
SCIENT IF IC INVEST IGATIONS

Risk factors associated with pulmonary hypertension in obesity
hypoventilation syndrome
Juan F. Masa, MD, PhD1,2,3; Iv�an D. Ben�ıtez, MStat,2,4; Shahrokh Javaheri, MD5; Maria Victoria Mogollon, MD6; Maria �A. S�anchez-Quiroga, MD2,3,7;
Francisco J. Gomez de Terreros, MD, PhD1,2,3; Jaime Corral, MD1,2,3; Rocio Gallego, MD1,2,3; Auxiliadora Romero, MD2,8;
Candela Caballero-Eraso, MD, PhD2,8; Estrella Ordax-Carbajo, MD, PhD2,9; Mar�ıa F. Troncoso, MD, PhD2,10; M�onica Gonz�alez, MD, PhD11;
Soledad L�opez-Mart�ın, MD12; Jos�e M. Marin, MD, PhD2,13; Sergi Mart�ı, MD, PhD2,14; Trinidad D�ıaz-Cambriles, MD2,15; Eusebi Chiner, MD, PhD16;
Carlos Egea, MD, PhD2,17; Javier Barca, MD3,18; Ferr�an Barb�e, MD, PhD2,4; Babak Mokhlesi, MD, MSc19; on behalf of the Spanish
Sleep Network
1Respiratory Department, San Pedro de Alc�antara Hospital, C�aceres, Spain; 2CIBER de Enfermedades Respiratorias (CIBERES), Madrid, Spain; 3Instituto Universitario de
Investigaci�on Biosanitaria de Extremadura (INUBE); 4Institut de Recerca Biom�edica de Lleida (IRBLLEIDA), Lleida, Spain; 5Division of Pulmonary and Sleep Medicine,
Bethesda North Hospital, Cincinnati, Ohio; 6Cardiology Department, San Pedro de Alc�antara Hospital, C�aceres, Spain; 7Respiratory Department, Virgen del Puerto Hospital,
Plasencia, C�aceres, Spain; 8Unidad M�edico-Quir�urgica de Enfermedades Respiratorias, Instituto de Biomedicina de Sevilla (IBiS), Hospital Universitario Virgen del Roc�ıo,
Sevilla, Spain; 9Respiratory Department, University Hospital, Burgos, Spain; 10Respiratory Department, IIS Fundaci�on Jim�enez D�ıaz, Madrid, Spain; 11Respiratory Department,
Valdecilla Hospital, Santander, Spain; 12Respiratory Department, Gregorio Mara~n�on Hospital, Madrid, Spain; 13Respiratory Department, Miguel Servet Hospital, Zaragoza,
Spain; 14Respiratory Department, Vall d’Hebron Hospital, Barcelona, Spain; 15Respiratory Department, Doce de Octubre Hospital, Madrid, Spain; 16Respiratory Department,
San Juan Hospital, Alicante, Spain; 17Respiratory Department, Alava University Hospital IRB, Vitoria, Spain; 18Nursing Department, Extremadura University, C�aceres, Spain;
19Medicine/Pulmonary and Critical Care, University of Chicago, Illinois

Study Objectives: Pulmonary hypertension (PH) is prevalent in obesity hypoventilation syndrome (OHS). However, there is a paucity of data assessing
pathogenic factors associated with PH. Our objective is to assess risk factors that may be involved in the pathogenesis of PH in untreated OHS.
Methods: In a post hoc analysis of the Pickwick trial, we performed a bivariate analysis of baseline characteristics between patients with and without PH.
Variables with a P value ≤ .10 were defined as potential risk factors and were grouped by theoretical pathogenic mechanisms in several adjusted models. Similar
analysis was carried out for the 2 OHS phenotypes, with and without severe concomitant obstructive sleep apnea.
Results: Of 246 patients with OHS, 122 (50%) had echocardiographic evidence of PH defined as systolic pulmonary artery pressure ≥ 40mmHg. Lower levels of
awake PaO2 and higher body mass index were independent risk factors in the multivariate model, with a negative and positive adjusted linear association,
respectively (adjusted odds ratio 0.96; 95% confidence interval 0.93 to 0.98; P = .003 for PaO2, and 1.07; 95% confidence interval 1.03 to 1.12; P = .001 for body
mass index). In separate analyses, body mass index and PaO2 were independent risk factors in the severe obstructive sleep apnea phenotype, whereas body
mass index and peak in-flow velocity in early/late diastole ratio were independent risk factors in the nonsevere obstructive sleep apnea phenotype.
Conclusions: This study identifies obesity per se as a major independent risk factor for PH, regardless of OHS phenotype. Therapeutic interventions targeting
weight loss may play a critical role in improving PH in this patient population.
Clinical Trial Registration: Registry: Clinicaltrial.gov; Name: Alternative of Treatment in Obesity Hypoventilation Syndrome; URL: https://clinicaltrials.gov/ct2/
show/NCT01405976; Identifier: NCT01405976.
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BRIEF SUMMARY
Current Knowledge/Study Rationale: What are the risk factors associated with pulmonary hypertension (PH) in untreated obesity hypoventilation syn-
drome (OHS), and do these risk factors vary based on OHS phenotype? There are no systematic large-scale studies examining mechanistic risk factors
associated with PH in untreated OHS.
Study Impact: This is the first cross-sectional study evaluating potential pathophysiological risk factors for PH in a large sample of patients with untreated
OHS. Obesity is a shared risk factor for both OHS phenotypes, with or without severe obstructive sleep apnea, suggesting weight loss may play a critical
role in improving PH. The mechanisms implicating obesity with PH are discussed.

INTRODUCTION

Obesity hypoventilation syndrome (OHS) is defined by obesity,
daytime hypercapnia, and presence of sleep-disordered breathing,

after excluding other causes of hypoventilation.1 Concomitant
obstructive sleep apnea (OSA) is common (90%),2 and 73% of
patients with OHS also have severe OSA.3 Compared with
patients with eucapnic OSA4,5 and eucapnia with obesity, patients
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with OHS have a higher prevalence of cardiovascular and respira-
tory morbidity, hospitalization, health care resource utilization,
and overall mortality.6–17

Pulmonary hypertension (PH) is frequently under recognized
in patients with OHS. In the largest randomized clinical trial to
date (Pickwick study), approximately 8% of patients had been
diagnosed with PH upon study enrollment. However, baseline
assessment revealed that nearly 50% of the patients had echo-
cardiographic evidence of PH defined as pulmonary artery sys-
tolic pressure ≥ 40mmHg.18 Other observational studies have
also reported a high prevalence of PH in patients with OHS
(from 52% to 88%).2,19–22

From a mechanistic standpoint, there are several pathogenic
conditions that could be involved in the increased risk of PH in
patients with OHS. These include presence of OSA with associ-
ated nocturnal hypoxemia and hypercapnia promoting pulmonary
arteriolar vasoconstriction,23 awake arterial blood hypoxemia and
hypercapnia, and left ventricular diastolic dysfunction elevating
left ventricular end-diastolic pressure.24 Furthermore, obesity
per se is an inflammatory condition and its associated comor-
bidities (ie, hypertension and insulin resistance) may further
contribute to PH.25

Despite the overwhelming pathophysiological mechanisms
linking OHS to PH, to our knowledge, there are no systematic
large-scale studies examining risk factors associated with PH in
untreated OHS.We hypothesized that the presence of PH is asso-
ciated with the severity of hypoxemia and hypercapnia, severity
of OSA, degree of obesity, and presence of diastolic dysfunction.
To test our hypothesis, we performed a cross-sectional analysis
of the baseline data of patients with untreated OHS, with and
without concomitant severe OSA phenotypes, enrolled in the
Pickwick randomized controlled trials.3,17,18,26–31

METHODS

Trial design
We carried out a cross-sectional study of a multicenter, open-
label, randomized clinical trial with 2 parallel groups conducted
at 16 clinical sites in Spain.

Participants
From May 2009 to March 2013, we successively screened
patients between 15 and 80 years of age who were referred for
pulmonary consultations due to suspected OHS or OSA at 16 ter-
tiary hospitals in Spain (see supplemental material). OHS was
defined as obesity, with a body mass index (BMI) ≥ 30kg/m2,
stable hypercapnic respiratory failure (Partial pressure of carbon
dioxide in the arterial blood (PaCO2) ≥ 45mmHg, pH ≥ 7.35,
and no clinical exacerbation during the previous 2 months), no
noteworthy spirometric evidence of chronic obstructive pulmo-
nary disease (forced expiratory volume in the first second had to
be above 70% of predicted in cases where forced expiratory vol-
ume in the first second/forced vital capacity was below 70), and
no evidence of neuromuscular, chest wall, or metabolic disease
to explain hypercapnia. Other inclusion criteria were absence of
narcolepsy or restless legs syndrome and a correctly executed

30-minute continuous positive airway pressure/noninvasive ven-
tilation treatment test (see supplemental material). The exclusion
criteria were as follows: (1) a psycho-physical inability to com-
plete questionnaires, (2) severe chronic debilitating illness, (3)
severe chronic nasal obstruction, and (4) a lack of informed
consent.

The Pickwick project comprised 2 parallel randomized clini-
cal trials based on the presence of severe OSA [apnea-hypopnea
index (AHI) ≥ 30 events/h] or nonsevere OSA (AHI < 30
events/h). Both randomized clinical trials were conducted in 2
phases29 (see figure S1 in supplemental material). In the present
cross-sectional analysis, we used data obtained during the base-
line evaluation of patients enrolled in both randomized con-
trolled trials who had adequate measure of systolic pulmonary
artery pressure obtained from baseline conventional transtho-
racic echocardiogram (Figure 1). The study was approved by
the ethics committees of all 16 centers, and written informed
consent was obtained from all patients.

Outcomes
At baseline visit we assessed anthropometric data; smoking
habits and alcohol consumption; arterial blood gases during
wakefulness while resting and breathing ambient air to assess
PaCO2, partial pressure of oxygen in arterial blood (PaO2), pH,
and calculated bicarbonate (see page 7 in supplemental mate-
rial); sphygmomanometric blood pressure32 (see supplemental
material); spirometry,33 6-minute walk distance test;34 sleepi-
ness based on the Epworth Sleepiness Scale; comorbidities
(hypertension, diabetes, dyslipidemia, ischemic cardiomyopa-
thy, chronic heart failure, stroke, pulmonary hypertension, car-
diac arrhythmia, and leg arteriopathy) obtained from the
electronic medical records and during face-to-face interview
with patients; health-related quality of life tests using the Func-
tional Outcomes of Sleep Questionnaire, the Medical Outcome
Survey Short Form 36, the visual analog well-being scale,35,36

oxygen therapy, conventional polysomnography (see pages
8 and 9 in the supplemental material), and conventional trans-
thoracic echocardiogram.

Echocardiography
All 2-dimensional (2D) and Doppler echocardiograms were
recorded using available echocardiographic equipment in each
center (see supplemental material). Left ventricle size and wall
thickness were measured according to international guide-
lines.37 All these parameters were derived from 2D-guided
M-mode imaging or from linear measurements obtained from
2D images. Left ventricle ejection fraction was calculated from
end diastolic and end systolic volume estimates, using volumet-
ric measurements. Left ventricle mass was estimated by linear
method with Cube’s formula (0.8 3 1.04 3 [(IVS + LVDD +
LVPW)3 2 LVDD3] + 0.6 g), where LVDD is the diastolic
diameter of left ventricle (internal diameter), LVPW is the left
ventricle posterior wall thickness, and IVS is the interventric-
ular septum thickness, all measured at end-diastole in the long
axis parasternal view using either 2D-guided M-mode or lin-
ear measurements from 2D echocardiographic images. Left
ventricle mass index was obtained dividing the left ventricle
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mass by the body surface area according to Dubois’ formula.
To assess left ventricle diastolic function, we obtained peak
early (E), peak atrial (A) mitral valve in-flow velocities, as
well as their ratio (E/A), deceleration time and the antero-
posterior diameter of the left atrium measured in the paraster-
nal long-axis view. Systolic pulmonary artery pressure was
assessed from the maximum velocity of tricuspid regurgita-
tion signal (continuous wave Doppler) by the addition of right
atrial pressure, estimated from inferior cava vein and its
collapsibility. Right ventricular systolic function was

evaluated using the right ventricle index of myocardial per-
formance index.

Statistical analysis
Baseline bivariate analysis between the presence of PH and
anthropometric, clinical, polysomnographic, and echocardio-
graphic characteristics was carried out. We considered a sys-
tolic pulmonary artery pressure ≥ 40mmHg as evidence
of PH.30

Figure 1—Study flowchart.

375 Patients were screened

319 Randomized
����221 from severe OSA RCT
����98 from non-severe OSA RCT

73 Excluded
��no ECHO or no sPAP measure

56 Excluded
��9 Psycho-physical incapacity
   to complete questionnaires
��12 Severe chronic illness
��2 Severe nasal obstruction
��33 Not informed consent

124 without PH 122 with PH

124 included in the analysis

44 non-severe
OSA

80 with
severe OSA

167 included in the severe OSA
subgroup

79 Included in the non-severe
 OSA subgroup

87 with
severe OSA

35 non-severe
OSA

122 included in the analysis

Flow chart of the study protocol. Of 375 selected patients, 56 were excluded and 319 were randomized: 221 in the severe OSA trial and 98 in the nonsevere OSA
trial. Of this 319, 73 were excluded because of inadequate echocardiogram. Of the remaining 246, 122 had and 124 did not have PH. Of the 122 with PH, 87 had
severe OSA and 35 had nonsevere OSA who were included in the subgroup analysis, severe OSA and nonsevere OSA, respectively. Of the 124 without PH, 80
had severe OSA and 44 had nonsevere OSA who were included in the subgroup analysis, severe OSA and nonsevere OSA, respectively. Therefore, the severe
OSA subgroup had 167 patients and nonsevere OSA had 79 patients. ECHO = transthoracic echocardiogram, OSA = obstructive sleep apnea, PH = pulmonary
hypertension, RCT = randomized controlled trial, sPAP = systolic pulmonary artery pressure.
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We performed an adjusted logistic regression model with
presence of PH as the dependent variable, and the predictors
included in the model were variables that showed a P value
< .10 in bivariate analysis between patients with and without
PH. Recognizing that certain independent variables of interest
can be highly correlated with each other, we used data from the
literature, as well as biologic plausibility, to identify the varia-
bles best suited for the models. Although age was not statisti-
cally different in bivariate analysis, it was included in the
models as a confounding risk factor.38 The 6-minute-walk dis-
tance test as well as the right ventricular systolic function based
in the right ventricle index of myocardial performance index
were not included in the model because they are more likely a
consequence of PH. The oxygen desaturation index (ODI),
AHI, and arousal index were log-transformed to normalize their
distribution. A generalized additive model with penalized cubic
regression spline was used to evaluate the type of association
between each potential risk factor and the presence of PH. The
mean oxygen saturation during sleep and PaCO2 were catego-
rized by tertiles after observing a nonlinear relationship with
the risk of PH.

We created models including variables according to a patho-
genic perspective as follows: (1) obesity, ie, BMI and spiromet-
ric parameters; (2) persistent hypoxemia, ie, PaO2 and
oxygenation parameters during sleep; (3) OSA, ie, polysomno-
graphic OSA-related parameters such as arousal index, AHI,
and ODI; (4) hypoventilation, ie, PaCO2; and (5) postcapillary
mechanism, ie, diastolic and systolic dysfunction parameters
based on echocardiography. To assess all pathogenic groups
together, a process of selection of potential risk factors using a
relaxed Least Absolute Shrinkage and Selection Operator
(LASSO) model was carried out.39 A 5-fold cross validation
was carried out to select the lambda parameter of the LASSO
model. Lambda was selected as the largest at which the mean
square error was within 1 standard error of the minimal mean
square error. A Spearman correlation test between independent
risk factors based on the LASSO analysis with the rest of the
variables was performed. To perform LASSO analysis, missing
values were replaced by the means of the nonmissing values. A
similar analysis was repeated for the 2 recognized OHS pheno-
types (subgroup analysis), OHS with severe OSA and OHS
without severe OSA.

Data management and statistical analyses were performed
using R software (R Core Team 2017, Version 3.4.2, Vienna,
Austria) and SPSS software (IBM-SPSS Statistics, Version
22.0. IBM Corp., Armonk, NY).

RESULTS

Study participants
Of the 375 patients who met inclusion criteria, 56 were
excluded (Figure 1). Of the 319 remaining patients, 73 (23%)
were excluded due to lack of appropriate echocardiograms. Of
the 246 available for analysis, 122 (49.6%) had evidence of PH.
The median of systolic pulmonary artery pressure in the group
without PH was 34.0mmHg (28.0–36.4) vs 46.0mmHg
(43.0–55.8) in the PH group. Table 1 summarizes the bivariate

analysis of baseline characteristics and polysomnographic and
echocardiographic parameters based on PH status. Patients with
PH were more obese, had higher AHI, lower PaO2, slightly
higher PaCO2, and worse exercise tolerance and right ventricu-
lar systolic function.

Table 2 shows the potentially relevant risk factors from path-
ogenic age-adjusted and multivariate model.

Obesity model

BMI showed a significant positive linear association and forced
expiratory volume in the first second showed a significant neg-
ative linear association with the presence of PH after adjusting
for age (Table 2 and Figure S2 in the supplemental material).

Arterial blood hypoxemia model

PaO2 showed a significant negative linear association with the
presence of PH after adjusting for age (Table 2 and Figure S2).

OSA model

Arousal index and ODI showed a significant positive linear
association with the presence of PH after adjusting for age
(Table 2 and Figure S2).

Hypoventilation model

PaCO2 showed a negative nonlinear relationship with the pres-
ence of PH (Figure S2). After categorizing PaCO2 by tertiles,
the third tertile showed a significantly higher relationship with
PH than the first tertile (Table 2).

Multivariate model

Variable selection process, based on LASSO regression,
selected BMI with an adjusted odds ratio of 1.07 (95% confi-
dence interval [CI] 1.03–1.12; P = .001) and PaO2 with an
adjusted odds ratio of 0.96 (95% CI 0.93–0.98; P = .003) as
independent risk factors for PH (Table 2 and Figure S3 in the
supplemental material).

Subgroups analysis for OHS with and without severe
OSA phenotypes
Of the 246 patients available for the analysis, 167 (67.9%) had
severe OSA (Figure 1). Of the 167 with severe OSA, 87
(52.1%) had PH. Of the 79 with nonsevere OSA, 35 (44.3%)
had PH. In the severe OSA subgroup, the median pulmonary
artery systolic pressure was 32.0mmHg (interquartile range =
26.0–35.1) in the group without PH and 47.0mmHg
(43.6–57.0) in the PH group. In the nonsevere OSA subgroup,
the pulmonary artery systolic pressure was 35.5mmHg
(31.8–37.0) in the group without PH and 43.4mmHg
(41.1–51.5) in the PH group.

Table S1 and Table S2 in the supplemental material summa-
rize the baseline characteristics, polysomnography, and echo-
cardiographic parameters for each OSA phenotype with
bivariate analysis between those with and without PH. In the
severe OSA subgroup, patients with PH were more obese, with
worse daytime oxygenation, hypoventilation, exercise toler-
ance, OSA severity, and better left ventricular diastolic func-
tion. In the nonsevere OSA subgroup, patients with PH were
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Table 1—Baseline characteristics of patients with and without PH.

No PH (n = 124) PH (n = 122)
Unadjusted Odds Ratio

(95% CI) P

Age, years 66.0 [55.0;73.0] 66.0 [56.0;72.0] 1.00 [0.98;1.02] .825

Sex, female 83 (66.9%) 79 (64.8%) 0.91 [0.53;1.54] .721

Smokers 28 (22.6%) 21 (17.2%) 0.71 [0.38;1.34] .298

Alcohol drinkers‡ 20 (16.3%) 21 (17.2%) 1.07 [0.54;2.11] .844

BMI, kg/m2 39.1 [35.7;45.1] 43.6 [38.1;49.2] 1.08 [1.04;1.12] < .001

ESS 9.00 [6.00;13.0] 10.0 [7.00;15.0] 1.03 [0.98;1.08] .273

FOSQ 76.0 [58.8;90.2] 73.0 [57.2;88.0] 1.00 [0.98;1.01] .610

SF 36-Physical 38.2 [29.9;45.0] 34.3 [27.5;43.5] 0.98 [0.96;1.01] .191

SF 36-Mental 43.3 [33.6;53.5] 44.9 [31.9;52.5] 1.00 [0.98;1.02] .898

VAWS 50.0 [37.9;66.0] 48.5 [39.0;58.3] 0.99 [0.98;1.01] .409

Hypertension 85 (69.1%) 87 (71.3%) 1.11 [0.64;1.93] .709

Systolic BP, mm Hg 138 [130;142] 140 [130;148] 1.00 [0.99;1.02] .598

Diastolic BP, mm Hg 80.0 [70.0;85.2] 80.0 [70.0;90.0] 1.00 [0.98;1.02] .826

Diabetes 44 (35.5%) 50 (41.0%) 1.26 [0.75;2.12] .379

Dyslipidemia 57 (46.0%) 53 (43.8%) 0.92 [0.55;1.52] .735

Stroke 7 (5.65%) 9 (7.38%) 1.32 [0.47;3.89] .595

Ischemic heart disease 10 (8.06%) 9 (7.44%) 0.92 [0.35;2.39] .860

Arrhythmia 8 (6.45%) 12 (9.92%) 1.58 [0.62;4.24] .335

Chronic heart failure 20 (16.1%) 24 (19.8%) 1.28 [0.67;2.50] .456

Leg arteriopathy 12 (9.76%) 7 (5.79%) 0.57 [0.20;1.50] .260

Pulmonary hypertension
diagnosis

7 (5.65%) 18 (14.9%) 2.87 [1.19;7.75] .018

pH 7.40 [7.38;7.42] 7.40 [7.38;7.42] 0.42 [0.00;730] .822

PaO2, mm Hg 64.0 [57.7;71.0] 59.0 [55.0;64.0] 0.95 [0.93;0.98] .001

PaCO2, mm Hg 49.0 [47.0;51.0] 50.0 [48.0;53.1] 1.09 [1.02;1.17] .008

Bicarbonate, mmol/L 29.6 [27.7;31.4] 29.1 [28.0;31.0] 1.03 [0.95;1.11] .537

FEV1, % of predicted 80.0 [67.8;91.2] 75.0 [63.0;84.0] 0.99 [0.98;1.00] .079

FVC, % of predicted 81.2 (19.8) 77.8 (21.1) 0.99 [0.98;1.00] .183

6-MWD, meters 377 (104) 334 (132) 1.00 [0.99;1.00] .010

C-reactive protein, mg/L 0.94 [0.59;1.72] 1.00 [0.70;2.00] 1.04 [0.84;1.28] .725

Polysomnographic
parameters†

TST, hours 5.44 (1.41) 5.24 (1.22) 0.89 [0.74;1.08] .248

Sleep efficiency, % 74.1 [61.8;86.1] 72.3 [60.7;81.3] 1.00 [0.98;1.01] .739

Non-REM 1 and 2, % 78.0 [65.1;88.4] 84.1 [70.3;91.6] 1.02 [1.00;1.03] .084

On-REM 3, % 10.2 [3.00;21.3] 6.15 [0.23;16.9] 0.98 [0.96;1.00] .118

REM sleep, % 9.60 [4.22;14.7] 8.60 [2.86;14.7] 0.99 [0.96;1.01] .317

Arousal index 36.0 [17.8;62.2] 49.8 [26.0;75.4] 1.01 [1.00;1.02] .014

AHI 43.2 [17.6;75.5] 51.8 [23.8;88.8] 1.01 [1.00;1.01] .052

Severe OSA, %‡ 80 (64.5%) 87 (71.3%) 1.36 [0.80;2.35] .258

ODI 49.8 [21.4;78.2] 57.8 [28.9;91.8] 1.01 [1.00;1.02] .029

Mean SpO2 87.0 [82.8;90.0] 85.0 [82.0;89.0] 0.96 [0.92;1.01] .097

TST with SpO2 < 90%, % 75.0 [44.5;94.8] 77.0 [49.9;95.6] 1.00 [1.00;1.01] .374

Oxygen therapy¶ 27 (21.8%) 37 (30.3%) 1.56 [0.88;2.80] .130

Echocardiogram parameters

TEI 0.36 [0.26;0.49] 0.39 [0.28;0.53] 4.43 [1.03;19.1] .046

E/A ratio 0.85 [0.71;1.04] 0.88 [0.72;1.09] 1.01 [0.44;2.33] .975

(continued on following page)
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Table 1—Baseline characteristics of patients with and without PH. (Continued )

No PH (n = 124) PH (n = 122)
Unadjusted Odds Ratio

(95% CI) P

Deceleration time, ms 232 [196;261] 222 [190;265] 1.00 [1.00;1.00] .623

Left atrial diameter, mm 41.0 [36.0;46.0] 43.0 [39.0;47.0] 1.02 [0.99;1.04] .245

LVTDD, mm 48.9 [43.1;52.0] 48.6 [44.0;53.0] 1.02 [0.98;1.06] .255

LVTSD, mm 30.4 [27.0;34.0] 31.0 [27.0;35.0] 1.02 [0.98;1.05] .405

LVEF, % 64.0 [60.0;70.0] 64.0 [59.0;69.0] 0.98 [0.96;1.01] .240

Left ventricular mass
index, g/m3

109 [85.8;123] 109 [93.7;127] 1.00 [1.00;1.01] .293

Data are presented as n (%), median (25;75 IQR), or mean (SD). †Polysomnography was performed in baseline conditions without CPAP/NIV or
oxygen therapy in-place. ‡Severe OSA means an AHI ≥ 30 events/h. ¶Oxygen therapy was prescribed during the baseline visit. AHI = apnea-hypopnea index,
BMI = body mass index, BP = blood pressure, CI = confidence interval, CPAP = continuous positive airway pressure, E/A= E and A waves, ESS = Epworth
Sleepiness Scale, FEV1 = forced expiratory volume in the first second, FVC = forced vital capacity, IQR = interquartile range, LVEF = left ventricular ejection
fraction, LVTDD = left ventricular telediastolic diameter, LVTSD = left ventricular telesystolic diameter, NIV = noninvasive ventilation, ODI = 3% oxygen
desaturation index, OSA = obstructive sleep apnea, PaCO2 = Partial pressure of carbon dioxide in the arterial blood, PaO2 = pressure of oxygen in arterial
blood, PH = pulmonary hypertension (systolic pulmonary artery pressure ≥ 40 mm Hg), REM = rapid eye movement, SD = standard deviation, SpO2 = oxygen
saturation by pulse oximetry, TEI = right ventricle index of myocardial performance, TST = total sleep time, VAWS = visual analog well-being scale; 6-MWD =
6-minute walk distance.

Table 2—Association between pathogenic mechanisms and pulmonary hypertension.

Age-Adjusted Model Multivariate Model*

OR (95% CI) P OR (95% CI) P

Obesity

BMI, kg/m2 1.08 (1.04;1.13) <.001 1.07 (1.03;1.12) .001

FEV1, % of predicted 0.98 (0.97;0.99) .013

Sustained hypoxemia

PaO2, mm Hg 0.95 (0.92;0.98) .001 0.96 (0.93;0.98) .003

Mean SpO2 during sleep

First tertile Reference

Second tertile 0.67 (0.35;1.26) .214

Third tertile 0.7 (0.38;1.31) .269

OSA

Arousal index† 1.18 (1.03;1.36)‡ .017

Oxygen desaturation
index†

1.13 (1.01;1.27)‡ .049

Apnea-hypopnea index† 1.09 (0.98;1.21)‡ .1

Non-REM 1 and 2, % 1.02 (1.00;1.03) .079

Hypoventilation

PaCO2, mm Hg

First tertile Reference

Second tertile 1.23 (0.66;2.30) .512

Third tertile 2.2 (1.18;4.12) .013

*Selection variables using Least Absolute Shrinkage and Selection Operator (LASSO). †Log-transformed variable was used. ‡OR for a 50% increase in
variable. Mean SpO2 during sleep and PaCO2 were categorized by tertiles due to their nonlinear relationship with the presence of pulmonary hypertension
(see Figure S3). BMI = body mass index, CI = confidence interval, FEV1 = forced expiratory volume in the first second, OR = odd ratio, OSA = obstructive
sleep apnea, PaCO2 = Partial pressure of carbon dioxide in the arterial blood, PaO2 = pressure of oxygen in arterial blood, REM = rapid eye movement, SpO2

= oxygen saturation by pulse oximetry.

JF Masa, ID Ben�ıtez, S Javaheri, et al. The Pickwick study

Journal of Clinical Sleep Medicine, Vol. 18, No. 4 988 April 1, 2022

D
ow

nl
oa

de
d 

fr
om

 jc
sm

.a
as

m
.o

rg
 b

y 
24

.6
9.

84
.2

24
 o

n 
Se

pt
em

be
r 

10
, 2

02
4.

 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
4 

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.
 



more obese, with a higher prevalence of diabetes mellitus, with
worse quality of life, exercise tolerance, and worse left ventric-
ular diastolic function.

Table S3 and Table S4 in the supplemental material summa-
rize the potential risk factors and the adjusted models in the
severe and nonsevere OSA subgroups. BMI, PaCO2, and PaO2

were potential independent risk factors for PH in the severe
OSA subgroup in the age-adjusted model. However, in the mul-
tivariate model, only BMI and PaO2 were independent risk fac-
tors with an adjusted odds ratio of 1.07 (95% CI 1.02–1.12; P =
.008) for BMI and 0.95 (95% CI 0.92–0.99; P = .024) for PaO2

(Table S3 and Figure S4 in the supplemental material). E/A
ratio, presence of diabetes mellitus, and BMI were potential
independent risk factors for PH in the nonsevere OSA subgroup
in the age-adjusted model. However, in the multivariate model,
only BMI and E/A ratio were independent risk factors with an
adjusted odds ratio of 1.09 (95% CI 1.01–1.19; P = .008) for
BMI and 0.05 (95% CI 0.00–0.59; P = .017) for E/A ratio
(Table S4 and Figure S5 in the supplemental material).

DISCUSSION

This is the first cross-sectional study evaluating potential patho-
physiological risk factors for PH in a large sample of patients
with untreated OHS. The patients with OHS enrolled in the
study were ambulatory and had stable chronic hypercapnic
respiratory failure. The results demonstrate that obesity per se
is the most important pathogenic mechanism implicated in the
pathogenesis of PH in patients with OHS being present in the
entire cohort, as well as in both phenotypes of OHS, those with
and without severe OSA. Interestingly, however, in the severe
OSA phenotype, arterial hypoxemia and in the nonsevere OSA
phenotype, left ventricular diastolic dysfunction were also addi-
tional independent risk factors associated with PH.

Pathophysiologically, obesity can lead to PH by a variety of
mechanisms including its association with OSA, altered blood
gas chemistry, and left ventricular diastolic dysfunction, partic-
ularly in heart failure with preserved ejection fraction causing
postcapillary PH.40 An important mechanistic question is how
obesity per se could be linked to PH. We found that elevated
BMI is associated with PH in both phenotypes of OHS, those
with or without severe OSA. In this context, a previous study of
a large cohort of otherwise normal participants showed a linear
correlation between increasing BMI and pulmonary artery pres-
sure.41 The authors proposed that the link is related to increased
cardiac output in obesity. However, there are other obesity-
related pathophysiological factors potentially associated with
PH, independent of the aforementioned mechanisms. First,
there is a U-shaped relationship between lung volume and pul-
monary vascular resistance, which is minimal at functional
residual capacity, but pulmonary vascular resistance increases
as lung volume deviates from functional residual capacity.
Notably, with extreme obesity, as expiratory reserve volume
decreases and resting lung volume moves toward residual vol-
ume, pulmonary vascular resistance increases, as lower lung
volumes progressively decrease the caliber of the pulmonary

vessels (specifically, the so called extra alveolar vessels).42

Notably, vascular resistance is inversely proportional to the
radius of a vessel to the power of 4, indicating that small reduc-
tion in vascular radius increases the vascular resistance consid-
erably. The reduction in vascular lung volume by obesity is
similar to its effect on reducing the caliber of the airways
increasing lower and upper airways resistance, which leads to
reduction in alveolar ventilation and at the same time increases
the work of breathing.43

In addition to reduction in lung volume leading to a decrease
in pulmonary vascular volume and increasing airway resistance,
evidence from animal and human studies indicate that with obe-
sity there is accumulation of fat in the perivascular tissue,
mechanically decreasing the size of the vascular bed on the one
hand, and also creating an inflammatory cascade (endothelial
dysfunction) further contributing to reduction in vascular bed,
increasing pulmonary vascular resistance, and eventually leading
to the remodeling of pulmonary circulation and sustained PH.
The mechanisms implicated in obesity-induced microvascular
disease and perivascular adipose tissue accumulation are multi-
ple and complex.44,45 Specifically, adipocytes secrete inflamma-
tory molecules and impair healthy endothelial function with
diminished generation and release of nitric oxide, which acts as a
vasodilator and an anti-inflammatory molecule. Furthermore,
release of tumor necrosis factor-a by perivascular adipose tissue
in small arteries increases vascular endothelin-1 and endothelin-
1 A receptor expression further contributing to PH.46

Importantly, bariatric surgery reverses the perivascular adi-
pose tissue-mediated vascular procontractile effect in patients
with obesity to the vascular anticontractile effect in lean
patients by reducing local adipose tissue inflammation and oxi-
dative stress.44 Finally, as noted earlier, obesity is associated
with an increased cardiac output,47 which may further contrib-
ute to PH in the face of noncompliant vascular bed associated
with extreme obesity. The implication of these findings is that
treatment of obesity and weight loss, by itself, should play a sig-
nificant role in improving PH. It goes without saying, however,
that other benefits of weight loss, such as improving OSA, low-
ering blood pressure, and reduction in CO2 production, which
lowers PaCO2 and reciprocally increases PaO2,

48 could also
play additional role in improving PH.

We also found that low PaO2 is another risk factor poten-
tially involved in the pathogenesis of PH. Patients with OHS
and severe OSA experience pronounced intermittent hypox-
emia while asleep and sustained hypoxemia while awake. It is
well known that alveolar hypoxia causes pulmonary vasocon-
striction (hypoxic pulmonary vasoconstriction), presumably via
smooth muscle cell oxygen-sensitive voltage-dependent potas-
sium channels.49 In this context, we found that daytime arterial
hypoxemia was significantly more severe in the OHS pheno-
type with severe OSA than in nonsevere OSA phenotype,
whereas time below saturation of 90% during sleep was not
(Table S1 and Table S2). This suggests that daytime hypox-
emia plays a more significant role in the pathogenesis of PH.
On the other hand, it is notable that parameters related to OSA
severity, such as AHI, ODI, and arousal index did not remain
significant in the severe OSA model (Table S3). One potential
explanation of the lack of association between OSA severity
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and PH in the severe OSA subgroup may be related to a “ceiling
effect”, since the AHI is above ≥ 30 events/h in all patients in
this subgroup.

Interestingly, we found that in OHS phenotype without
severe OSA, left ventricular diastolic dysfunction causing post-
capillary PH became a risk factor. This suggests that in the
absence of arterial hypoxemia, the contribution of left ventricu-
lar diastolic dysfunction and presumably elevated left ventricu-
lar diastolic pressure becomes unmasked; this likely is caused
by obesity itself,50 as there were no significant differences in
prevalence of ischemic heart disease and heart failure between
the 2 groups (Table S2).

The results of this study are consistent with those of Thayer
et al.51 Their study included a cohort of 5,038 patients referred
for echocardiography and 1,043 who underwent right heart
catheterization. Similar to our study, they defined pulmonary
hypertension as echocardiographic evidence of pulmonary
artery systolic pressure of ≥ 40mmHg. BMI was positively
associated with pulmonary arterial pressures measured by echo-
cardiography and by right heart catheterization. However, BMI
was not associated with hemodynamic evidence of pulmonary
vascular remodeling (increased transpulmonary pressure).
However, the lack of pulmonary vascular remodeling may not
be applicable to our patients with OHS who have a much higher
BMI. Only 36.7% of their patients had obesity (BMI ≥ 30 kg/m2)
and the median BMI was below 30 kg/m2. Moreover, sleep studies
were not performed systematically to assess for sleep-disordered
breathing. In contrast, the average BMI of our cohort without PH
was 39 kg/m2 and those with PH was 43.6 kg/m2. Our findings
are in line with a meta-analysis that assessed the effect of weight
loss on pulmonary artery hemodynamics, with an average
decrease in mean pulmonary artery pressure of 5mmHg after a
mean weight loss of 43 kg.52 Of note, the largest effect of weight
loss was observed in patients with OHS undergoing bariatric sur-
gery, with an average reduction in the mean pulmonary artery
pressure of 13mmHg.20

In the severe OSA phenotype, there was a statistical trend
between better E/A ratio (ie, less diastolic dysfunction) and PH
in bivariate analysis (Table S2). Although intriguing and in the
opposite direction of what would have been expected, this asso-
ciation became even less significant in the multivariate analysis,
in part because the result of the bivariate analysis may have
been influenced by having multiple comparisons. We speculate
that in severe OSA, other mechanisms such as repeated nega-
tive intrathoracic pressure swings, hypercapnia, and mainly
hypoxemia have a larger impact on pulmonary hemodynamics
than diastolic dysfunction.

Our study has several limitations. Although 73 patients were
excluded from the original cohort due to missing echocardio-
graphic data, our cohort remains the largest thus far examining
factors associated with PH in this patient population. We recog-
nize the inherent limitations of echocardiography for accurate
diagnosis of PH, but as noted our results are similar to those of
Thayer et al51 who used both echocardiography and invasive
hemodynamic monitoring by right heart catheterization. Of
course, echocardiography is a practical and readily accessible
noninvasive tool used regularly in clinical practice. In the Pick-
wick study, echocardiograms were performed at baseline and

annually over 3 years.18 As such, performing multiple right
heart catheterizations in such a large cohort of patients would
have not been pragmatic. We did not use transcutaneous CO2

monitoring as a direct measure of hypoventilation during base-
line polysomnography3; however, participants had established
diagnosis of OHS and had chronic stable hypercapnia, as evi-
denced by arterial blood gas measurements and elevated bicar-
bonate concentration. Some patients included in the study had
been on home oxygen therapy at baseline. Although there was
no significant difference in the prevalence of home oxygen ther-
apy in patients with and without PH, we do not know if these
patients were using their supplemental oxygen therapy at home
or for how long they were being treated with oxygen therapy.
As such, we cannot accurately assess the effect of home oxygen
supplementation on pulmonary hemodynamics. Importantly,
oxygen treatment was not associated with PH in the bivariate
analysis (Table 1). Lastly, the cross-sectional nature of the
study does not address the direction of causality.

In conclusion, increasing levels of obesity and sustained
awake hypoxemia measured by PaO2 are independent risk fac-
tors for PH in patients with untreated OHS. Obesity is a shared
risk factor for both OHS phenotypes, with or without severe
OSA, suggesting weight loss may play a critical role in improv-
ing PH, based on a number of unique pathophysiological mech-
anisms. Other risk factors vary between OHS phenotypes. In
patients with concomitant severe OSA, high degree of sustained
hypoxemia remains a significant risk factor, while in patients
without severe OSA, left ventricular diastolic dysfunction
(postcapillary mechanism) emerges as an important risk factor.

ABBREVIATIONS

AHI, apnea-hypopnea index
BMI, body mass index
CI, confidence interval
E/A, ratio of early to peak atrial mitral valve in-flow velocities
ODI, oxygen desaturation index
OHS, obesity hypoventilation syndrome
OSA, obstructive sleep apnea
PaCO2, partial pressure of carbon dioxide in the arterial blood
PaO2, partial pressure of oxygen in arterial blood
PH, pulmonary hypertension
2D, 2-dimensional
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