension, dia-
betes [4], and obesity [30].

Notwithstanding this literature, significant gaps remain in
our understanding of the relationship between OSA and CKD.
Firstly, rather than simply using eGFR and ACR independently
to determine the prevalence of CKD, as has been done by Adams
et al. in a community cohort [25], these measurements can be
combined to provide a risk estimate of CKD progression [8]; this
has not been done in patients with OSA either in a community
or sleep clinic population. Secondly, none of the previous lit-
erature has evaluated the awareness among patients with OSA
and their healthcare providers of the association between OSA
and the potential risk of CKD. This is particularly relevant since
the early stage of CKD is clinically silent [31-33] and may go un-
detected without specific screening driven by greater awareness
of this association. The objectives of this study were to address
these knowledge gaps in an observational cohort of patients re-
ferred for evaluation of OSA to multiple academic sleep centers.

Methods

This study included individuals >18 years of age enrolled in the
multi-center Canadian Sleep and Circadian Network’s (CSCN)
adult OSA observational cohort database between July 2016 and
March 2021. Participants were referred to one of five participating
sleep centers for suspected OSA, which was diagnosed by un-
attended home sleep apnea testing (HSAT) or in-laboratory
polysomnography (PSG). The current study included all partici-
pants who provided a venous blood sample and a urine sample
upon enrollment, and answered all questions related to med-
ical history of renal function included in a comprehensive sleep
questionnaire. Exclusion criteria were current dialysis and/or a
prior kidney transplant.

The study was approved by the Conjoint Health Research
Ethics Board of the University of Calgary (UC; REB16-0211),
the Biomedical Research Ethics Board of the University of
Saskatchewan (US; BIO-REB16-106), the University of British
Columbia Clinical Research Ethics Board (UBC; H16-00422), the
McGill University Health Centre (MEO-10-2019-4718), and the
Institut Universataire de Cardiologie et de Pneumologie de
Quebec at Université Laval (MP-10-2018-2938). All participants
were informed of study requirements prior to providing written
informed consent.

Study protocol

OSA was diagnosed by HSAT at the University of Calgary and
Université Laval, and by PSG at the University of Saskatchewan,
University of British Columbia, and McGill University. All partici-
pants completed a sleep and medical history questionnaire and
provided a venous blood sample and mid-stream urine sample
prior to any treatment for OSA.

Home sleep apnea testing. Home sleep apnea testing was per-
formed using monitors validated against PSG [34-36]. These
included the Remmers Sleep Recorder (Sagatech, Calgary, AB,
Canada), Apnealink Air (Resmed, San Diego, CA, USA), Apnea
Risk Evaluation System (ARES, SleepMed, Kennesaw, GA, USA),
Embletta MPR Sleep System (Natus, Middleton, WI, USA) and the
Alice PDx (Philips Healthcare, Markham, ON, Canada). As pre-
viously described [37] HSAT monitors record arterial oxyhemo-
globin saturation using pulse oximetry (Sp_,), respiratory airflow
via nasal cannula connected to a pressure transducer, snoring
via a microphone and sleep position (supine/not supine) from
an accelerometer. The Sp_, signal is recorded at a minimum of
1 Hz and analyzed using proprietary scoring algorithms. For
all HSAT monitors, the oxygen desaturation index (ODI) was
calculated as the number of times Sp , decreased by >4% div-
ided by the total time of oximetry recording. In addition, mean
Sp,, during the HSAT and the duration of Sp_, <90% (T90) were
indexed to the total recording time.

Polysomnography. Polysomnography was performed according to
American Academy of Sleep Medicine (AASM) guidelines [38].
Polysomnographic recordings included electroencephalography
(EEG) channels (C3, C4, M1, M2, 01, 02), electro-oculograms (left
and right), submental electromyograms (EMG), and bilateral tibi-
alis anterior EMG using surface electrodes, airflow using nasal
pressure and oral thermistor, respiratory efforts usinginductance
plethysmography with transducers placed around the chest and
abdomen and Sp_, with finger pulse oximetry. All channels were
continuously recorded at the minimum (or higher) frequencies



recommended by the AASM [38] and stored electronically for
later scoring (Sandman, Tyco Healthcare, Kanata, ON, Canada;
Sleepware G3, Philips Healthcare, Amsterdam, Netherlands; or
Polysmith, Nihon Kohden, Irvine, CA, USA). PSGs were manually
scored by experienced registered polysomnographic technolo-
gists according to AASM criteria [38].

All HSAT and PSG studies were interpreted by a sleep phys-
ician to confirm that episodes of oxygen desaturation reflected a
corresponding change in airflow; if oxygen desaturation was not
accompanied by changes in airflow consistent with apnea, these
patients were not recruited.

Sleep questionnaire

Details of the sleep questionnaire have been previously pub-
lished [37]. Briefly, it included questions regarding demographics
(age, height, weight, gender), medical history, comorbidities,
medications, sleep schedule, symptoms of restless legs syn-
drome, and insomnia. The questionnaire included the following
two specific questions regarding a previous physician diagnosis
of abnormal kidney function and proteinuria: (1) “Have you
ever been told by a physician that your kidney function is not
normal? Yes/No”; and (2) “Have you ever been told by a physician
that you have protein in your urine? Yes/No”. A positive answer
to question (1) and/or (2) was used to indicate that the patient
was aware that their kidney function was not normal. The ques-
tionnaire also included the Epworth Sleepiness Scale (ESS) [39]
and the Pittsburgh Sleep Quality Index (PSQI) [40] to assess day-
time sleepiness and sleep quality, respectively. Additional detail
is provided in the online supplement.

Measurement of eGFR and urine ACR

Venous blood samples were collected into serum separator tubes
by trained phlebotomists and analyzed by local laboratories for
serum creatinine using enzymatic colorimetric assays. Estimated
GFR was derived from serum creatinine values using the Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI) equation
[41] as recommended by international guidelines [8].

Urine samples were collected into sterile containers and
analyzed by local laboratories for albumin and creatinine
levels. Albumin was quantified by immunoturbidimetric (UC,
US, McGill), bromocresol blue dye-binding method (UBC) or
immunonephelometric assays (Laval) while creatinine was
measured using enzymatic colorimetric assays. Urine albumin
values were indexed to urine creatinine values to calculate ACR.
For urine albumin values below detectable limits (n = 275) a
value 0.01 mg/L lower than the detectable limit was used [42].
The lower limits of detection were 3 (UC and US), 5 (UBC and
Laval) and 7 mg/L (McGill). For albumin values above the detect-
able limit (n = 2), a value 0.01 mg/L higher than the detectable
limit was used.

Details of techniques employed by local laboratories to quan-
tify serum creatinine, urine creatinine, and albumin are pro-
vided in the online supplement.

Data analyses

The primary outcome was the prevalence of moderate-to-very
high risk of CKD progression based upon the eGFR and ACR
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values at the time of enrollment in patients with untreated OSA.
Each participant was categorized as being at low, moderate, high,
and very high risk of kidney disease progression according to a
heat map populated by their eGFR and ACR values as outlined
in the Kidney Disease: Improving Global Outcome guidelines.[8]
Low risk is defined as an eGFR >60 mL/min/1.73 m? and an ACR
<3 mg/mmol while moderate-to-very high risk was defined as
an eGFR <60 mL/min/1.73 m?, an ACR >3 mg/mmol, or both.

Details for harmonizing HSAT measurements of OSA and
nocturnal hypoxemia with those from PSG have been previously
outlined [37]. Briefly, for PSG studies the ODI (based upon >4%
desaturations), mean SpO, and T90 were indexed to the total
recording time (TRT; time between “lights off” and “lights on”),
which is the denominator used in HSAT. Based upon the OD],
participants were categorized as having no/mild OSA (0 < ODI <
15), moderate OSA (15 < ODI < 30) and severe OSA (ODI > 30). For
participants who underwent PSG, OSA severity was additionally
categorized based on the apnea-hypopnea index (AHI) as no/
mild OSA (0 < AHI < 15), moderate OSA (15 < AHI < 30) and severe
OSA (AHI > 30).

An ESS >10 indicated excessive daytime sleepiness [39]; a
PSQI >5 indicated poor sleep quality [40] and an ISI >7 indicated
the presence of insomnia [43]. Sleep duration was quantified
from the PSQI question 4 (“How many hours of actual sleep do
you get at night?”). Participants were categorized as having short
sleep duration if they reported <6 h of sleep per night [44].

Self-reported medications were categorized according to
their drug classification [45]. We specifically identified the use
of non-steroidal anti-inflammatory drugs (NSAIDs) and proton
pump inhibitors (PPIs), since chronic use of these medications
have been associated with CKD progression [46, 47].

Statistical analyses

Participant characteristics were compared across OSA groups
using one-way ANOVAs for continuous, normally distrib-
uted variables and Kruskal-Wallis H tests for continuous,
non-normally distributed variables. Post hoc group compari-
sons were adjusted using a Tukey-Kramer correction or the
Dwass, Steel, Critchlow-Fligner (DSCF) analyses, respectively.
A chi-square goodness-of-fit was used to test for group differ-
ences in categorical variables. Binary logistic regression was
used to assess if there was a linear trend across OSA groups for
the prevalence of participants at moderate-to-very high risk of
kidney disease progression controlling for age, sex, and body
mass index (BMI) and to estimate the odds ratios (ORs) for par-
ticipants with moderate and severe OSA being at moderate-to-
very high risk of kidney disease progression (participants with
no/mild OSA formed the reference group since their OSA and
nocturnal hypoxemia profile was similar to that of the control
group of obese, non-apneic subjects in a previous publication
[17]. Primary analyses were performed using all participants.
Secondary analyses excluded participants at moderate-to-very
high risk of CKD progression with a history of reduced kidney
function and/or proteinuria. Tertiary analyses additionally ex-
cluded participants with a history of common CKD risk factors
(diabetes, hypertension, NSAID or PPI use). For our analyses, ORs
were first estimated adjusting for age, self-identified gender,
and BMI (model 1); model 2 added adjustments for excessive
daytime sleepiness (ESS > 10) and poor sleep quality (PSQI >
5); model 3 added adjustments for comorbidities; and model
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Table 1. Participant characteristics for the entire cohort and categorized by OSA severity

All participants No/mild OSA Moderate OSA Severe OSA P-value
N 1295 552 322 421
Female (%) 538 (41.5) 282 (51.1) 117 (36.3)* 139 (33.0)* <.001
Age (years) 54.0 £12.7 533+134 55.4+12.0 53.9+123 .060
BMI (kg/m?) 342+83 30.7 £ 6.6 34.7 +8.1* 38.2+861 <.001
White (%) 1060 (81.9) 464 (84.1) 257 (79.8) 339 (80.5) 201
OSA severity
ODI (4%, events/h; TRT) 17.7 (5.2-37.8) 4.0 (1.5-9.6) 20.8 (17.2-24.9)* 50.3 (38.6-66.8) 1 <.001
Mean Sp,, (%; TRT) 91.1 (87.8-93.4) 93.3 (91.6-94.7) 90.8 (88.4-92.6)" 87.2 (84.0-90.2)'t <.001
T90 (% TRT) 19.6 (2.2-70.0) 1.7 (0.2-14.8) 20.9 (7.2-68.1)* 68.3 (35.6-91.0)'t <.001
Daytime sleepiness and sleep quality
ESS Score 9.7 + 5.2 (n=1276) 9.1+5.0 (n=537) 9.1+ 5.2 (n=2320) 10.8 +5.2°1 (n = 419) <.001
ESS > 10 (%) 629 (49.3) 245 (45.6) 145 (45.3) 239 (57.0)'t <.001
PSQI Global Score 8.8+ 4.0 (n=1242) 8.6+ 4.0 (n=7515) 8.7 +4.1 (n=311) 9.0 + 4.0 (n = 416) 275
PSQI>5 (%) 1053 (84.8) 430 (83.5) 261 (83.9) 362 (87.0) 293
Sleep duration (h) 6.5+ 1.5 (n =1293) 6.5+ 1.4 (n=551) 6.5+ 1.5 (n=321) 6.4+1.7 (n=421) .193
Sleep < 6 h (%) 609 (47.1) 232 (42.1) 150 (46.7) 227 (53.9)* .001
ISI (total score) 12.6 + 5.8 (n = 1274) 12.1+5.7 (n = 536) 12.6 6.0 (n = 319) 13.3 + 5.8* (n = 419) .006
Insomnia (%) 1006 (79.0) 420 (78.4) 249 (78.1) 337 (80.4) .664
RLS (%) 291 (22.7) 128 (23.5) 78 (24.5) 85 (20.2) 312
RLS severity 47 +1.6 46+17 47+1.8 50+14 142
Kidney function
Serum creatinine (umol/L) 80.0 (69.0-91.0) 76.0 (66.0-87.0) 82.5 (71.0-92.3)" 83.0 (71.0-96.0)* <.001
eGFR (mL/min/1.73 m?) 87.0 (74.0-98.0) 90 0 (77.0-100.0) 87 0 (71.8-98.0)* 84.0 (71.5-96.5)* <.001
Urine albumin (mg/L)* 8.6 (5.0-21.4) 0 (5.0-14.0) .3 (5.0-26.0)* 11.0 (5.0-31.6)" <.001
Urine creatinine (mmol/L) 11.5 (6.7-16.6) 11 4 (6.5-16.5) 11 5(7.0-16.4) 11 6 (6.7-17.0) 625
ACR (mg/mmol) 0.9 (0.5-2.0) .8 (0.5-1.5) 9 (0.5-2.3)* .0(0.5-2.9)* <.001
Comorbidities
Kidney disease (%) 102 (7.9) 38 (6.9) 24 (7.5) 40 (9.5 307
Proteinuria 9% (7.3) 33 (6.0) 23 (7.1) 38 (9.0) 192
Smoking
Never smoker (%) 636 (49.1) 290 (52.5) 153 (47.5) 193 (45.8) 153
Past smoker (%) 510 (39.4) 210 (38.0) 129 (40.1) 171 (40.6)
Current smoker (%) 149 (11.5) 52 (9.4) 40 (12.4) 57 (13.5)
Hypertension (n, %) 592 (45.7) 200 (36.3) 176 (54.7)" 216 (51.3)* <.001
High cholesterol (%) 510 (39.5) 176 (32.1) 156 (48.4)* 178 (42.3)* <.001
Diabetes (%) 239 (18.5) 64 (11.7) 60 (18.6)* 115 (27.3)* <.001
Coronary artery disease (%) 105 (8.1) 32(5.8) 36 (11.2)* 37 (8.8) .016
Heart failure (%) 43 (3.3) 17 (3.1) 15 (4.7) 11 (2.6) 284
Atrial fibrillation (%) 88 (6.8) 45 (8.2) 18 (5.6) 25 (5.9) 232
Past stroke (%) 37 (2.9) 13 (2.4) 14 (4.4) 10 (2.4) 1180
COPD (%) 71 (5.5) 28 (5.1) 16 (5.0) 27 (6.4) 595
Asthma (%) 275 (21.3) 116 (21.1) 62 (19.3) 97 (23.1) 444
Medications
NSAIDs (%) 92(7.1) 37 (6.7) 25 (7.8) 30 (7.1) 848
Proton pump inhibitors (%) 288 (22.3) 120 (21.8) 73 (22.7) 95 (22.6) .940

Number (%), categorical variables (p-value = y?); mean + SD or median (interquartile range), continuous variables (p-value = ANOVA or Kruskal-Wallis H).

*Urine albumin was below detectable limits in 275 participants and above detectable limits in two participants.

*p < .05 versus no/mild OSA.
p <.05 versus moderate OSA.

Abbreviations: BMI, body mass index; ODI, oxygen desaturation index based upon 4% desaturations; mean SpO,, mean arterial oxyhemoglobin saturation; T90, per-
centage of total recording time (TRT) with SpO, <90%; ESS, Epworth Sleepiness Scale; PSQ], Pittsburgh Sleep Quality Index; ISI, insomnia severity index; RLS, restless
legs syndrome; eGFR, estimated glomerular filtration rate; ACR, urine albumin:creatinine ratio; COPD, chronic obstructive pulmonary disease; NSAID, non-steroidal

anti-inflammatory drugs.

4 added adjustment for use of NSAID and PPI medications.
For OR analyses, missing data were handled using multiple
imputation (procedures outlined in the online supplement).
Complete case analyses were also performed as sensitivity
analyses. Additionally, the associations between measures
of renal function (eGFR and ACR) and measures of nocturnal
hypoxemia [ODI, mean SpO, (%; TRT) and T90 (% TRT)] were
assessed using multivariable linear regression incorporating

all variables included in model 4 of the binary logistic regres-
sion analyses. ACR values were log transformed to satisfy the
assumption of normality of residual. Finally, binary logistic
regression analyses were repeated in a cohort restricted to par-
ticipants who had a PSG in order to substitute AHI for ODI.

All analyses were performed with Statistical Analysis
Software (v9.4, Cary, North Carolina, USA) and alpha <0.05 was
considered significant.
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Figure 1. Risk of CKD progression for the entire cohort (A; n = 1295) and participants with no/mild OSA (B; n = 552), moderate OSA (C; n = 322) and severe OSA (D; n = 421).
Colored boxes indicate the number (% of group) with low (green), moderate (yellow), high (orange), and very high (red) risk of CKD progression. Blue line surrounds the
23.0% of participants within the entire cohort, 13.6% of participants with no/mild OSA, 28.9% of participants with moderate OSA, and 30.9% of participants with severe
OSA who are at moderate-to-very high risk of kidney disease progression.
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Table 2. Odds ratios (OR) for moderate-to-very high risk of kidney disease progression in all participants*

Model 1 Model 2 Model 3 Model 4
OSA severity OR (95% CI) P-value  OR (95% CI) P-value  OR (95% CI) P-value  OR (95% CI) P-value
Primary analyses: all participants (n = 1295)
No/mild OSA 1.0 1.0 1.0 1.0
Moderate OSA 2.67 (1.86-3.81) <.001 2.69 (1.88-3.85) <.001 2.63 (1.79-3.85) <.001 2.63(1.79-3.85) <.001
Severe OSA 3.11 (2.19-4.40) <.001 3.19 (2.24-4.53) <.001 2.96 (2.04-4.30) <.001 2.96 (2.04-4.30) <.001
Secondary analyses: participants without a history of kidney disease and/or proteinuria (n = 1214)
No/mild OSA 1.0 1.0 1.0 1.0
Moderate OSA 2.68 (1.80-3.98) <.001 2.71 (1.82-4.04) <.001 2.53 (1.69-3.80) <.001 2.53(1.68-3.80) <.001
Severe OSA 2.86 (1.93-4.23) <.001 2.94 (1.98-4.36) <.001 2.71 (1.81-4.04) <.001 2.71(1.81-4.04) <.001
Tertiary analyses: participants without CKD risk factors (diabetes, hypertension, NSAID or PPI use; n = 488)
No/mild OSA 1.0 1.0 1.0
Moderate OSA 2.17 (1.01-4.69) .049 2.21(1.02-4.77) .045 2.10 (0.93-4.75) .076 -
Severe OSA 3.66 (1.77-7.59)  <.001 3.80(1.83-7.90)  <.001 3.21 (1.51-6.85) .003

*Missing data from 87 patients with missing data handled using multiple imputation.

Model 1: Adjusted for age, sex and body mass index (BMI) > 30 kg/m?.

Model 2: Model 1 + adjustments for excessive daytime sleepiness (ESS > 10) and poor sleep quality (PSQI > 5).

Model 3: Model 2 + adjustments for smoking and medical history of kidney disease (not in secondary analyses), proteinuria (not in secondary analyses), hyperten-
sion, high cholesterol, diabetes, coronary artery disease, heart failure, atrial fibrillation, and stroke.

Model 4: Model 3 + adjustments for use of non-steroidal anti-inflammatory (NSAID) and proton pump inhibitor (PPI) medications (not applied to tertiary analyses).

Results

Between July 2016 and March 2021, 2083 participants were en-
rolled in the CSCN’s adult OSA database. Our primary analyses
were performed on 1295 participants after removing those
whose data did not include (1) eGFR and/or ACR results (n = 732),
(2) ODI based upon 4% desaturations (n = 18), and (3) an answer
to the two specific questions regarding a history or abnormal
kidney function and proteinuria (n = 33). We also removed two
participants who were on dialysis and three participants who
had a prior kidney transplant. Of the 1295 participants enrolled,
824 had a PSG.

Participants were predominantly white; male gender and
BMI increased with OSA severity (Table 1). Participants with
severe OSA reported greater daytime sleepiness, with a higher
proportion of short sleepers (<6 h sleep/night) and a higher ISI
score. Compared to the no/mild OSA group, participants with
moderate and severe OSA had lower eGFR and higher ACR.
A history of hypertension, high cholesterol, diabetes, and cor-
onary artery disease were more prevalent in participants with
moderate and severe OSA. There was no difference between the
groups in the use of NSAIDs and PPI medications.

Prevalence of increased risk of CKD progression

Within our entire cohort, 23% were at moderate-to-very high risk
of kidney disease progression (Figure 1, A; blue outline) and this
risk increased from 13.6% of those with no/mild OSA to 28.9%
and 30.9% of those with moderate and severe OSA, respectively,
independent of age, sex, and BMI (p<0.001, Figure 1, B, C and D;
blue outlines). Results were similar after removing 81 partici-
pants at moderate-to-very high risk of CKD progression who re-
ported a history of reduced kidney function and/or proteinuria;
specifically, 17.9% of all participants remained at moderate-to-
very high risk of kidney disease progression with the prevalence
increasing from 10.8% of those with no/mild OSA to 23.4% and
23.4% of those with moderate and severe OSA, respectively (p
< .001, Figure S1, online supplement). Importantly, results were
unchanged when analyses were restricted to participants who

had a measurement of AHI from their PSG in both the entire co-
hort and following exclusion of those with a history of reduced
kidney function and/or proteinuria (i.e. the proportion of parti-
cipants with moderate-to-very high risk of CKD progression in-
creased with OSA severity, based upon AHI, independent of age,
sex and BMI (p < .001); Figures S2 and S3, online supplement).

Odds of moderate-to-very high risk of CKD
progression

Correspondingly, the ORs for participants with moderate and se-
vere OSA to be at moderate-to-very high risk of kidney disease
progression were 2.67 and 3.11, respectively, compared to parti-
cipants with no/mild OSA after adjusting for age, sex, and BMI
>30 (model 1, Table 2 - primary analyses). Following adjustments
for excessive daytime sleepiness and poor sleep quality (model
2), comorbidities (model 3), and medications (model 4) the ORs
remained >2.63 for participants with both moderate and severe
OSA in all models (p < .001 for all ORs). Results were similar fol-
lowing removal of participants at moderate-to-very high risk of
CKD progression with a previous history of kidney disease and/
or proteinuria (n = 81; Table 2 - secondary analyses, model 4).
Finally, ORs remained >2.1 for participants with moderate OSA
after further exclusion of participants with a history of risk
factors for CKD (diabetes, hypertension, NSAID and PPI medi-
cations), and >3.21 for participants with severe OSA (model 3,
Table 2 - tertiary analyses). For primary, secondary and tertiary
analyses, values were imputed for <4.3% of participants across
all variables included in each model. As a result, similar results
were obtained in complete case analysis of 1208 participants
(out of 1295) for our primary analyses, 1131 participants (out of
1214) for our secondary analyses, and 451 (out of 488) for our
tertiary analyses (Table S1, online supplement). Similar results
were observed for both imputed data and for complete case ana-
lyses following restriction of our cohort to participants who had
a PSG, although the ORs associated with moderate OSA did not
reach statistical significance for our secondary and tertiary ana-
lyses (Tables S2 and S3; online supplement).


http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab267#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab267#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab267#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsab267#supplementary-data

Association between renal function and nocturnal
hypoxemia

Consistent with moderate and severe OSA increasing the odds of
moderate-to-very high risk of kidney disease progression, eGFR was
negatively associated with ODI (p = .010) while ACR was positively
associated with ODI (p = .001) after adjusting for the same variables
used in model 4 of the binary logistic regression analyses (Table 3).
Furthermore, higher ACR was associated with lower mean SpO,
(p = .002). However, neither eGFR nor ACR were associated with T90,
although there was a tendency for eGFR to be lower with greater T90
(p =.057).

Participant awareness of CKD

Although 23% of the entire study cohort (298 participants) met our
combined eGFR and ACR criteria for CKD (Figure 1, A), only 27%
(81 of 298) reported a previous physician diagnosis of abnormal
kidney function and/or proteinuria (Table 4). This implies that the
remaining 73% (217 out of 298) of participants with CKD were un-
aware that they had abnormal kidney function. This proportion
remained the same within each category of sleep apnea severity.
Furthermore, among the 217 participants who were unaware they
had abnormal kidney function, 34.2% of those with moderate OSA
and 24.7% of those with severe OSA had stage 3 CKD (Table 3).

Discussion

We assessed the risk of CKD progression and awareness of kidney
disease in a large cohort of patients referred to a sleep clinic
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for suspected OSA. The main findings were that (1) there was a
linear increase in the proportion of participants at moderate-to-
very high risk of CKD progression, ranging from ~14% in patients
with no/mild OSA to 31% in participants with severe OSA; (2)
moderate and severe OSA were associated with ~2.6 and 3 times
greater risk of moderate-to-very high risk of CKD progression;
(3) the risk of CKD progression was associated with the severity
of intermittent nocturnal hypoxemia; and (4) most participants
were unaware they had an elevated risk of CKD.

In our cohort, all participants were referred for evaluation
of OSA without screening for the presence of kidney disease.
Although our questionnaire included specific questions about
a history of abnormal kidney function for our subsequent ana-
lysis, the answers to these questions did not alter patients’ par-
ticipation in the study. The range and prevalence of co-existing
sleep and medical disorders were consistent with a sleep clinic
cohort. The prevalence of many medical disorders, such as
hypertension and diabetes, increased in association with the se-
verity of OSA, whereas the prevalence of RLS was similar across
all categories of OSA severity.

By combining our measurements of eGFR and ACR in a heat
map, we were able to estimate the risk of CKD progression using
the method recommended for patients with CKD [8]. Although
previous studies have reported these indices of kidney function
in patients with OSA [21], this is the first study to combine eGFR
and ACR to estimate the risk of CKD progression in a sleep clinic
population. We found that approximately 30% of participants
with moderate or severe OSA had an increased risk of CKD pro-
gression independent of age, sex, and BMI (Figure 1) with an odds
ratio of 2.63 and 2.96, respectively, compared to participants with

Table 3. Standardized beta coefficients (95% confidence interval) for associations between measures of renal function and nocturnal hypoxemia

Measures of nocturnal hypoxemia

ODI P-value Mean Sp0O? P-value T90 P-value
(4%, events/h; TRT) (TRT) (% TRT)

eGFR (mL/min/1.73 m?) -0.06 .010 0.04 .160 -0.05 .057
(-0.11 to -0.02) (-0.01 to 0.08) (-0.10 to 0.002)

Log ACR (mg/mmol) 0.10 .001 -0.09 .002 0.03 331

(0.04 to 0.15)

(-0.15 to -0.03) (-0.03 to 0.09)

Beta coefficients adjusted for age, sex, body mass index (BMI) >30 kg/m?, excessive daytime sleepiness (ESS > 10), poor sleep quality (PSQI > 5), smoking, history
of kidney disease, proteinuria, hypertension, high cholesterol, diabetes, coronary artery disease, heart failure, atrial fibrillation, stroke, and use of non-steroidal

anti-inflammatory (NSAID) and proton pump inhibitor (PPI) medications.

Table 4. Awareness and severity of CKD in participants with increased risk of CKD progression

All participants No/mild OSA Moderate OSA Severe OSA
N 1295 552 322 421
Awareness of increased risk of CKD progression
Increased risk CKD progression, n (%) 298 (23.0) 75 (13.6) 93 (289 130 (30.9)
Participants unaware of their increased risk CKD progression, n (%)* 217 (72.8) 58 (77.3) 70 (75.3 89 (68.5)
CKD severity in participants unaware of their increased risk of CKD*
N 217 58 70 89
CKD Stage 1,1 (%) 96 (44.2) 32 (55.2) 31 (44.3 33(37.1)
CKD Stage 2,1 (%) 61(28.1) 12 (20.7) 15 (21.4 34 (38.2)
CKD Stage 3a, n (%) 51 (23.5) 14 (24.1 19 (27.1 18 (20.2)
CKD Stage 3b, n (%) 9(4.2) 0(0.0) 5(7.1) 4(4.5)
CKD Stage 4, 1 (%) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
CKD Stage 5,7 (%) 0(0.0) 0(0.0) 0(0.0) 0(0.0)

* Lack of awareness determined by participant reporting they have no history of abnormal kidney function and/or proteinuria.
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no/mild OSA (Table 2, primary analysis, model 4). Notably, even
after exclusion of participants with an increased risk of CKD pro-
gression who reported a previous history of abnormal kidney
function, the prevalence of increased risk of CKD progression re-
mained elevated at 25% (Figure S1), with an odds ratio of 2.53 and
2.71 for moderate and severe OSA, respectively, compared to par-
ticipants with no/mild OSA (Table 2, secondary analysis, model
4). Furthermore, the OR for moderate-to-very high risk of CKD
progression remained significantly elevated after the additional
exclusion of participants with risk factors for the development of
CKD (diabetes, hypertension, NSAID and PPI medications) at 2.10
(moderate OSA) and 3.21 (severe OSA) (Table 2, tertiary analysis,
model 3). Finally, the associations between OSA and risk of CKD
progression were similar using both imputed data (Table 2) and
complete case analyses (Table S1). Consequently, we believe that
the risk of CKD progression is elevated in participants with mod-
erate and severe OSA, independent of other risk factors.

The awareness of participants with OSA that they have ab-
normal kidney function has not been addressed in previous
studies. We found that 73% of participants with OSA who had
an increased risk of CKD progression did not report a previous
physician diagnosis of abnormal kidney function or proteinuria
(Table 4). This is not surprising in that early stages of CKD are
usually clinically silent and require objective testing to diagnose
[31] and similar findings have been reported in CKD cohorts
[48]. Nevertheless, it does suggest that both patients with OSA
and their healthcare providers need to be more aware of the as-
sociation between OSA and CKD. This is clinically relevant for
several reasons. Firstly, approximately 30% of participants who
were not aware they had abnormal kidney function, had stage 3
CKD (Table 4) which is the level of CKD at which cardiovascular
morbidity and mortality increase [6, 7]. Secondly, the potential
for treatment of OSA with continuous positive airway pressure
to improve kidney function may be greatest in those with early
CKD, as suggested by a recent clinical trial at our center [49].

This study has limitations. First, cross-sectional data for
eGFR and ACR were used to estimate the longitudinal risk of
CKD progression. The combined assessment of eGFR and ACR to
estimate the risk of CKD progression is based on a clinical prac-
tice guideline authored by experts in nephrology and is widely
used in the management of patients with CKD [8]. Secondly, our
estimation of patients’ awareness of CKD relied on self-report
which can be confounded by other factors such as poor memory,
which is commonly found in patients with OSA [37]. We were
careful to frame the questions about possible CKD in lay terms
that included a “physician-diagnosis” and to ask about both “ab-
normal kidney function” and “protein in the urine,” which are
key diagnostic criteria for CKD. Although a large proportion of
patients appeared unaware that they had CKD, this high preva-
lence has also been reported in the general population [48]. The
strengths of the study are that we recruited a large sample size
from multiple sleep centers across Canada which was repre-
sentative of the full spectrum of OSA severity. Furthermore, ob-
jective testing was used to diagnose both OSA and CKD. Finally,
our multivariate analysis was comprehensive in that we con-
trolled for all known causes of CKD that we could measure.

The findings of this study have important clinical implica-
tions. First, the development and progression of CKD has sig-
nificant implications for patients with OSA. A fall in eGFR below
60 mL/min/1.73 m? and a rise in ACR >3 mg/mmol have both been
shown to independently increase cardiovascular mortality [6, 7].

Since OSA is also a recognized risk factor for cardiovascular dis-
ease [50], the addition of CKD is likely to increase this risk further.
This is supported by a recent study of patients with CKD who
also had OSA in whom the hypoxic burden was associated with
increased mortality which was predominantly due to cardiovas-
cular events [51]. Second, progression of CKD to ESKD, requiring
renal function replacement with chronic dialysis or renal trans-
plantation, has major implications for patient well-being and the
associated costs to the healthcare system [9, 11]. Identification
and treatment of OSA patients who have an increased risk of CKD
progression provides an opportunity to reduce these complica-
tions in the era of precision-based medicine.

In summary, we found that a large proportion of patients
who present with OSA have an increased risk of CKD progres-
sion which is independent of other CKD risk factors. Both pa-
tients, and likely their healthcare providers, are unaware of
this association. This results in a potential missed opportunity
to detect CKD in its early stages and to initiate interventions,
including treatment of OSA, that may reduce the risk of CKD
progressing to more severe kidney disease with its associated
risk of increased morbidity and mortality. Accordingly, it may
be worthwhile to assess renal function in patients who pre-
sent with moderate-to-severe OSA, particularly when accom-
panied by significant nocturnal hypoxemia. Further studies are
required to evaluate the impact of such interventions on these
important clinical outcomes.

Supplementary material

Supplementary material is available at SLEEP online.

Data Availability

Anonymized data will be made available to other qualified re-
searchers on reasonable request to the corresponding author.
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