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Abstract

The bidirectional relationship between sleep disordered breathing and chronic kidney
disease (CKD) has gained recently a lot of interest. Several lines of evidence suggest
the high prevalence of coexistent obstructive sleep apnea (OSA) in patients with CKD
and end-stage renal disease (ESRD). In addition, OSA seems to result in loss of kidney
function in some patients, especially in those with cardio-metabolic comorbidities.
Treatment of CKD/ESRD and OSA can alter the natural history of each other; still
better phenotyping with selection of appropriate treatment approaches is urgently
needed. The aim of this narrative review is to provide an update of recent studies on
epidemiological associations, pathophysiological interactions, and management of

patients with OSA and CKD or ESRD.
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Introduction

Obstructive sleep apnea (OSA) is characterized by patient inability to maintain upper
airway patency during sleep, despite the presence of respiratory efforts, resulting in
oxyhemoglobin desaturations, arousals and fragmented sleep architecture [1].
Diagnosis and treatment of obstructive sleep apnea (OSA) are receiving increasing
medical attention [2]. Treatment of OSA that results in normalizing sleep stages pattern
could reduce the risk of cardiovascular disease (CVD), minimize the effects of OSA on
daily activities [3], resulting in the decrease of daytime sleepiness and improvement of
patients’ quality of life [1]. Efforts have been made to predict the risk of OSA with
simple tools in order to discriminate high from low risk patients and thus improve
appointment scheduling in sleep laboratories [2]. There is substantial evidence that
OSA can be a comorbidity in patients diagnosed with a number of disorders, namely
[4-6], but other disorders are frequently found in association with OSA [4], thus
suspicion for OSA may arise when managing these diseases [4]. Specifically, there is a
growing interest of the bidirectional relationship between OSA and chronic kidney
disease (CKD) [7]. Prevalence of moderate-severe OSA is estimated as high as 9% in
women and 17% in men aged 50-70 [8], while the prevalence of CKD in the general
population is between 11 and 13% [9]. CKD is characterized as kidney damage or
decreased kidney function, defined as glomerular filtration rate (GFR)<60 mL/min/1.73
m?, for at least 3 months irrespective of the cause [10]. Both diseases share common
risk factors and are strongly associated comorbidities, such as metabolic syndrome
(obesity, systemic hypertension, diabetes, dyslipidemia) and CVD [3,4,7]. For these
reasons, these two conditions deserve concurrent medical attention, when evaluating

patients having either OSA or CKD [11].



Coexistence of OSA and CKD: Different sides of the same coin

The first reports dated back to 1985 when Millman et al. found that patients with end-
stage renal disease (ESRD) showed a high risk for OSA [12]. Since then, a growing
body of evidence has been gathered about the association between OSA and CKD from
various epidemiological points of view (OSA in CKD, CKD in OSA, OSA in ESRD),
and with different study designs (case series, cross-sectional, cohort studies and
randomized controlled trials - RCTs), as well as studies on the effects of OSA on renal
function in animal models [7,13,14]. Nevertheless, there is significant heterogeneity of
the existing studies in terms of outcomes, which often leads to contradictory results.
Among studies that assess the risk for CKD or ESRD in OSA, some considered the
degree of OSA severity in terms of apnea-hypopnea index (AHI), while others also
analyzed the level of nocturnal hypoxemia, namely the time spent with oxyhemoglobin
below 90% (TST<90%) or the oxygen desaturation index (ODI). With respect to renal
endpoints, most existing studies have investigated the effects of OSA on estimated GFR
(as assessed by different formulas, namely the Modification of Diet in Renal Disease-
MDRD, the Chronic Kidney Disease Epidemiology Collaboration-CKD-EPI, or the
Cockcroft-Gault formula), and on the degree of albuminuria, while recent studies have
also attempted to explore latent kidney disease by measurement of serum or urine
biomarkers (e.g., Cystatin C, Neutrophil Gelatinase Associated Lipocalin-NGAL,
Interleukin-18). Concerning treatment effects of either disease on the course to the other
one, the current evidence suggests a beneficial role of nocturnal hemodialysis and
peritoneal dialysis on the resolution of apneas and the reduction of AHI [15-18],
whereas the role of treatment with positive airway pressure (PAP) in terms of kidney

outcomes remains controversial. In the present article, we review the evidence on the



interactions between OSA and kidney disease in the form of questions that have clinical

and research relevance in this field.

Are CKD and ESRD considered as risk factors for OSA development?

Accumulating data indicate a higher risk of OSA development in patients with reduced
kidney function [19]. Specifically, cross-sectional studies have revealed an increased
prevalence of concomitant OSA in both CKD and ESRD populations receiving dialysis
[13]. Nicholl and colleagues have found that prevalence of sleep apnea increased
alongside eGFR decline, as did also occurrence of nocturnal hypoxia [19]. Additionally,
Sakaguchi et al. [20] demonstrated an inverse correlation between eGFR and AHI, after
adjusting for confounders (age, body mass index - BMI, eGFR, diabetes, and CVD),
and in particular a 10 ml decrease in eGFR increased the odds of having OSA by 42%.
In a recent cross-sectional study on US Veterans with CKD stages 3-4 [21], prevalence
of OSA was 39%, and age, BMI and diabetes were associated with increased odds of
coexistent OSA independently of confounding factors. Several other studies have
shown a remarkably high prevalence of OSA ranging from 67% to almost 94% among
non-dialyzed patients with CKD [22-24]. With regard to ESRD population, the data on
the association with OSA are stronger, and most studies including dialyzed patients,
have reported prevalence of concomitant OSA above 50% (ranging from 40% to almost
80%) [8,19,22,25-28]. Interestingly, in a recent meta-analysis, the adjusted odds ratio
(OR) for sleep apnea among the CKD and ESRD population was 1.961 (95% CI 1.702—
2.260), while male sex, presence of diabetes and lower BMI were independent
correlates of coexistent OSA [13]. Concerning BMI paradox, the authors suggested that

patients with advanced CKD are often characterized by weight loss and malnutrition



state and thus rostral fluid shift between dialysis sessions could have an important role

on the pathophysiology of OSA development.

Finally, prevalence rates of OSA were compared in relation to dialysis treatment.
Earlier reports had shown that occurrence of sleep apnea was equally frequent in
patients with ESRD, irrespective of the form of dialysis treatment (peritoneal dialysis-
PD or hemodialysis-HD) [29,30]. Nonetheless, recent findings contradict this
knowledge. Specifically, in a recent retrospective cohort study, male-and-net-female-
patients on PD showed higher risk of OSA compared those on HD [31]. Possible
explanations are the greater intra-abdominal pressure and the poorer ultrafiltration

capacity in patients receiving PD [31].

Should clinicians assess kidney function in OSA patients? The role of

comorbidities

Clearly, there is no affirmative evidence to support assessment of kidney function in all
patients with OSA. Nevertheless, there are several epidemiological studies that
attempted to answer this question and explore predictors (e.g., sleep parameters,
anthropometrics, comorbidities etc.) that might correlate OSA with loss of kidney
function in comparison to non-OSA individuals. Most published data point out on
varying degrees of associations between OSA and CKD (defined as eGFR<60
mL/min/1.73m? with any CKD formula), and this fact depends, partly, on whether
included individuals came from the general population or the sleep laboratories and
whether they were studied cross-sectionally, retrospectively or longitudinally [13].
Cross-sectional studies performed in samples from sleep laboratories have shown a

higher risk of prevalent CKD in patients diagnosed with OSA compared to those



without sleep apnea [32-34], while others have found increasing prevalence of OSA in
line with declining eGFR [35;36-34,35]. Two cross-sectional studies have underscored
the associations between OSA related-nocturnal hypoxia and CKD. In the first study,
Marrone et al. have shown that minimum oxyhemoglobin saturation during sleep
independently predicted prevalent eGFR<60 mL/min/1.73m? in a large European
cohort of prospectively enrolled patients with suspected OSA [37]. In the other study,
evaluating individuals recruited from the MESA cohort, sleep apnea-specific hypoxic
burden (which represents an elegant marker of severity of sleep apnea associated
hypoxia) was associated with a higher prevalence of moderate to severe CKD [38].
Lastly, prospective studies have additionally underlined the effect of OSA and OSA-
related nocturnal hypoxemia on the rapid loss of kidney function. Specifically, Ahmed
et al. demonstrated an accelerated decline of kidney function in patients with nocturnal
hypoxia , defined as >12% of nocturnal monitoring with oxygen saturation <90%,
compared to controls without it (OR 2.89; 95% CI 1.25-6.67) [39]. Additionally, several
studies recruiting participants from the general population demonstrated varying effects
of OSA on kidney function decline [40—44]. In the cross-sectional Hypnolaus cohort
study, worsening CKD stage, from no CKD to CKD stage 3, was associated with higher
prevalence of moderate to severe sleep disordered breathing (SDB) [40]. However, at
multivariate analysis SDB correlated neither with CKD stage nor with eGFR quartile.
In another cross-sectional study of randomly selected community-dwelling ambulatory
men analyzing data from the Australasian MAILES study, significant associations
between OSA and CKD (predominantly of mild stages) were observed, while no
association of CKD was found with indices of nocturnal hypoxia [44]. Importantly, all

longitudinal studies revealed some impact of OSA on renal outcomes [39,45-49],



except one [41]. In the latter study, prevalence of sleep apnea was low and participants

at baseline had normal eGFR.

Interestingly, the most recent longitudinal study, using data from the Sleep Health Heart
Study (i.e. 1,525 community-based adults without previous CKD), has reported that
severe OSA predicted the risk of incident CKD (stage 3 or higher), over an average
follow-up of 19 years, with coexistent obesity mediating the association [50]. Finally,
in patients affected by diseases associated with increased CKD risk, such as systemic
hypertension [51], diabetes [52], obesity and metabolic syndrome [53], the risk of poor

renal outcomes is further increased by comorbid OSA.

Which are the main pathophysiological factors that could contribute to OSA

development in CKD and ESRD populations and vice versa?

According to the present evidence, development of OSA in CKD/ESRD patients is
related to three main pathogenic mechanisms, which can all coexist and alternate at the
same time (Figure 1). First, there are altered chemoreflex responses in patients with
ESRD [54]. Metabolic acidosis that frequently occurs in ESRD promotes
hyperventilation and hypocapnia, followed by increases in chemosensitivity and
instability of breathing during sleep, leading ultimately to fall of partial pressure of
carbon dioxide below “apneic threshold” and creating a vicious cycle of
hyperventilation and apneas [55,56]. Second, narrowed pharyngeal area is present in
ESRD patients due to hypervolemia and rostral shift of excess body fluid in supine
position at night [57,58]. Fluid accumulation in the neck predisposes to upper airway
collapsibility, while pulmonary congestion stimulates lung J receptors which promote

instability of breathing control [59,60]. Finally, impaired function of upper airway



muscles secondary to myopathy and neuropathy [61,62], could explain OSA

development in CKD patients.

Conversely, pathogenesis of kidney function decline in patients with OSA is
multifactorial (Figure 2). Nocturnal hypoxia appears to be the cornerstone of this
interaction [39]. Scientific reports have proposed the “chronic hypoxia hypothesis”
which supports a role of chronic hypoxia as a triggering factor of renal injury and a
final pathway to end-stage renal disease [63]. In OSA during apneic events there is
significant burden of hypoxic episodes which can trigger renal hypoxia and
tubulointerstitial fibrosis resulting in CKD [37,39,64]. In addition, experimental data
corroborate the evidence that intermittent hypoxia (IH) can damage the kidneys causing
glomerular hypertrophy, increased expression of growth factors, expansion of
mesangial matrix and finally lead in cellular apoptosis [65]. Moreover, IH impairs
natriuretic and diuretic responses to fluid overload, and it is responsible for

development of hypertension and kidney damage in rats [66].

Other mechanisms are also responsible for the development of CKD in OSA patients.
Importantly, up-regulation of intrarenal RAS is one of these mechanisms [67]. Notably,
Angiotensin II (Angll), the major effector of RAS, is mainly produced in bloodstream
by the effects of angiotensin-converting enzyme (ACE) on Angiotensin I, but ACE can
be found also in kidneys and heart tissues. An experimental study has found heightened
activity of intrarenal RAS (as shown by reduced renovascular sensitivity in response to
Angll infusion) in patients with OSA compared with control obese subjects, especially
in those with severe nocturnal hypoxemia [67]. Of particular interest, additional
evidence comes from an earlier study evaluating the role of PAP therapy on renal
hemodynamics which demonstrated altered renal RAS responses at baseline and

improvements following amelioration of OSA with PAP [68]. Additional mechanisms



known to promote kidney function loss are the overactivity of sympathetic nervous
system [69,70] and endothelial dysfunction [71] which are present in OSA patients and
improved or attenuated after application of CPAP [68,72-74]. Moreover, frequent
coexistence of comorbid OSA in patients with systemic hypertension [51,75], diabetes
[52,76,77], obesity [78], and metabolic syndrome [53] can accelerate kidney function
loss resulting in a higher risk of CKD development or progression to worse stages. In
specific, the confounding effect of OSA in never treated hypertensive patients can elicit
more profound kidney damage, as indicated by the urinary albumin excretion (UAE),
compared to those without OSA [75], while AHI has been recognized as a significant

correlate of UAE in hypertensive patients with OSA [51].

In addition, recent retrospective data indicate that comorbid OSA with diabetes is
associated with a higher risk of CKD than OSA alone [79]. In a cross-sectional study,
severity of OSA is related to a higher risk of albuminuria (a marker of kidney injury)
in patients with diabetes, [76]. Of particular interest is the special contribution of REM
related OSA in the interaction between diabetes and risk of CKD [80]. As already
shown, REM-OSA can have distinct features from NREM-OSA regarding
cardiometabolic and neurocognitive endpoints [81,82]. In the context of CKD, AHI in
REM sleep, and not in NREM, showed independent correlations with the risk of CKD
in a group patients with diabetes, underlining the specific effects of REM sleep in OSA
patients as predictor of worse kidney outcomes [80]. Finally, special attention should
be paid on the relationships between REM-AHI and associated hypertension [83], as
this sleep stage may be highly relevant to risk of development of CKD in OSA patients.

The latter holds promise for further research in future studies.



Is OSA clinically apparent in CKD and ERSD populations?

A typical presentation of OSA is that of a male patient, with signs of visceral adiposity,
and complaints of loud snoring, witnessed apneas during sleep, unrefreshing sleep and
daytime sleepiness [1]. Nevertheless, these features are not frequently encountered in
the CKD and ESRD populations, who demonstrate rather unspecific characteristics. In
the study of Beecroft et al. [84], patients with ESRD and OSA were characterized by
lower BMI and smaller neck circumference than the OSA individuals with normal renal
function. Another observation was that symptoms suggestive of OSA were less likely
to be present in the ESRD population compared with the OSA population without renal
failure [84]. Likewise, excessive daytime sleepiness (EDS) and other OSA-related
symptoms were less prevalent in the CKD population with OSA than in OSA patients
without CKD [85]. It should be noted that while CKD and ESRD patients often
complain of EDS [86,87], this is neither sensitive nor specific for identifying OSA in
this patient population, similar to patients with stroke [88], heart failure [89] or
hypertension [90]. In fact, fatigue might be mistakenly regarded as EDS, which is
another common complaint in patients with kidney failure [91]. Interestingly, OSA
screening tools, namely the Berlin, STOP-BANG, and the adjusted neck circumference
questionnaire (i.e., the sum of patient's neck circumference, history of hypertension,
snoring, and nocturnal choking), failed to accurately identify suspected OSA in a cohort
of subjects with CKD and ESRD [92]. Thus, where the risk of OSA is high, an objective
sleep evaluation should be performed, preferably an attended one at the sleep
laboratory, as per the recommendations of the American Academy of Sleep Medicine
[93].

Despite the atypical presentation of sleep disordered breathing in CKD patients, sleep

quality is another issue to consider, which is often impaired in this specific population.



In a recent ESADA report, objective sleep quality, as noted in polysomnographic
studies, was influenced by OSA severity of but not by CKD severity [94]. This finding
highlights the importance of an adequate control of SDB in CKD to improve sleep
quality. In summary, clinicians should have a low threshold to perform sleep studies in

CKD and ESRD patients, especially when clinical suspicion of OSA is high.

Does OSA result in adverse outcomes and poorer survival in patients with CKD

and ESRD?

Mortality risk is higher in patients with impaired kidney function, compared to the
general population, and it is highest in patients under dialysis, whose mortality rate
approaches 20% per year [95,96]. Mortality risk in these patients is frequently
associated with cardiovascular morbidity, which progressively increases with the
decline of kidney function [97]. Likewise, OSA is associated with increased risk of CV
morbidity and all-cause mortality [98]. Whether co-occurring OSA could result in
worse morbidity and mortality in individuals with CKD and ESRD was addressed by
research in recent years. This is important since OSA can be effectively treated with
CPAP and thus OSA-related complications can be attenuated or even prevented [1]. A
recent study enrolling 180 patients with advanced CKD and ESRD on dialysis [28] with
a median follow-up duration of 9 years, revealed no statistically significant effect of
AHI on OSA mortality, whereas nocturnal hypoxic indices, namely the mean oxygen
saturation and the percentage of time spent while sleeping with oxygen saturation below
90%, were major predictors of death. Other studies have also revealed additive effects
of OSA on CV mortality and all-cause mortality in patients with CKD and ESRD

[25,99—-103]. Interestingly, in a retrospective cohort study evaluating 40 OSA patients



for 10 years, a higher survival rate was noted in individuals treated with fixed CPAP as
compared to other PAP modalities, and a benefit was also observed in patients with a
high compliance to PAP treatment [103]. Finally, a recent meta-analysis summarized
the existing data regarding the impact of OSA on mortality risk in CKD and ESRD
patients. Specifically, this study evaluating the risk of mortality in patients with
CKD/ESRD and SDB (obstructive and central sleep apnea were included), showed that
patients with CKD/ESRD and SDB were exposed at a higher risk of death, with an
estimated OR of 2.092, compared to patients with CKD alone [104]. Surprisingly,
individuals with CKD and SDB did not have a higher number of cardiovascular events
compared to patients with CKD only. An explanation for this unexpected result lies in
the fact that one of the three studies that were analyzed, which had the highest number
of included patients, found a decreased occurrence of CV events in CKD/SDB versus
CKD [102], thus blunting the pooled results of the other two positive studies [99,100].
To further elucidate this, one should consider the role of ischemic preconditioning
during episodes of IH, as those seen during apneic events [105,106]. Previous evidence
shows that hypoxic preconditioning may blunt the effects of ischemia-reperfusion
injury associated with ischemic events [101], and thus presence of SDB in CKD
population may have served beneficial in terms of CV events. Another speculation for
this unexpected outcome is that adherence to preventive measures in the context of
CVD might have been better in patients suffering from both diseases, namely CKD and

SDB.

What is the role of ESRD treatment in pathogenesis of OSA?



A growing body of research has focused on the role of nocturnal dialysis in patients
with ESRD and coexistent OSA. Specifically, studies evaluating the effects of fluid
overload and ventilatory chemoreflex responsiveness in ESRD patients have shown
positive results regarding OSA severity. In the seminal study of Hanly and Pierratos
[15], switching from a conventional to a nocturnal hemodialysis regimen resulted in
marked improvements in AHI and in nocturnal oxygenation of patients with OSA and
ESRD. Later on, investigators observed that these findings could be due to a decrease
in chemoreflex responsiveness, a key element of OSA development in the ESRD
population [108]. Other studies have highlighted the role of rostral fluid shift as a
mechanism for OSA development in the ESRD population [59,60]. Interestingly, the
shift from conventional to nocturnal peritoneal dialysis resulted in improved fluid and
uremic clearance, increased upper airway volume and reduced AHI [17,18], as did also

removal of excess body fluids by ultrafiltration. [109].

Following kidney transplantation, the kidney function is restored, while hydration
status is also improved in patients with ESRD. Regarding kidney transplant and
occurrence of OSA, most studies showed that OSA prevalence decreased and its
severity improved after kidney transplantation [110-115], while others did not reveal
any impact on OSA outcomes [116—118], with even similar prevalence rates of OSA
both in patients in transplant waiting list and in those having received a kidney
transplant [ 119]. In the first context, a previous study has shown that prevalence of SDB
in kidney transplant recipients was similar to that observed in the general population,
i.e. up to 22%, while severity of SDB was associated with BMI [112]. In addition, a
recent prospective study has demonstrated an improvement in OSA severity at 6 months
post-transplantation, which correlated with reductions in fluid overload and body water.

Longitudinal studies in patients after kidney transplant showed an increase in OSA



severity over time, underscoring that increases in body weight can cancel the any
beneficial effects of kidney transplant on the SDB evolution in this specific

population[115,118].

In summary, alternative approaches such as nocturnal dialysis and intensive removal of
excess body water have shown benefit on attenuating the risk of development of OSA,
whereas more data are needed in order to firmly clarify whether OSA improves or not

in the long term after kidney transplantation.

Is treatment with PAP effective on preventing kidney function decline?

Continuous PAP (CPAP) is the optimal treatment for patients with OSA as it effectively
resolves respiratory events by keeping the airway patent during sleep [1]. Currently,
there is a growing interest on whether CPAP exerts protective effects on the evolution
of kidney function decline [120,121]. So far, studies (retrospective and prospective
observational or RCTs), assessing either the rate of eGFR decline or the degree of
albuminuria, were divided into those including patients with established CKD or
individuals without preexisting kidney disease [7]. In a recent study, using longitudinal
data from the ESADA cohort over an average follow-up of 541 days [122], treatment
with fixed CPAP attenuated the annual rate of eGFR decline over auto-adjusting CPAP
or no treatment in patients with OSA (n=1807), underlining that fixed CPAP attenuated
the progressive reduction of eGFR over time. The latter finding could derive from a
more effective blunting of sympathetic nervous system hyperactivity during sleep by
fixed CPAP, which could counteract endothelial dysfunction [123-125], a distinct
characteristic which is highly relevant in hypertensive OSA-related kidney damage

[51]. In the same context, in a retrospective cohort study assessing 40 OSA patients,



application of fixed CPAP protected from eGFR decline after 3 years compared with
other PAP modalities [103]. Nevertheless, the protective effect of CPAP did not remain
significant after 8 years [103]. A RCT to answer the question on possible differences in

the effects of fixed or automatic CPAP on sympathetic activity is under way [126].

Adherence to CPAP treatment is another issue to consider when assessing the kidney
function in OSA patients. Specifically, in a retrospective study including CKD patients
with stages 3 to 5 and coexistent OSA [127], OSA patients with CPAP use of more than
4h per night showed a slower eGFR decline than patients with CPAP use less or equal
to 4h per night [127]. Moreover, influence of CPAP on renal function was reported in
three experimental studies including OSA patients without previous CKD. In the earlier
study [128], investigators measured direct parameters of glomerular function, such as
the glomerular filtration, the renal plasma flow and the filtration function in OSA
patients with normal or high glomerular filtration rate before and after short term
application of CPAP. They found that untreated OSA patients demonstrated a
“glomerular hyperfiltration state” at baseline, which was improved after effective
treatment with CPAP for one week [128]. Similarly, in a recent study enrolling OSA
patients without diabetes, systemic hypertension or CKD, treatment with CPAP blunted
the enhanced pre-treatment activity of renal RAS and improved parameters of
glomerular filtration [68]. In the last experimental study enrolling otherwise healthy
OSA patients, one month of CPAP treatment resulted in enhanced renal hemodynamics
and improved response to angiotensin Il in women but not in men, indicating that in
women CPAP preferentially downregulated renal RAS activity [129]. On the contrary,
in the only RCT published so far [130], enrolled patients with moderate and severe
OSA and pre-existing CVD were allocated to CPAP plus standard therapy or to usual

care only. The study failed to show any significant effect of CPAP on the rate of eGFR



decline compared with the usual care group after a median follow-up of 4.4 years.
Nevertheless, the study had several limitations, as it was underpowered to detect
differences in eGFR, the average CPAP use was low, while enrolled subjects were on
maximum reno-protective treatment medications and their baseline characteristics were
of normal kidney function, leaving little place to any potential beneficial effect of
CPAP. Most of the studies evaluating the role of CPAP on albuminuria have reported
beneficial effects of CPAP on urinary albumin excretion [131,132], especially when
patients had good CPAP compliance [133—135]. Finally, the results from a pilot RCT
[136], including patients with CKD stages 3 and 4 and concomitant severe OSA
randomized to receive CPAP and usual care versus usual care only, showed no benefits
of CPAP over the group of standard care in the change in eGFR and albuminuria after
12 months of follow-up. Of note, a trend towards slower eGFR change was observed
only in those patients with a lower risk of CKD progression [136]. In summary, the
existing data report some benefit of CPAP on the rate of kidney function decline .with
observational studies highlighting the role of CPAP in terms of either eGFR or
albuminuria, whereas the results from the only RCT [130] and a recent meta-analysis

[137] did not corroborate these findings.

Is there any degree of latent kidney disease in OSA patients?

Strategies to improve screening of CKD in OSA patients are the object of an ongoing
interest and several biomarkers have been proposed towards this approach [138].
Among them, Cystatin C, a novel marker of renal function, currently provides the best
evidence. Cystatin C—based GFR equations outperform creatinine-based formulas in

obese CKD patients [139], while Cystatin C levels may also predict the risk of CKD



development, CVD and death [140]. In a cross-sectional study, involving newly
diagnosed OSA patients without other comorbidities and apparently normal renal
function, serum Cystatin C levels were increased in OSA patients compared with
controls, suggesting latent kidney dysfunction [141]. Similar findings were reported in
another study which showed that individuals with severe OSA had the highest levels of
serum Cystatin C levels compared with controls and mild and moderate OSA [142].
Other studies [143,144] have included OSA patients who had comorbid conditions such
as diabetes and hypertension, that might have influenced Cystatin C levels regardless
of OSA. Another biomarker is neutrophil gelatinase-associated lipocalin (NGAL),
which is considered to reliably estimate renal function independently of GFR changes
and a potential biomarker of both acute kidney injury and CKD [145]. In a recent study
enrolling otherwise healthy OSA patients who underwent measurements of serum
NGAL and Cystatin C, both kidney biomarkers were elevated in OSA patients
compared to controls, suggesting a latent degree of declined kidney function [138].
Likewise, in a prospective study involving newly diagnosed patients with OSA [146],
several markers of acute kidney injury (i.e., IL-18, Cystatin C and NGAL) correlated
with the AHI, while after 6 months on treatment with CPAP, IL-18 levels and
albuminuria significantly decreased. Other biomarkers have been assessed in OSA and
showed correlations with kidney injury but they need to be evaluated in larger studies

[147].

Research priorities in future studies and the need for collaboration between sleep

and renal scientific societies. A call to action



An increasing body of evidence is currently suggestive of mutual associations between
OSA and CKD/ESRD. On the one hand, clinicians should screen for coexistent OSA
in CKD and ESRD patients due to its high prevalence in this patient population, while
on the other hand assessment of kidney function to all patients with OSA could not be
currently suggested. Nevertheless, a proportion of OSA subjects with severe nocturnal
hypoxemia and/or presence of cardiometabolic comorbidities seem to be more affected
by faster loss of kidney function. Additionally, gender differences may impact
differently on CKD outcomes, with most of the studies exeeptfor-one{37}; showing
that men present more rapid loss of kidney function than women, whereas women may
show better response with CPAP therapy on renal hemodynamics than men. These OSA
phenotypes deserve closer monitoring of kidney function and adequate control of both
OSA and its related comorbidities. Moreover, influence of OSA and ESRD treatment
on the occurrence of the other disease is another field of research with promising results
so far. Specifically, intensification of dialysis treatment or initiation of alternative
approaches (e.g., nocturnal sessions) has proven useful in reversing apneas and
reducing the severity of OSA, while the application of fixed and not auto-titrating
CPAP might slow the rate of eGFR decline. Importantly, some research points need to
be addressed with special attention in future studies. First and foremost, CKD and OSA
and their associated endpoints should follow homogeneous definitions across studies.
Secondly, there should be more appropriate selection of patients, and CKD patients
should be enrolled at milder stages 1 to 3, to clarify the role of OSA on the evolution
of kidney function at reversible levels. Additionally, there is an increasing need for
easily applied biomarkers that would aid in identification of OSA patients who are
exposed at higher risk for poorer kidney function. Moreover, it is rather impossible to

objectively assess all CKD patients for coexistent OSA, and thus future research should



also focus on selecting the most sensitive tests for screening purposes in everyday
practice. Ultimately, some characteristics of OSA patients (female gender, severe
nocturnal hypoxia, cardiometabolic comorbidities etc.) should be taken into

consideration when assessing the effect of CPAP treatment on CKD outcomes.

In conclusion, the need for collaboration between sleep and renal societies is more and
more growing, as this action would lead to a better understanding of the interaction

between OSA and CKD and be translated into improved patients’ outcomes.



References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]
(11]
[12]

(13]

(14]

[15]

(16]

(17]

Veasey SC, Rosen IM. Obstructive Sleep Apnea in Adults. N Engl J Med 2019;380:1442—
9. https://doi.org/10.1056/NEJMcp1816152.

Gottlieb DJ, Punjabi NM. Diagnosis and Management of Obstructive Sleep Apnea: A
Review. JAMA 2020;323:1389-400. https://doi.org/10.1001/jama.2020.3514.
Voulgaris A, Archontogeorgis K, Steiropoulos P, Papanas N. Cardiovascular disease in
patients with chronic obstructive pulmonary disease, obstructive sleep apnoea
syndrome and overlap syndrome. Curr Vasc Pharmacol 2020.
https://doi.org/10.2174/1570161118666200318103553.

Bonsignore MR, Baiamonte P, Mazzuca E, Castrogiovanni A, Marrone O. Obstructive
sleep apnea and comorbidities: a dangerous liaison. Multidiscip Respir Med 2019;14:8.
https://doi.org/10.1186/s40248-019-0172-9.

Voulgaris A, Nena E, Steiropoulos P. Comment on: Comorbidities in coexisting chronic
obstructive pulmonary disease and obstructive sleep apnea - overlap syndrome. Eur
Rev Med Pharmacol Sci 2018;22:6171-2.
https://doi.org/10.26355/eurrev_201810_16020.

Voulgaris A, Archontogeorgis K, Papanas N, Pilitsi E, Nena E, Xanthoudaki M, et al.
Increased risk for cardiovascular disease in patients with obstructive sleep apnoea
syndrome-chronic obstructive pulmonary disease (overlap syndrome). Clin Respir J
2019;13:708-15. https://doi.org/10.1111/crj.13078.

Voulgaris A, Marrone O, Bonsignore MR, Steiropoulos P. Chronic kidney disease in
patients with obstructive sleep apnea. A narrative review. Sleep Med Rev 2019;47:74—
89. https://doi.org/10.1016/j.smrv.2019.07.001.

Peppard PE, Young T, Barnet JH, Palta M, Hagen EW, Hla KM. Increased prevalence of
sleep-disordered breathing in adults. Am J Epidemiol 2013;177:1006-14.
https://doi.org/10.1093/aje/kws342.

Hill NR, Fatoba ST, Oke JL, Hirst JA, O’Callaghan CA, Lasserson DS, et al. Global
Prevalence of Chronic Kidney Disease — A Systematic Review and Meta-Analysis. PLoS
One 2016;11. https://doi.org/10.1371/journal.pone.0158765.

Levey AS, Coresh J. Chronic kidney disease. Lancet 2012;379:165-80.
https://doi.org/10.1016/50140-6736(11)60178-5.

Hanly PJ. Consider the Kidney when Managing Obstructive Sleep Apnea. J Clin Sleep
Med 2015;11:845-6. https://doi.org/10.5664/jcsm.4928.

Millman RP, Kimmel PL, Shore ET, Wasserstein AG. Sleep apnea in hemodialysis
patients: the lack of testosterone effect on its pathogenesis. Nephron 1985;40:407-10.
Hansrivijit P, Puthenpura MM, Ghahramani N, Thongprayoon C, Cheungpasitporn W.
Bidirectional association between chronic kidney disease and sleep apnea: a
systematic review and meta-analysis. Int Urol Nephrol 2020.
https://doi.org/10.1007/s11255-020-02699-1.

Marrone O, Bonsignore MR. Sleep Apnea and the Kidney. Curr Sleep Medicine Rep
2020;6:85-93. https://doi.org/10.1007/s40675-020-00176-w.

Hanly PJ, Pierratos A. Improvement of sleep apnea in patients with chronic renal failure
who undergo nocturnal hemodialysis. N Engl J Med 2001;344:102-7.
https://doi.org/10.1056/NEJM200101113440204.

Beecroft JM, Hoffstein V, Pierratos A, Chan CT, McFarlane P, Hanly PJ. Nocturnal
haemodialysis increases pharyngeal size in patients with sleep apnoea and end-stage
renal disease. Nephrol Dial Transplant 2008;23:673-9.
https://doi.org/10.1093/ndt/gfm598.

Tang SCW, Lam B, Ku PP, Leung WS, Chu CM, Ho YW, et al. Alleviation of sleep apnea in
patients with chronic renal failure by nocturnal cycler-assisted peritoneal dialysis



(18]

(19]

(20]

[21]

[22]

(23]

[24]

[25]

(26]

(27]

(28]

[29]
(30]

(31]

(32]

compared with conventional continuous ambulatory peritoneal dialysis. J Am Soc
Nephrol 2006;17:2607-16. https://doi.org/10.1681/ASN.2005090936.

Tang SCW, Lam B, Lai ASH, Pang CBY, Tso WK, Khong PL, et al. Improvement in sleep
apnea during nocturnal peritoneal dialysis is associated with reduced airway
congestion and better uremic clearance. Clin J Am Soc Nephrol 2009;4:410-8.
https://doi.org/10.2215/CJN.03520708.

Nicholl DDM, Ahmed SB, Loewen AHS, Hemmelgarn BR, Sola DY, Beecroft JM, et al.
Declining kidney function increases the prevalence of sleep apnea and nocturnal
hypoxia. Chest 2012;141:1422-30. https://doi.org/10.1378/chest.11-1809.

Sakaguchi Y, Shoji T, Kawabata H, Niihata K, Suzuki A, Kaneko T, et al. High prevalence
of obstructive sleep apnea and its association with renal function among nondialysis
chronic kidney disease patients in Japan: a cross-sectional study. Clin J Am Soc Nephrol
2011;6:995-1000. https://doi.org/10.2215/CIN.08670910.

Canales MT, Bozorgmehri S, Ishani A, Weiner ID, Berry R, Beyth R. Prevalence and
correlates of sleep apnea among US Veterans with chronic kidney disease. J Sleep Res
2020;29:€12981. https://doi.org/10.1111/jsr.12981.

Shanmugam GV, Abraham G, Mathew M, llangovan V, Mohapatra M, Singh T.
Obstructive sleep apnea in non-dialysis chronic kidney disease patients. Ren Fail
2015;37:214-8. https://doi.org/10.3109/0886022X.2014.979730.

Hasegawa D, Tanaka A, Inaguma D, Ito E, Kamegai N, Kato A, et al. Association between
Plagque Score of the Carotid Artery and the Severity of Sleep Apnea Syndrome in
Patients with Chronic Kidney Disease. Cardiorenal Med 2016;6:159-68.
https://doi.org/10.1159/000443748.

Fernandes JFR, Barreto Silva MI, Loivos CP, Menna Barreto APM, Meira V da S, Kaiser
SE, et al. Obstructive sleep apnea in non-dialyzed chronic kidney disease patients:
Association with body adiposity and sarcopenia. Nutrition 2019;57:282-9.
https://doi.org/10.1016/j.nut.2018.04.013.

Sivalingam M, Chakravorty |, Mouatt S, Farrington K. Obstructive sleep apnea in
incremental hemodialysis: determinants, consequences, and impact on survival.
Hemodial Int 2013;17:230-9. https://doi.org/10.1111/j.1542-4758.2012.00729.x.
Losso RLM, Minhoto GR, Riella MC. Sleep disorders in patients with end-stage renal
disease undergoing dialysis: comparison between hemodialysis, continuous
ambulatory peritoneal dialysis and automated peritoneal dialysis. Int Urol Nephrol
2015;47:369-75. https://doi.org/10.1007/s11255-014-0860-5.

Inami T, Lyons OD, Perger E, Yadollahi A, Floras JS, Chan CT, et al. Effect of
Ultrafiltration on Sleep Apnea and Cardiac Function in End-Stage Renal Disease. AmJ
Nephrol 2020;51:139-46. https://doi.org/10.1159/000505445.

Jhamb M, Ran X, Abdalla H, Roumelioti M-E, Hou S, Davis H, et al. Association of Sleep
Apnea with Mortality in Patients with Advanced Kidney Disease. Clin J Am Soc Nephrol
2020;15:182-90. https://doi.org/10.2215/CIN.07880719.

Kimmel PL, Miller G, Mendelson WB. Sleep apnea syndrome in chronic renal disease.
Am J Med 1989;86:308-14. https://doi.org/10.1016/0002-9343(89)90301-x.

Wadhwa NK, Mendelson WB. A comparison of sleep-disordered respiration in ESRD
patients receiving hemodialysis and peritoneal dialysis. Adv Perit Dial 1992;8:195-8.
Lee Y-C, Hung S-Y, Wang H-K, Lin C-W, Wang H-H, Chang M-Y, et al. Male Patients on
Peritoneal Dialysis Have a Higher Risk of Sleep Apnea. J Clin Sleep Med 2019;15:937-
45, https://doi.org/10.5664/jcsm.7866.

Fleischmann G, Fillafer G, Matterer H, Skrabal F, Kotanko P. Prevalence of chronic
kidney disease in patients with suspected sleep apnoea. Nephrol Dial Transplant
2010;25:181-6. https://doi.org/10.1093/ndt/gfp403.



[33] Chang C-P, Li T-C, Hang L-W, Liang S-J, Lin J-J, Chou C-Y, et al. The relationships of sleep
apnea, hypertension, and resistant hypertension on chronic kidney disease. Medicine
(Baltimore) 2016;95:e3859. https://doi.org/10.1097/MD.0000000000003859.

[34] Yayan J, Rasche K, Vlachou A. Obstructive Sleep Apnea and Chronic Kidney Disease.
Adv Exp Med Biol 2017;1022:11-8. https://doi.org/10.1007/5584 2017_35.

[35] Kanbay A, Buyukoglan H, Ozdogan N, Kaya E, Oymak FS, Gulmez |, et al. Obstructive
sleep apnea syndrome is related to the progression of chronic kidney disease. Int Urol
Nephrol 2012;44:535-9. https://doi.org/10.1007/s11255-011-9927-8.

[36] Marrone O, Battaglia S, Steiropoulos P, Basoglu OK, Kvamme JA, Ryan S, et al. Chronic
kidney disease in European patients with obstructive sleep apnea: the ESADA cohort
study. J Sleep Res 2016;25:739-45. https://doi.org/10.1111/jsr.12426.

[38] Jackson CL, Umesi C, Gaston SA, Azarbarzin A, Lunyera J, McGrath JA, et al. Multiple,
objectively measured sleep dimensions including hypoxic burden and chronic kidney
disease: findings from the Multi-Ethnic Study of Atherosclerosis. Thorax 2020.
https://doi.org/10.1136/thoraxjnl-2020-214713.

[39] Ahmed SB, Ronksley PE, Hemmelgarn BR, Tsai WH, Manns BJ, Tonelli M, et al.
Nocturnal Hypoxia and Loss of Kidney Function. PLoS One 2011;6.
https://doi.org/10.1371/journal.pone.0019029.

[40] Ogna A, Forni Ogna V, Haba Rubio J, Tobback N, Andries D, Preisig M, et al. Sleep
Characteristics in Early Stages of Chronic Kidney Disease in the Hypnolaus Cohort.
Sleep 2016;39:945-53. https://doi.org/10.5665/sleep.5660.

[41] Canales MT, Hagen EW, Barnet JH, Peppard PE, Derose SF. Sleep Apnea and Kidney
Function Trajectory: Results from a 20-year Longitudinal Study of Healthy Middle-Aged
Adults. Sleep 2017. https://doi.org/10.1093/sleep/zsx181.

[42] Canales MT, Lui L-Y, Taylor BC, Ishani A, Mehra R, Stone KL, et al. Renal function and
sleep-disordered breathing in older men. Nephrol Dial Transplant 2008;23:3908-14.
https://doi.org/10.1093/ndt/gfn364.

[43] Canales MT, Taylor BC, Ishani A, Mehra R, Steffes M, Stone KL, et al. Reduced renal
function and sleep-disordered breathing in community-dwelling elderly men. Sleep
Med 2008;9:637-45.

[44] Adams RJ, Appleton SL, Vakulin A, Hanly PJ, McDonald SP, Martin SA, et al. Chronic
Kidney Disease and Sleep Apnea Association of Kidney Disease With Obstructive Sleep
Apnea in a Population Study of Men. Sleep 2017;40.
https://doi.org/10.1093/sleep/zsw015.

[45] Molnar MZ, Mucsi |, Novak M, Szabo Z, Freire AX, Huch KM, et al. Association of
incident obstructive sleep apnoea with outcomes in a large cohort of US veterans.
Thorax 2015;70:888-95. https://doi.org/10.1136/thoraxjnl-2015-206970.

[46] Chu H, Shih C-J, Ou S-M, Chou K-T, Lo Y-H, Chen Y-T. Association of sleep apnoea with
chronic kidney disease in a large cohort from Taiwan. Respirology 2016;21:754—60.
https://doi.org/10.1111/resp.12739.

[47] Jaussent |, Cristol J-P, Stengel B, Ancelin M-L, Dupuy A-M, Besset A, et al. Impact of
sleep disturbances on kidney function decline in the elderly. Eur Respir J 2016;47:860—
8. https://doi.org/10.1183/13993003.01147-2015.

[48] Lee Y-C, Hung S-Y, Wang H-K, Lin C-W, Wang H-H, Chen S-W, et al. Sleep apnea and the
risk of chronic kidney disease: a nationwide population-based cohort study. Sleep
2015;38:213-21. https://doi.org/10.5665/sleep.4400.

[49] Lin Y-S, Liu P-H, Lin S-W, Chuang L-P, Ho W-J, Chou Y-T, et al. Simple obstructive sleep
apnea patients without hypertension or diabetes accelerate kidney dysfunction: a



(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

[61]

(62]

(63]

[64]

population follow-up cohort study from Taiwan. Sleep Breath 2017;21:85-91.
https://doi.org/10.1007/s11325-016-1376-2.

Full KM, Jackson CL, Rebholz CM, Matsushita K, Lutsey PL. Obstructive Sleep Apnea,
Other Sleep Characteristics, and Risk of CKD in the Atherosclerosis Risk in Communities
Sleep Heart Health Study. J Am Soc Nephrol 2020;31:1859-69.
https://doi.org/10.1681/ASN.2020010024.

Tsioufis C, Thomopoulos C, Dimitriadis K, Amfilochiou A, Tsiachris D, Selima M, et al.
Association of obstructive sleep apnea with urinary albumin excretion in essential
hypertension: a cross-sectional study. Am J Kidney Dis 2008;52:285-93.
https://doi.org/10.1053/j.ajkd.2008.05.001.

Tahrani AA, Ali A, Raymond NT, Begum S, Dubb K, Altaf Q-A, et al. Obstructive sleep
apnea and diabetic nephropathy: a cohort study. Diabetes Care 2013;36:3718-25.
https://doi.org/10.2337/dc13-0450.

Lee Y-J, Jang HR, Huh W, Kim Y-G, Kim DJ, Oh HY, et al. Independent Contributions of
Obstructive Sleep Apnea and the Metabolic Syndrome to the Risk of Chronic Kidney
Disease. J Clin Sleep Med 2017;13:1145-52. https://doi.org/10.5664/jcsm.6758.
Beecroft J, Duffin J, Pierratos A, Chan CT, McFarlane P, Hanly PJ. Enhanced chemo-
responsiveness in patients with sleep apnoea and end-stage renal disease. Eur Respir J
2006;28:151-8. https://doi.org/10.1183/09031936.06.00075405.

Dempsey JA, Smith CA, Przybylowski T, Chenuel B, Xie A, Nakayama H, et al. The
ventilatory responsiveness to CO2 below eupnoea as a determinant of ventilatory
stability in sleep. J Physiol 2004;560:1-11.
https://doi.org/10.1113/jphysiol.2004.072371.

Eckert DJ. Phenotypic approaches to obstructive sleep apnoea - New pathways for
targeted therapy. Sleep Med Rev 2018;37:45-59.
https://doi.org/10.1016/j.smrv.2016.12.003.

Beecroft JM, Hoffstein V, Pierratos A, Chan CT, McFarlane PA, Hanly PJ. Pharyngeal
narrowing in end-stage renal disease: implications for obstructive sleep apnoea. Eur
Respir J 2007;30:965-71. https://doi.org/10.1183/09031936.00161906.

Elias RM, Bradley TD, Kasai T, Motwani SS, Chan CT. Rostral overnight fluid shift in end-
stage renal disease: relationship with obstructive sleep apnea. Nephrol Dial Transplant
2012;27:1569-73. https://doi.org/10.1093/ndt/gfr605.

Elias RM, Chan CT, Paul N, Motwani SS, Kasai T, Gabriel JM, et al. Relationship of
pharyngeal water content and jugular volume with severity of obstructive sleep apnea
in renal failure. Nephrol Dial Transplant 2013;28:937-44.
https://doi.org/10.1093/ndt/gfs473.

Lyons OD, Inami T, Perger E, Yadollahi A, Chan CT, Bradley TD. The effect of fluid
overload on sleep apnoea severity in haemodialysis patients. Eur Respir J 2017;49.
https://doi.org/10.1183/13993003.01789-2016.

Kimoff RJ, Sforza E, Champagne V, Ofiara L, Gendron D. Upper airway sensation in
snoring and obstructive sleep apnea. Am J Respir Crit Care Med 2001;164:250-5.
https://doi.org/10.1164/ajrccm.164.2.2010012.

Boyd JH, Petrof BJ, Hamid Q, Fraser R, Kimoff RJ. Upper airway muscle inflammation
and denervation changes in obstructive sleep apnea. Am J Respir Crit Care Med
2004;170:541-6. https://doi.org/10.1164/rccm.200308-11000C.

Fine LG, Norman JT. Chronic hypoxia as a mechanism of progression of chronic kidney
diseases: from hypothesis to novel therapeutics. Kidney Int 2008;74:867-72.
https://doi.org/10.1038/ki.2008.350.

Sakaguchi Y, Hatta T, Hayashi T, Shoji T, Suzuki A, Tomida K, et al. Association of
nocturnal hypoxemia with progression of CKD. Clin J Am Soc Nephrol 2013;8:1502-7.
https://doi.org/10.2215/CJN.11931112.



[65]

(66]

(67]

(68]

(69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

Abuyassin B, Badran M, Ayas NT, Laher |. Intermittent hypoxia causes histological
kidney damage and increases growth factor expression in a mouse model of
obstructive sleep apnea. PLoS One 2018;13:e0192084.
https://doi.org/10.1371/journal.pone.0192084.

AlMarabeh S, O’Neill J, Cavers J, Lucking EF, O’Halloran KD, Abdulla MH. Chronic
intermittent hypoxia impairs diuretic and natriuretic responses to volume expansion in
rats with preserved low-pressure baroreflex control of the kidney. Am J Physiol Renal
Physiol 2021;320:F1-16. https://doi.org/10.1152/ajprenal.00377.2020.

Zalucky AA, Nicholl DDM, Hanly PJ, Poulin MJ, Turin TC, Walji S, et al. Nocturnal
hypoxemia severity and renin-angiotensin system activity in obstructive sleep apnea.
Am J Respir Crit Care Med 2015;192:873-80. https://doi.org/10.1164/rccm.201502-
03830C.

Nicholl DDM, Hanly PJ, Poulin MJ, Handley GB, Hemmelgarn BR, Sola DY, et al.
Evaluation of continuous positive airway pressure therapy on renin-angiotensin system
activity in obstructive sleep apnea. Am J Respir Crit Care Med 2014;190:572-80.
https://doi.org/10.1164/rccm.201403-05260C.

Carlson JT, Hedner J, Elam M, Ejnell H, Sellgren J, Wallin BG. Augmented resting
sympathetic activity in awake patients with obstructive sleep apnea. Chest
1993;103:1763-8.

Goya TT, Silva RF, Guerra RS, Lima MF, Barbosa ERF, Cunha PJ, et al. Increased Muscle
Sympathetic Nerve Activity and Impaired Executive Performance Capacity in
Obstructive Sleep Apnea. Sleep 2016;39:25-33. https://doi.org/10.5665/sleep.5310.
Bruno RM, Rossi L, Fabbrini M, Duranti E, Di Coscio E, Maestri M, et al. Renal
vasodilating capacity and endothelial function are impaired in patients with obstructive
sleep apnea syndrome and no traditional cardiovascular risk factors. J Hypertens
2013;31:1456-64; discussion 1464. https://doi.org/10.1097/HJH.0b013e328360f773.
Somers VK, Dyken ME, Clary MP, Abboud FM. Sympathetic neural mechanisms in
obstructive sleep apnea. J Clin Invest 1995;96:1897-904.
https://doi.org/10.1172/JCI118235.

Minemura H, Akashiba T, Yamamoto H, Akahoshi T, Kosaka N, Horie T. Acute effects of
nasal continuous positive airway pressure on 24-hour blood pressure and
catecholamines in patients with obstructive sleep apnea. Intern Med 1998;37:1009—
13. https://doi.org/10.2169/internalmedicine.37.1009.

Sardo L, Palange P, Di Mario F, Barbano B, Gigante A, Mordenti M, et al. Intrarenal
hemodynamic and oxidative stress in patients with obstructive sleep apnea syndrome.
Sleep Breath 2015;19:1205-12. https://doi.org/10.1007/s11325-015-1140-z.

Prejbisz A, Florczak E, Pregowska-Chwata B, Klisiewicz A, Kusmierczyk-Droszcz B,
Zielinski T, et al. Relationship between obstructive sleep apnea and markers of
cardiovascular alterations in never-treated hypertensive patients. Hypertens Res
2014;37:573-9. https://doi.org/10.1038/hr.2014.43.

Nishimura A, Kasai T, Kikuno S, Nagasawa K, Okubo M, Narui K, et al. Effect of Sleep-
Disordered Breathing on Albuminuria in 273 Patients With Type 2 Diabetes. J Clin
Sleep Med 2018;14:401-7. https://doi.org/10.5664/jcsm.6986.

Zamarron E, Jaureguizar A, Garcia-Sanchez A, Diaz-Cambriles T, Alonso-Fernandez A,
Lores V, et al. Obstructive sleep apnea is associated with impaired renal function in
patients with diabetic kidney disease. Sci Rep 2021;11:5675.
https://doi.org/10.1038/s41598-021-85023-w.

Perticone M, Maio R, Scarpino PE, Mancuso L, Volpentesta M, Caroleo B, et al.
Continuous Positive Airway Pressure Improves Renal Function in Obese Patients With
Obstructive Sleep Apnea Syndrome. Front Med (Lausanne) 2021;8:642086.
https://doi.org/10.3389/fmed.2021.642086.



[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

(93]

[94]

Hui M, Li Y, Ye J, Zhuang Z, Wang W. Obstructive sleep apnea-hypopnea syndrome
(OSAHS) comorbid with diabetes rather than OSAHS alone serves an independent risk
factor for chronic kidney disease (CKD). Ann Palliat Med 2020;9:858-69.
https://doi.org/10.21037/apm.2020.03.21.

Nishimura A, Kasai T, Matsumura K, Kikuno S, Nagasawa K, Okubo M, et al. Obstructive
sleep apnea during rapid eye movement sleep in patients with diabetic kidney disease.
J Clin Sleep Med 2020. https://doi.org/10.5664/jcsm.8924.

Varga AW, Mokhlesi B. REM obstructive sleep apnea: risk for adverse health outcomes
and novel treatments. Sleep Breath 2019;23:413-23. https://doi.org/10.1007/s11325-
018-1727-2.

Chami HA, Gottlieb DJ, Redline S, Punjabi NM. Association between Glucose
Metabolism and Sleep-disordered Breathing during REM Sleep. Am J Respir Crit Care
Med 2015;192:1118-26. https://doi.org/10.1164/rccm.201501-00460C.

Mokhlesi B, Finn LA, Hagen EW, Young T, Hla KM, Van Cauter E, et al. Obstructive sleep
apnea during REM sleep and hypertension. results of the Wisconsin Sleep Cohort. Am J
Respir Crit Care Med 2014;190:1158-67. https://doi.org/10.1164/rccm.201406-
11360C.

Beecroft JM, Pierratos A, Hanly PJ. Clinical presentation of obstructive sleep apnea in
patients with end-stage renal disease. J Clin Sleep Med 2009;5:115-21.

Nicholl DDM, Ahmed SB, Loewen AHS, Hemmelgarn BR, Sola DY, Beecroft JM, et al.
Clinical presentation of obstructive sleep apnea in patients with chronic kidney
disease. J Clin Sleep Med 2012;8:381-7. https://doi.org/10.5664/jcsm.2028.

Hanly PJ, Gabor JY, Chan C, Pierratos A. Daytime sleepiness in patients with CRF:
impact of nocturnal hemodialysis. Am J Kidney Dis 2003;41:403-10.
https://doi.org/10.1053/ajkd.2003.50066.

Roumelioti M-E, Buysse DJ, Sanders MH, Strollo P, Newman AB, Unruh ML. Sleep-
disordered breathing and excessive daytime sleepiness in chronic kidney disease and
hemaodialysis. Clin J Am Soc Nephrol 2011;6:986—94.
https://doi.org/10.2215/CJN.05720710.

Arzt M, Young T, Peppard PE, Finn L, Ryan CM, Bayley M, et al. Dissociation of
obstructive sleep apnea from hypersomnolence and obesity in patients with stroke.
Stroke 2010;41:€129-134. https://doi.org/10.1161/STROKEAHA.109.566463.

Arzt M, Young T, Finn L, Skatrud JB, Ryan CM, Newton GE, et al. Sleepiness and sleep in
patients with both systolic heart failure and obstructive sleep apnea. Arch Intern Med
2006;166:1716—22. https://doi.org/10.1001/archinte.166.16.1716.

Drager LF, Genta PR, Pedrosa RP, Nerbass FB, Gonzaga CC, Krieger EM, et al.
Characteristics and predictors of obstructive sleep apnea in patients with systemic
hypertension. Am J Cardiol 2010;105:1135-9.
https://doi.org/10.1016/j.amjcard.2009.12.017.

Artom M, Moss-Morris R, Caskey F, Chilcot J. Fatigue in advanced kidney disease.
Kidney Int 2014;86:497-505. https://doi.org/10.1038/ki.2014.86.

Nicholl DDM, Ahmed SB, Loewen AHS, Hemmelgarn BR, Sola DY, Beecroft JM, et al.
Diagnostic value of screening instruments for identifying obstructive sleep apnea in
kidney failure. J Clin Sleep Med 2013;9:31-8. https://doi.org/10.5664/jcsm.2334.
Kapur VK, Auckley DH, Chowdhuri S, Kuhlmann DC, Mehra R, Ramar K, et al. Clinical
Practice Guideline for Diagnostic Testing for Adult Obstructive Sleep Apnea: An
American Academy of Sleep Medicine Clinical Practice Guideline. J Clin Sleep Med
2017;13:479-504. https://doi.org/10.5664/jcsm.6506.

Marrone O, Cibella F, Roisman G, Sliwinski P, Joppa P, Basoglu OK, et al. Effects of sleep
apnea and kidney dysfunction on objective sleep quality in non-dialyzed patients with



chronic kidney disease: an ESADA study. J Clin Sleep Med 2020.
https://doi.org/10.5664/jcsm.8542.

[95] Tonelli M, Wiebe N, Culleton B, House A, Rabbat C, Fok M, et al. Chronic kidney disease
and mortality risk: a systematic review. ] Am Soc Nephrol 2006;17:2034-47.
https://doi.org/10.1681/ASN.2005101085.

[96] Cozzolino M, Galassi A, Pivari F, Ciceri P, Conte F. The Cardiovascular Burden in End-
Stage Renal Disease. Contrib Nephrol 2017;191:44-57.
https://doi.org/10.1159/000479250.

[97] Cozzolino M, Mangano M, Stucchi A, Ciceri P, Conte F, Galassi A. Cardiovascular disease
in dialysis patients. Nephrol Dial Transplant 2018;33:iii28-34.
https://doi.org/10.1093/ndt/gfy174.

[98] Ge X, Han F, Huang Y, Zhang Y, Yang T, Bai C, et al. Is obstructive sleep apnea
associated with cardiovascular and all-cause mortality? PLoS One 2013;8:e69432.
https://doi.org/10.1371/journal.pone.0069432.

[99] Tang SCW, Lam B, Yao TJ, Leung WS, Chu CM, Ho YW, et al. Sleep apnea is a novel risk
predictor of cardiovascular morbidity and death in patients receiving peritoneal
dialysis. Kidney Int 2010;77:1031-8. https://doi.org/10.1038/ki.2010.76.

[100] Masuda T, Murata M, Honma S, lwazu Y, Sasaki N, Ogura M, et al. Sleep-disordered
breathing predicts cardiovascular events and mortality in hemodialysis patients.
Nephrol Dial Transplant 2011;26:2289-95. https://doi.org/10.1093/ndt/gfq756.

[101] Kerns ES, Kim ED, Meoni LA, Sozio SM, Jaar BG, Estrella MM, et al. Obstructive Sleep
Apnea Increases Sudden Cardiac Death in Incident Hemodialysis Patients. Am J Nephrol
2018;48:147-56. https://doi.org/10.1159/000489963.

[102] Tuohy CV, Montez-Rath ME, Turakhia M, Chang TI, Winkelman JW, Winkelmayer WC.
Sleep disordered breathing and cardiovascular risk in older patients initiating dialysis in
the United States: a retrospective observational study using medicare data. BMC
Nephrol 2016;17:16. https://doi.org/10.1186/s12882-016-0229-3.

[103] Pochetti P, Azzolina D, Ragnoli B, Tillio PA, Cantaluppi V, Malerba M. Interrelationship
among Obstructive Sleep Apnea, Renal Function and Survival: A Cohort Study. Int J
Environ Res Public Health 2020;17. https://doi.org/10.3390/ijerph17144922.

[104] Puthenpura MM, Hansrivijit P, Ghahramani N, Thongprayoon C, Cheungpasitporn W.
Chronic kidney disease and concomitant sleep apnea are associated with increased
overall mortality: a meta-analysis. Int Urol Nephrol 2020;52:2337-43.
https://doi.org/10.1007/s11255-020-02583-y.

[105] Jarrard CP, Nagel MJ, Stray-Gundersen S, Tanaka H, Lalande S. Hypoxic preconditioning
attenuates ischemia-reperfusion injury in young healthy adults. J Appl Physiol (1985)
2021;130:846-52. https://doi.org/10.1152/japplphysiol.00772.2020.

[106] Verges S, Chacaroun S, Godin-Ribuot D, Baillieul S. Hypoxic Conditioning as a New
Therapeutic Modality. Front Pediatr 2015;3. https://doi.org/10.3389/fped.2015.00058.

[107] Shah N, Redline S, Yaggi HK, Wu R, Zhao CG, Ostfeld R, et al. Obstructive sleep apnea
and acute myocardial infarction severity: ischemic preconditioning? Sleep Breath
2013;17:819-26. https://doi.org/10.1007/s11325-012-0770-7.

[108] Beecroft JM, Duffin J, Pierratos A, Chan CT, McFarlane P, Hanly PJ. Decreased
chemosensitivity and improvement of sleep apnea by nocturnal hemodialysis. Sleep
Med 2009;10:47-54. https://doi.org/10.1016/].sleep.2007.11.017.

[109] Lyons OD, Chan CT, Yadollahi A, Bradley TD. Effect of ultrafiltration on sleep apnea and
sleep structure in patients with end-stage renal disease. Am J Respir Crit Care Med
2015;191:1287-94. https://doi.org/10.1164/rccm.201412-22880C.

[110] Beecroft JM, Zaltzman J, Prasad R, Meliton G, Hanly PJ. Impact of kidney
transplantation on sleep apnoea in patients with end-stage renal disease. Nephrol Dial
Transplant 2007;22:3028-33. https://doi.org/10.1093/ndt/gfm309.



[111] Jurado-Gamez B, Martin-Malo A, Rodriguez-Benot A, Mufioz-Cabrera L, Cosano
Povedano A, Aljama P. Kidney transplantation improves sleep-related breathing in
hemodialysis patients. Blood Purif 2008;26:485-90.
https://doi.org/10.1159/000157373.

[112] Mallamaci F, Leonardis D, Tripepi R, Parlongo G, Catalano C, Tripepi G, et al. Sleep
disordered breathing in renal transplant patients. Am J Transplant 2009;9:1373-81.
https://doi.org/10.1111/j.1600-6143.2009.02653 .x.

[113] Lee JJ, Kim GS, Kim JA, Kim S-J, Kang JG, Kim GH, et al. Improvement of sleep-related
breathing disorder in patients with end-stage renal disease after kidney
transplantation. Clin Transplant 2011;25:126-30. https://doi.org/10.1111/j.1399-
0012.2009.01174.x.

[114] Mahajan S, Gupta K, Sinha S, Malhotra A, Mahajan S. Effect of kidney transplantation
on sleep-disordered breathing in patients with End Stage Renal Disease: a
polysomnographic study. Sleep Med 2018;45:140-5.
https://doi.org/10.1016/j.sleep.2017.11.1151.

[115] Forni Ogna V, Ogna A, Haba-Rubio J, Nowak G, Venetz J-P, Golshayan D, et al. Impact of
kidney transplantation on sleep apnea severity: A prospective polysomnographic
study. Am J Transplant 2020;20:1659-67. https://doi.org/10.1111/ajt.15771.

[116] Rodrigues CJO, Marson O, Togeiro SMGP, Tufik S, Ribeiro AB, Tavares A. Sleep-
disordered breathing changes after kidney transplantation: a polysomnographic study.
Nephrol Dial Transplant 2010;25:2011-5. https://doi.org/10.1093/ndt/gfp752.

[117] Tandukar S, Hou S, Yabes J, Ran X, Fletcher M, Strollo P, et al. Does Kidney
Transplantation Affect Sleep and Fatigue in Patients With Kidney Disease? Transplant
Direct 2019;5:e461. https://doi.org/10.1097/TXD.0000000000000895.

[118] Mallamaci F, Tripepi R, D’Arrigo G, Porto G, Versace MC, Marino C, et al. Long-Term
Changes in Sleep Disordered Breathing in Renal Transplant Patients: Relevance of the
BMI. J Clin Med 2020;9. https://doi.org/10.3390/jcm9061739.

[119] Molnar MZ, Lazar AS, Lindner A, Fornadi K, Czira ME, Dunai A, et al. Sleep apnea is
associated with cardiovascular risk factors among kidney transplant patients. Clin J Am
Soc Nephrol 2010;5:125-32. https://doi.org/10.2215/CJN.04030609.

[120] Ahmed SB. Can Treatment of Obstructive Sleep Apnea with Continuous Positive Airway
Pressure Still Improve Kidney Outcomes? Am J Respir Crit Care Med 2017;196:1370-1.
https://doi.org/10.1164/rccm.201708-1591ED.

[121] Park KS, Kang EW. Is only fixed positive airway pressure a robust tool for kidney
protection in patients with obstructive sleep apnea? J Thorac Dis 2018;10:53819-23.
https://doi.org/10.21037/jtd.2018.10.91.

[122] Marrone O, Cibella F, Pépin J-L, Grote L, Verbraecken J, Saaresranta T, et al. Fixed but
not autoadjusting positive airway pressure attenuates the time-dependent decline in
glomerular filtration rate in patients with obstructive sleep apnea. Chest 2018.
https://doi.org/10.1016/j.chest.2018.04.020.

[123] Pépin L, Tamisier R, Baguet JP, Lepaulle B, Arbib F, Arnol N, et al. Fixed-pressure CPAP
versus auto-adjusting CPAP: comparison of efficacy on blood pressure in obstructive
sleep apnoea, a randomised clinical trial. Thorax 2016;71:726-33.
https://doi.org/10.1136/thoraxjnl-2015-207700.

[124] Karasulu L, Epoztiirk PO, Sokiicu SN, Dalar L, Altin S. Improving Heart rate variability in
sleep apnea patients: differences in treatment with auto-titrating positive airway
pressure (APAP) versus conventional CPAP. Lung 2010;188:315-20.
https://doi.org/10.1007/s00408-010-9237-4.

[125] Patruno V, Tobaldini E, Bianchi AM, Mendez MO, Coletti O, Costantino G, et al. Acute
effects of autoadjusting and fixed continuous positive airway pressure treatments on



cardiorespiratory coupling in obese patients with obstructive sleep apnea. Eur J Intern
Med 2014;25:164-8. https://doi.org/10.1016/j.ejim.2013.11.009.

[126] Treptow E, Pepin JL, Bailly S, Levy P, Bosc C, Destors M, et al. Reduction in sympathetic
tone in patients with obstructive sleep apnoea: is fixed CPAP more effective than
APAP? A randomised, parallel trial protocol. BMJ Open 2019;9.
https://doi.org/10.1136/bmjopen-2018-024253.

[127] Puckrin R, Igbal S, Zidulka A, Vasilevsky M, Barre P. Renoprotective effects of
continuous positive airway pressure in chronic kidney disease patients with sleep
apnea. Int Urol Nephrol 2015;47:1839-45. https://doi.org/10.1007/s11255-015-1113-
y.

[128] Kinebuchi S, Kazama JJ, Satoh M, Sakai K, Nakayama H, Yoshizawa H, et al. Short-term
use of continuous positive airway pressure ameliorates glomerular hyperfiltration in
patients with obstructive sleep apnoea syndrome. Clin Sci 2004;107:317-22.
https://doi.org/10.1042/CS20040074.

[129] Nicholl DDM, Hanly PJ, Zalucky AA, Handley GB, Sola DY, Ahmed SB. Sex differences in
renal hemodynamics and renin-angiotensin system activity post-CPAP therapy in
humans with obstructive sleep apnea. Am J Physiol Renal Physiol 2020;318:F25-34.
https://doi.org/10.1152/ajprenal.00290.2019.

[130] Loffler KA, Heeley E, Freed R, Anderson CS, Brockway B, Corbett A, et al. Effect of
Obstructive Sleep Apnea Treatment on Renal Function in Patients with Cardiovascular
Disease. Am J Respir Crit Care Med 2017;196:1456—62.
https://doi.org/10.1164/rccm.201703-06030C.

[131] Daskalopoulou EG, Liavvas C, Nakas CT, Vlachogiannis EG, Bouros D, Dombros NV.
Obstructive sleep apnoea syndrome promotes reversal albuminuria during sleep. Sleep
Breath 2011;15:589-97. https://doi.org/10.1007/s11325-010-0408-6.

[132] Yasar ZA, Ucar ZZ, Demir AU, Kirakli C, Kalenci D, Tibet G. Does CPAP therapy alter
urinary albumin level in adult patients with moderate to severe obstructive sleep
apnea syndrome? Sleep Breath 2014;18:525-32. https://doi.org/10.1007/s11325-013-
0914-4.

[133] Chen N-H, Chou Y-T, Lee P-H, Lin S-W, Chuang L-P, Lin Y-S, et al. Reversibility of
albuminuria and continuous positive airway pressure compliance in patients of
obstructive sleep apnea syndrome. Medicine (Baltimore) 2016;95.
https://doi.org/10.1097/MD.0000000000004045.

[134] Matsumoto T, Murase K, Tachikawa R, Minami T, Hamada S, Tanizawa K, et al.
Microalbuminuria in Patients with Obstructive Sleep Apnea-Chronic Obstructive
Pulmonary Disease Overlap Syndrome. Ann Am Thorac Soc 2016;13:917-25.
https://doi.org/10.1513/AnnalsATS.201510-6550C.

[135] Parmaksiz E, Torun Parmaksiz E. Reversibility of microalbuminuria with continuous
positive airway pressure treatment in obstructive sleep apnea syndrome. Int Urol
Nephrol 2020;52:1719-24. https://doi.org/10.1007/s11255-020-02519-6.

[136] Rimke AN, Ahmed SB, Turin TC, Pendharkar SR, Raneri JK, Lynch EJ, et al. Effect of CPAP
therapy on kidney function in patients with chronic kidney disease: a pilot randomized
controlled trial. Chest 2020. https://doi.org/10.1016/j.chest.2020.11.052.

[137] Chen L-D, Lin L, Ou Y-W, Wu Z, Cai Z-M, Wang T-Z, et al. Effect of positive airway
pressure on glomerular filtration rate in patients with sleep-disordered breathing: a
meta-analysis. Sleep Breath 2017;21:53-9. https://doi.org/10.1007/s11325-016-1364-
6.

[138] Voulgaris A, Archontogeorgis K, Nena E, Tsigalou C, Xanthoudaki M, Kouratzi M, et al.
Serum levels of NGAL and cystatin C as markers of early kidney dysfunction in patients
with obstructive sleep apnea syndrome. Sleep Breath 2018.
https://doi.org/10.1007/s11325-018-1677-8.



[139] Dharnidharka VR, Kwon C, Stevens G. Serum cystatin C is superior to serum creatinine
as a marker of kidney function: a meta-analysis. Am J Kidney Dis 2002;40:221-6.
https://doi.org/10.1053/ajkd.2002.34487.

[140] Shlipak MG, Katz R, Sarnak MJ, Fried LF, Newman AB, Stehman-Breen C, et al. Cystatin
C and prognosis for cardiovascular and kidney outcomes in elderly persons without
chronic kidney disease. Ann Intern Med 2006;145:237-46.
https://doi.org/10.7326/0003-4819-145-4-200608150-00003.

[141] Archontogeorgis K, Nena E, Tsigalou C, Voulgaris A, Xanthoudaki M, Froudarakis M, et
al. Cystatin C Levels in Middle-Aged Patients with Obstructive Sleep Apnea Syndrome.
Pulm Med 2016;2016. https://doi.org/10.1155/2016/8081723.

[142] Zhang X-B, Lin Q-C, Deng C-S, Chen G-P, Cai Z-M, Chen H. Elevated serum cystatin C in
severe OSA younger men without complications. Sleep Breath 2013;17:235-41.
https://doi.org/10.1007/s11325-012-0678-2.

[143] Chen Y, Li Y, Jiang Q, Xu X, Zhang X, Simayi Z, et al. Analysis of Early Kidney Injury-
Related Factors in Patients with Hypertension and Obstructive Sleep Apnea Hypopnea
Syndrome (OSAHS). Arch Iran Med 2015;18:827-33. https://doi.org/0151812/AIM.007.

[144] Kato K, Takata Y, Usui Y, Shiina K, Asano K, Hashimura Y, et al. Severe obstructive sleep
apnea increases cystatin Cin clinically latent renal dysfunction. Respir Med
2011;105:643-9. https://doi.org/10.1016/j.rmed.2010.11.024.

[145] Bolignano D, Lacquaniti A, Coppolino G, Donato V, Campo S, Fazio MR, et al. Neutrophil
gelatinase-associated lipocalin (NGAL) and progression of chronic kidney disease. Clin J
Am Soc Nephrol 2009;4:337-44. https://doi.org/10.2215/CJN.03530708.

[146] Chuang L-P, Lin S-W, Lee L-A, Chang C-H, Huang H-Y, Hu H-C, et al. Elevated Serum
Markers of Acute Kidney Injury in Patients With Obstructive Sleep Apnea. J Clin Sleep
Med 2019;15:207-13. https://doi.org/10.5664/jcsm.7618.

[147] Farghaly S, Sadek SH, Abdel-Aal AM, Mahmoud AA, Obiedallah AA, Abdulhamid SK.
Early markers of renal damage in obstructive sleep apnea syndrome (OSAS) patients
with or without diabetes mellitus. Egyptian Journal of Chest Diseases and Tuberculosis
2017;66:645-9. https://doi.org/10.1016/j.ejcdt.2017.09.004.



