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Study Objectives: Sleep-disordered breathing and nocturnal hypoxia are prevalent among patients with precapillary pulmonary hypertension (PAH). The
rationale for these associations remains unclear and these relationships have not been well studied in other forms of pulmonary hypertension (PH). We
hypothesized that severity of sleep-disordered breathing and nocturnal hypoxia are associated with worsening pulmonary hemodynamics, regardless of
hemodynamic profile.
Methods: Four hundred ninety-three patients were divided into 4 groups: 1) no PH, 2) postcapillary pulmonary hypertension, 3) PAH, and 4) mixed
PAH/postcapillary pulmonary hypertension. The relationship between right heart catheterization measurements and apnea-hypopnea index or the
percentage of sleep time spent with oxygen saturation < 90% (T90) was calculated using multiple linear regression. Analysis of variance was used for between-
group comparisons. Statistical models were adjusted for known confounders.
Results: Apnea-hypopnea index did not differ between hemodynamic subgroups (P =.27) and was not associated with right atrial pressure (.11 ± .19, P =.55),
cardiac index (.25 ± 1.64, P = .88), mean pulmonary artery pressure (−.004 ± .09, P = .97), or pulmonary artery occlusion pressure (.16 ± .14, P = .26). While
patients with PH had a higher T90 than those without (mean 24.2% vs 11.7%, P < .001), there was no difference in T90 between individual PH subgroups
(P =.70). T90 was associated with mean pulmonary artery pressure (.55 ± .10, P <.0001), PVR (1.61 ± .49, P =.001), and right atrial pressure (.50 ± .20, P =.01),
but not cardiac index (−.76 ± 1.73, P = .66), or pulmonary artery occlusion pressure (.23 ± .15, P = .13).
Conclusions: Increased PH severity was associated with longer duration of nocturnal hypoxia regardless of hemodynamic subgroup.
Keywords: pulmonary hypertension, hemodynamics, sleep apnea syndromes
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BRIEF SUMMARY
Current Knowledge/Study Rationale: Nocturnal hypoxia and sleep-disordered breathing (SDB) are known complications of precapillary pulmonary
hypertension (PH). Less is known about the pathophysiologic connections between these conditions and pulmonary hemodynamics in other types
of PH. We studied a cohort of patients with varying hemodynamic profiles to assess the relationship between nocturnal hypoxia or SDB and
pulmonary hemodynamics.
Study Impact:We found that regardless of hemodynamic profile, increasing PH severity (mean pulmonary artery pressure, right atrial pressure, pulmonary
vascular resistance) was associated with longer duration of nocturnal hypoxia. There was no association between pulmonary hemodynamics and
severity of SDB (measured by apnea-hypopnea index). Our study is the largest to evaluate these associations. The findings may assist in improving
nocturnal hypoxia screening for patients with PH.

INTRODUCTION

Pulmonary hypertension (PH) occurs when blood pressure in
the pulmonary circulation is elevated. There are 5 subgroups of
PH, distinguished by clinical and histopathologic features.
Regardless of subgroup, PH results in increased right ven-
tricular (RV) afterload, RV failure, and eventual death.1 Sleep-
disordered breathing (SDB) constitutes a group of conditions
that includes both obstructive and central breathing cessation,
each with its own distinct phenotype, pathophysiology, and
relationship to adverse health outcomes.

In patients with pulmonary arterial hypertension (PAH),
the prevalence of nocturnal hypoxia due to SDB or other causes

can be as high as 89%.2 In addition, an association between
nocturnal hypoxia and increased mortality has been demon-
strated in this population.3,4 For these reasons, SDB and as-
sociated nocturnal hypoxia have been implicated as candidate
targetable risk factors in the development of PAH and po-
tential foci for interventions to mitigate PH-related morbidity
and mortality.

Ageneral association between nocturnal hypoxia or SDBand
PAH has been established. But the unique pathophysiologic
contributions of SDB and nocturnal hypoxia toward PAH still
represent an understudied area. Some studies suggest that the
severity of SDB and nocturnal hypoxia are directly proportional
to PAH severity, whereas others do not.5–8 In addition, little is

Journal of Clinical Sleep Medicine, Vol. 16, No. 8 August 15, 20201231

https:/ /doi.org/10.5664/jcsm.8468
D

ow
nl

oa
de

d 
fr

om
 jc

sm
.a

as
m

.o
rg

 b
y 

49
.1

45
.2

34
.1

86
 o

n 
M

ar
ch

 1
7,

 2
02

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 N
o 

ot
he

r 
us

es
 w

ith
ou

t p
er

m
is

si
on

. 
C

op
yr

ig
ht

 2
02

2 
A

m
er

ic
an

 A
ca

de
m

y 
of

 S
le

ep
 M

ed
ic

in
e.

 A
ll 

ri
gh

ts
 r

es
er

ve
d.

 

https://doi.org/10.5664/jcsm.8468


known about the association of SDB or nocturnal hypoxia with
other forms of PH, namely postcapillary and mixed PH.7

We therefore chose to leverage a large clinic-based cohort to
examine the association of SDB and nocturnal hypoxia with
hemodynamic indices obtained from right heart catheterization
(RHC). We hypothesized that both RV function and severity
of PH are associated with SDB and nocturnal hypoxia severity
across all forms of PH (not just PAH). Rather than define
subgroups based upon the standard World Symposium for
Pulmonary Hypertension etiologic definitions,9 we elected to
define PH subgroups based upon the physiologic locus of PH:
precapillary PH (PAH), postcapillary pulmonary hypertension
(PVH), or overlap of both. This separation allowed us to better
elucidate the physiologic relationships between SDB and PH.

METHODS

Patient identification and study design
Adult patients > 18 years of age were included if they completed
in-laboratory polysomnography (PSG) between January 2004
and February 2017 and had an order in the electronic medical
record for RHC. Patients were excluded if the PSG was per-
formed using positive airway pressure or other treatment, if
they did not demonstrate SDB on PSG, or if the RHC was not
completedwithin24monthsof thePSG.This studywasapproved
by the institutional review board at the Cleveland Clinic.

Patients with lung disease included those with interstitial
lung disease (ILD) or chronic obstructive pulmonary disease
(COPD). ILD presence was based on ILD diagnosis in the
electronic medical record and either pulmonary function test
findings suggestive of restrictive lung disease (forced vital
capacity < 70% predicted or total lung capacity < 80% pre-
dicted) or chest computed tomography scan findings consistent
with ILD. COPD presence was based on COPD diagnosis in the
EMR and either forced expiratory volume in 1 second/forced
vital capacity ratio < 70% or documented use of COPD med-
ications at the time of RHC. Connective tissue disease diag-
noses included scleroderma, mixed connective tissue disease,
systemic lupus erythematosus, sarcoidosis, rheumatoid arthri-
tis, Sjogren’s disease, polymyalgia rheumatica, inflammatory
bowel disease, granulomatosis with polyangiitis, polyarteritis
nodosa, antiphospholipid antibody syndrome, and dermato-
myositis. These were identified by a diagnosis added by a
physician into the “medical history” tab in the electronic
medical record.

Hemodynamic evaluation
RHC was performed using Swan-Ganz catheter by a board
certified cardiologist or pulmonologist. The following param-
eters were collected: cardiac index (CI), right atrial pressure
(RAP), pulmonary vascular resistance (PVR), mean pulmonary
artery pressure (mPAP), and pulmonary artery occlusion
pressure (PAOP). Patients were divided into 4 groups: 1) no PH,
2) PVH, 3) PAH, and 4) mixed PAH/PVH. We chose to define
PH as mPAP ≥ 25 mmHg by RHC to increase the specificity of
the diagnosis. PAH was defined as mPAP ≥ 25 mmHg, pul-
monary vascular resistance (PVR) ≥ 3 wood units (WU) and

PAOP ≤ 15 mmHg. PVH was defined as mPAP ≥ 25 mmHg,
PVR< 3WU, and PAOP > 15mmHg.Mixed PHwas defined as
mPAP≥ 25mmHg, PVR≥ 3WU, PAOP>15mmHg, and either
transpulmonary gradient ≥ 12 mmHg or diastolic pulmonary
gradient ≥ 7 mmHg.10,11 Sixty-six patients had PH but did not
meet the definition of any of the 4 groups described above.
These patients were excluded from the study.

Polysomnography
Attended overnight PSG studies were performed using the
Polysmith (Nihon Kohden Corporation, Tokyo, Japan) system
following standard clinical guidelines. The recording montage
included (F3-M2, C3-M2, O1-M2, F4-M1, C4-M1, O2-M1)
bilateral electrooculography, submental and bilateral anterior
tibial electromyography, thoracic and abdominal respiratory
inductance plethysmography, and finger pulse oximetry. Nasal
airflow and nasal pressure were measured using an oronasal
thermistor and nasal cannula, respectively. Hypopnea was
defined as airflow ≥ 50% in the nasal pressure channel for ≥ 10
seconds resulting in an arousal or ≥ 3% oxygen desaturation.12

Apnea was defined as a decrease in amplitude of oronasal
thermistor signal (or alternative) by 90% for ≥ 10 seconds based
on American Academy of Sleep Medicine event definition
criteria.12 AHI was defined as the number of hypopneas and
apneas per hour of sleep. SDB was defined as an apnea-
hypopnea index (AHI) ≥ 5 events/h. Severity of nocturnal
hypoxia was assessed by recording the percentage of sleep
time spent with oxygen saturation < 90% (T90). Based on
prior literature, nocturnal hypoxia was defined as an oxygen
saturation < 90% for greater than 1% total sleep time.5

Statistical analysis
Data were summarized as mean and standard deviation for
normally distributed continuous variables. Median and inter-
quartile ranges (P25, P75) were used for nonnormally dis-
tributed continuous variables. Counts and percentages were
used for categorical variables.

Analyses of variance and Kruskal–Wallis tests were per-
formed for normally distributed and nonnormally distributed
groups, respectively, to compare AHI or T90 between the dif-
ferent hemodynamic groups.

Linear regression models were developed to examine the
association of SDB and nocturnal hypoxemia (AHI and T90,
respectively) with hemodynamic measures (RAP, CI, mPAP,
PVR, and PCWP). Multivariable linear regression models in-
cluded known confounders that were identified a priori: age,
sex, body mass index (BMI), presence of chronic kidney dis-
ease, and presence of underlying lung disease. Pearson corre-
lation coefficient was utilized to assess the relationship between
AHI andT90 (ie, the degree towhich the frequency of apnea and
hypopnea episodes are related to increased nocturnal hypoxia.)

To determine the impact that the use of PH medications or
supplemental oxygen during the sleep study might have on
these associations, we performed selected sensitivity analyses
to evaluate different scenarios. To assess the influence oxygen
therapy might have on AHI or T90, we repeated our analysis
excluding patients who used supplemental oxygen during PSG.
We also performed the analysis excluding patients whowere on

Journal of Clinical Sleep Medicine, Vol. 16, No. 8 August 15, 20201232

B Samhouri, M Venkatasaburamini, H Paz Y Mar, et al. Pulmonary hypertension and nocturnal desaturation
D

ow
nl

oa
de

d 
fr

om
 jc

sm
.a

as
m

.o
rg

 b
y 

49
.1

45
.2

34
.1

86
 o

n 
M

ar
ch

 1
7,

 2
02

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 N
o 

ot
he

r 
us

es
 w

ith
ou

t p
er

m
is

si
on

. 
C

op
yr

ig
ht

 2
02

2 
A

m
er

ic
an

 A
ca

de
m

y 
of

 S
le

ep
 M

ed
ic

in
e.

 A
ll 

ri
gh

ts
 r

es
er

ve
d.

 



PH therapy at the time of their sleep study to assess the impact
PH therapy might have on T90 or AHI. Because we could not
confirm if patients were on continuous positive airway pressure
prior to RHC, we performed a third sensitivity analysis ex-
cluding patients who received PSG prior to RHC. Finally, a
sensitivity analysis was performed using only patients who
underwent RHC within 6 months of PSG.7 All analyses were
performedby using the SAS9.4 for Linux (SAS,Cary,NC). The
level of statistical significance was set at P < .05 (2-tailed).

RESULTS

Of 2,291 patients who underwent in-laboratory PSG, 493 pa-
tients were included in the final analytic sample (Figure 1).
Median duration between PSG and RHC was 157 days (range:
49–370). The mean age was 60.7 ± 12.2 years and 47% of
patients were women. Mean BMI was 34.7 ± 8.8 kg/m2.

Hemodynamic parameters and prevalence of comorbid con-
ditions are listed in Table 1.

The prevalence of nocturnal hypoxia in the entire cohort was
74%. Mean T90 was 21.2% ± 27.1. T90 was higher among
patients with PH compared with those without (mean 24.2% vs
11.7%, P < .001) (Figure 2A). There was no difference in T90
betweenPH subgroups (P= .7) (Figure 2B). T90was associated
with PH severity (mPAP: .55 ± .10% increase in T90 per 1 mm
Hg increase inmPAP,P< .0001 [Figure 2C]; PVR: 1.61± .49%
increase in T90 per 1 WU increase in PVR, P = .001; and RAP:
.50 ± .20% increase in T90 per 1 mm Hg increase in RAP,
P = .01), but not with CI (−.76 ± 1.73% change in T90 per
1 L/min/m2 increase in CI, P = .66) or PAOP (.23 ± .15% in-
crease in T90 per 1 mmHg increase in PAOP, P = .13).

After performing sensitivity analyses, the associations be-
tween T90 and pulmonary hemodynamics persisted after ex-
cluding the 57 patients who used oxygen during PSG. When
we excluded 39 patients who were on PH therapy at the time of

Figure 1—Flow diagram demonstrating the number of patients excluded for each of the exclusion criteria.

PAH = precapillary pulmonary hypertension, PAP = positive airway pressure; PH = pulmonary hypertension, PSG = polysomnography, PVH = postcapillary
pulmonary hypertension, RHC = right heart catheterization, SDB = sleep-disordered breathing.
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PSG, the slope of regression between T90 and PAOP changed
minimally. However, this relationship became statistically
significant under these conditions (.33 ± .15% increase in T90
per 1mmHg increase inPAOP,P= .03).When194patientswho
had PSG prior to RHC were excluded, the association between
RAP and T90 was unchanged in magnitude, but was not sta-
tistically significant (.49 ± .26% increase in T90 per 1 mm Hg
increase in RAP, P = .06). No significant differences were
noted when the analysis was limited to patients who had their
PSGandRHCwithin 6months of each other. These analyses are
presented in Table S1 in the supplemental material.

ThemeanAHI for the entire cohort was 32.7 ± 27.1 events/h.
There was no statistically significant difference in AHI between
hemodynamic groups (Figure 3). Across the entire cohort, AHI
was not associated with indices of cardiac function (CI [.25 ±
1.64, P = .88], PH severity (mPAP [−.004 ± .09, P = .97], RAP
[.11 ± .19, P = .55]) or left atrial pressure (PAOP [.16 ± .14, P =
.26]). Within each hemodynamic subgroup, similar findings

were observed (Table S2). Sensitivity analyses, as described
above, were performed for AHI as well. These analyses did not
demonstrate any change from the initial analysis. (Table S1).

We assessed the correlation between AHI and T90 to de-
termine if increased T90 might simply be a function of more
severe SDB. The correlation was weak (Pearson correlation
coefficient [r] =.27, P = .0001), suggesting that these indices
may be independent of each other and may reflect distinct bi-
ological processes.

DISCUSSION

Our study is the largest we are aware of that focuses on the
association of cardiopulmonary hemodynamics with SDB and
nocturnal hypoxia. It is also unique because it offers a com-
parison of a broad array of patients with varying hemodynamic
profiles, including patients with PVH. As has been previously

Table 1—Patient demographics.

Entire Cohort Group A
(no PH)

Group B
(PVH)

Group C
(PAH)

Group D
(mixed PAH/PVH)

Number of patients 493 119 194 67 113

Patient demographics

Men, % 53.5 46.2 62.9 44.8 50.4

Age, y 60.7 ± 12.2 58.9 ± 10.8 60.2 ± 12.9 60.1 ± 13.0 63.8 ± 11.6

BMI, kg/m2 34.7 ± 8.8 33.0 ± 6.5 36.6 ± 10.2 32.7 ± 7.4 34.3 ± 8.7

Race

White, % 65.1 68.1 64.9 64.2 62.8

Black, % 28.4 24.4 27.3 32.8 31.9

Other, % 6.5 7.5 7.9 3 5.3

Comorbid conditions

LVEF% 50.1 ± 15.8 59.8 ± 5.5 45.2 ± 17.1 57.2 ± 9.9 47.7 ± 16.9

Chronic kidney disease, % 30.2 21 32.5 23.9 39.8

COPD, % 23.4 18.1 20.1 29.8 31.9

ILD, % 9.3 10.4 16.4 4.6 11.5

Connective tissue disease, % 11.4 14.3 9.3 17.9 8

RHC measurements

mPAP, mm Hg 35.0 ± 12.7 19.4 ± 3.4 34.7 ± 6.9 43.9 ± 11.0 46.8 ± 9.9

RAP, mm Hg 12.0 ± 6.3 6.6 ± 3.4 14.0 ± 5.7 10.0 ± 4.9 15.2 ± 6.6

CI, mm Hg 2.6 ± .74 2.9 ± .75 2.6 ± .78 2.4 ± .68 2.2 ± .55

PAOP, mm Hg 19.5 ± 8.6 10.9 ± 4.3 24.8 ± 6.6 11.3 ± 3.2 23.8 ± 6.5

PVR, wood units 3.25 ± 2.85 1.58 ± .81 1.8 ± .76 7.3 ± 3.5 5.31 ± 2.58

Polysomnographic findings

AHI, events/h 32.7 ± 27.1 28.3 ± 23.1 37.5 ± 30.1 23.3 ± 19.0 34.6 ± 27.8

T90, % sleep time 21.2 ± 27.1 11.7 ± 19.7 23.1 ± 28.4 26.2 ± 28.2 25.0 ± 28.8

Proportion with nocturnal hypoxia, % 75.1 59.8 77.2 81.8 83.8

Proportion on oxygen during PSG, % 11.6 8.4 7.2 29.9 11.5

PH directed therapy at PSG, % 3.1 .0 .0 7.5 9.7

Data are presented as mean ± standard deviation. AHI = apnea-hypopnea index, BMI = body mass index, CI = cardiac index, COPD = chronic obstructive
pulmonary disease, ILD = interstitial lung disease, LVEF = left ventricular ejection fraction, mPAP =mean pulmonary artery pressure, PAH = pulmonary arterial
hypertension, PAOP = pulmonary artery occlusion pressure, PSG = polysomnogram, PVH = pulmonary venous hypertension, PVR = pulmonary vascular
resistance, RAP = right atrial pressure, RHC = right heart catheterization, T90 = percentage of sleep time spent with oxygen saturation < 90%.
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shown,5,6,13 patients with PAH had a high prevalence of noc-
turnal hypoxia. We showed that similar findings exist in other
forms of PH. In addition, we demonstrated that hemodynamic
markers of PH severity are strongly associated with T90 se-
verity, but not AHI, regardless of hemodynamic subgroup.

Parameters relating to RV function were not associated with
AHI or T90.

The poor correlation between AHI and T90 suggests that
a mechanism other than SDB may be responsible for noc-
turnal hypoxia in PH patients. Several mechanisms are

Figure 2—T90, pulmonary hypertension, and pulmonary artery pressure.

(A)Mean T90 among patients with and without pulmonary hypertension. (B) T90 among pulmonary hypertension subgroups. (C)Scatterplot demonstrating the
relationship between T90 and mPAP. mPAP = mean pulmonary artery pressure, PAH = precapillary pulmonary hypertension, PH = pulmonary hypertension,
PVH = postcapillary pulmonary hypertension, T90 = percentage of sleep time spent with oxygen saturation < 90%.

Journal of Clinical Sleep Medicine, Vol. 16, No. 8 August 15, 20201235

B Samhouri, M Venkatasaburamini, H Paz Y Mar, et al. Pulmonary hypertension and nocturnal desaturation
D

ow
nl

oa
de

d 
fr

om
 jc

sm
.a

as
m

.o
rg

 b
y 

49
.1

45
.2

34
.1

86
 o

n 
M

ar
ch

 1
7,

 2
02

2.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 N
o 

ot
he

r 
us

es
 w

ith
ou

t p
er

m
is

si
on

. 
C

op
yr

ig
ht

 2
02

2 
A

m
er

ic
an

 A
ca

de
m

y 
of

 S
le

ep
 M

ed
ic

in
e.

 A
ll 

ri
gh

ts
 r

es
er

ve
d.

 



plausible and provide biologic rationale for the occurrence of
nocturnal hypoxia in PH. We believe that the most likely
explanation entails heterogeneity in ventilation/perfusion
(V/Q) relationships throughout the different regions of the
lung, with low V/Q ratio lung units existing in some areas 14,15

and high V/Q relationships in others.16 Under these circum-
stances, positional changes in blood flow distribution
during sleep may lead to increased flow through low V/Q
lung regions and subsequent hypoxia while supine. We
found that T90 was associated with markers of PH severity

Figure 3—AHI, pulmonary hypertension, and pulmonary artery pressure.

(A) Mean AHI among patients with and without pulmonary hypertension. (B) AHI among pulmonary hypertension subgroups. (C) Scatterplot demonstrating
the relationship between AHI andmPAP. AHI = apnea-hypopnea index, mPAP =mean pulmonary artery pressure, PAH = precapillary pulmonary hypertension,
PH = pulmonary hypertension, PVH = postcapillary pulmonary hypertension.
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(mPAP and PVR). When we excluded patients currently on PH
therapy, we also found that T90was associated with PAOP. These
findings support the possibility that V/Qmismatchmay be a result
ofeitherpulmonaryvascular remodeling (highV/Qrelationship)or
pulmonary edema (low V/Q relationship).

Another possible explanation includes abnormal diffusing
capacity of the lung for carbon monoxide (DLCO). In heart
failure, DLCO is commonly diminished due to pulmonary
vascular remodeling, especially in cases of chronic disease.17,18

In PAH, DLCO impairment is also common and occurs on
account of vascular remodeling as well as diminished pulmo-
nary capillary blood volume.19,20 Although severe decrements
inDLCO can lead to hypoxia during exertional activity, it is less
likely that this is the principal reason for hypoxia during sleep in
PH patients. Prior work from our institution focused upon
evaluating of differences in DLCO among patients with PAH.
In this study, there was no difference in DLCO between pa-
tients who experienced nocturnal desaturation and those who
did not.21 Therefore, we do not feel that this was the cause of
nocturnal hypoxia in our population. However, our ability to
assess the effect of DLCO on nocturnal hypoxia was limited as
many of our patients did not have recorded DLCO.

Finally, respiratory muscle weakness, which can occur in
PAH,22 may lead to shallower than normal breathing during
sleep. Although the nuances of respiratory mechanics during
sleep remain poorly described in PH, it is plausible that re-
spiratory muscle weakness could contribute to shallow respi-
ration followed by nocturnal atelectasis and shunting (and thus
hypoxia) in this population.

One might question whether there is clinical significance to
identifying nocturnal hypoxia in patients with PH. The asso-
ciation between nocturnal hypoxia and clinical outcomes has
been demonstrated across multiple diseases. In PAH, a recent
study suggested that nocturnal hypoxia is associated with in-
creased mortality.4 In patients with COPD, nocturnal hypoxia
causes increased pulmonary artery pressures and may con-
tribute to RV dysfunction.23–25 In the same population, studies
suggest that providing nocturnal oxygen therapy to patients
with COPD and nocturnal hypoxia decreased further progres-
sion of cor pulmonale.26,27 In patients with end-stage renal
disease, nocturnal hypoxia was associated with a 5-fold higher
risk of experiencing cardiovascular events than those without.28

In patients admitted to a hospital for decompensated heart
failure, nocturnal hypoxia documented prior to discharge
was an independent predictor of readmission and mortality.29

The 6th World Symposium for Pulmonary Hypertension
guidelines on pulmonary hypertension do not offer guidance
on screening or therapy for nocturnal hypoxia in patients
with PH. The broad clinical implications of nocturnal
hypoxia in disease has triggered some authors to recommend
all patients with PAH be screened for nocturnal hypoxia,
even in the absence of daytime hypoxia.21 Our data suggest
that these implicationsmay extendbeyondPAHalone and apply
to other types of PH.Although further study of the clinical effect
of nocturnal hypoxia in PH patients is warranted, our data
support the notion that patients with severe PH (of any type)
should be considered for screening for nocturnal hypoxia
irrespective of daytime oxygen saturation or symptoms. Given

the low cost, ease of use, wide availability, easy interpretation,
high interrator reliability,30 and acceptability by the Centers of
Medicare and Medicaid Services as a diagnostic tool for noc-
turnal hypoxia, we suggest using nocturnal oximetry as the
screening modality.

Our data correspond to a few other studies that suggest no
association between AHI and hemodynamic markers of
PH severity or RV function (RA pressure, mPAP, PVR,
and cardiac index).2,4,7,8 However, our findings differ from
those of 2 smaller studies; one suggesting that PH severity
(mPAP) correlates with the severity of SDB5 and the other
suggesting that CI correlates with SDB.6 We believe that a
primary reason our datamay differ from these 2 studies is that
the studies had small sample sizes (13–83 patients), which
could have limited the ability to correct for well-known fac-
tors that influence SDB severity, including sex, BMI, the
presence of chronic kidney disease, or underlying lung disease.
Similar to other studies,31,32 our study demonstrated an as-
sociation between AHI and both male sex and BMI. This
suggests that correction for these risk factors is necessary,
even in a population with PH. One of these studies6 also
allowed a significant proportion of patients to use supplemental
oxygen during a home sleep study. This fact may have altered
actual AHI values used in their analysis. To avoid similar issues
in our study, we performed a sensitivity analysis, excluding the
57 patientswho used oxygen during PSG.No relevant change in
the outcomes was identified during this analysis.

The present study has several strengths that are worth men-
tioning. First, we utilized gold standard diagnostic tests to obtain
our data (RHC for hemodynamic parameters and in-lab PSG for
SDB and nocturnal hypoxia). We also used rigorous measures to
avoid confounding, including adjustment for previously known
confounding factors, and performed multiple sensitivity analyses
to assess the impact of additional potential influences.

There are limitations, however. First, the retrospective nature
of this study prevented us from identifying the reason for PSGor
RHC in most cases and prevented collection of variables that
may have allowed further description of the study population.
The retrospective nature also is subject to confounders that we
were unable to or did not consider in our analysis.We took steps
where possible to correct for known confounders and performed
sensitivity analyses where we could not correct for poten-
tial confounding.

In our analysis, we allowed a maximum 24-month window
betweenRHCandPSG.Although this time gap has the potential
to limit associations between RHC and SDB, we also reported
the relationships using only patientswho had these testswithin a
6-month window (a time established as acceptable in other
studies).7 With the exception of the relationship between RAP
and T90, the data from this analysis were similar to our initial
analysis. Whether the absence of an association between T90
and RAP in PH patients argues against the theory of rostral fluid
shift32 is unclear but deserves further evaluation.

Finally, we chose 2 parameters, AHI and T90, as repre-
sentative measures of an otherwise complex phenomenon.
Although there are alternate parameters that couldmeasure SDB
and nocturnal hypoxia, the parameters we selected are similar to
those evaluated in the majority of studies on this topic. We
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obtained our data by merging an existing sleep database with a
cohort of patients who had undergone RHC. Because of this, we
were unable to identify some alternative measures of SDB and
nocturnal hypoxia, either because the data were not available to
us or it contained sufficient missing data that imputing values
would have been difficult.

We conclude that PH severity is associated with an in-
creased duration of nocturnal hypoxia, but not AHI, re-
gardless of type of PH. This important finding may aid
clinicians in screening and treatment for nocturnal hypoxia
among PH patients in the future. Future investigations should
focus on providing further insight into the mechanisms be-
hind nocturnal hypoxia in PH and its effect on morbidity and
mortality in PH.

ABBREVIATIONS

AHI, apnea-hypopnea index
BMI, body mass index
CI, cardiac index
COPD, chronic obstructive pulmonary disease
DLCO, diffusing capacity of the lung for carbon monoxide
ILD, interstitial lung disease
mPAP, mean pulmonary artery pressure
PAH, precapillary pulmonary arterial hypertension
PAOP, pulmonary artery occlusion pressure
PH, pulmonary hypertension
PSG, polysomnography
PVH, pulmonary venous hypertension
PVR, pulmonary vascular resistance
RAP, right atrial pressure
RHC, right heart catheterization
RV, right ventricle
SDB, sleep-disordered breathing
T90, Percentage sleep time spent with oxygen saturation <90%
V/Q, ventilation/perfusion
WU, wood units
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