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Abstract

Background Resting pulmonary hypertension (PH) is not uncommon in patients with chronic obstructive pulmo-
nary disease (COPD). In the current study, we aimed to identify physiological predictors of resting PH in patients with
COPD.

Methods We retrospectively analyzed data derived from right heart catheterization in sixty-nine stable patients with
COPD. Patients were categorized into COPD-PH (n=33) and COPD-non-PH (n = 36), based on the “6" World Sympo-
sium on PH”

Results Demographics, forced expiratory volume in 1's (FEV,), lung volumes, cardiac output, and cardiac index
were similar between groups, yet COPD-PH had greater pulmonary vascular resistance (PVR) and lower resting PaO,
(P<0.05). The proportion of COPD-PH patients did not differ across the range of FEV, (y’=3.01,P=0.22). No correla-
tions were found between PVR and the degree of airflow obstruction or resting hyperinflation. Resting PaO, was the
only predictor of both pulmonary artery pressure and PVR.

Conclusions Increased PVR, in response to arterial hypoxemia or directly induced by tobacco smoking, is likely the
key factor that led to resting PH in the current sample of patients with moderate-severe COPD, regardless of the
degree of airflow limitation or resting hyperinflation.
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Background

Pulmonary hypertension (PH) is a common, potentially
inevitable complication of chronic obstructive pulmo-
nary disease (COPD) [1]. The presence of PH in patients
with COPD is linked to poor health-related quality of life,
impaired exercise capacity, increased risk of severe acute
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catheterization (RHC) on a large scale, and the potential
errors associated with the use of echocardiography alone
in these patients [8, 9]. More recently, the 6""World Sym-
posium on PH proposed a more accurate hemodynamic
classification of PH associated with COPD that incorpo-
rated measurements of pulmonary vascular resistance
(PVR) and cardiac function [4]. This proposed classifica-
tion would indeed have an impact on disease prevalence.

COPD-associated PH is usually of mild-moderate
severity [10, 11], that is sometimes associated with the
degree of airflow obstruction severity [12—15]. Neverthe-
less, in a small percentage of patients, PH severity may
exceed the severity of airflow obstruction [16, 17]. In this
regard, there has been a recent interest in the “pulmonary
vascular phenotype” in patients with COPD where the
degree of vascular derangements surpasses the degree
of airway involvement [16]. Those patients may certainly
benefit from referral to specialized centers for individual
therapy decisions and early targeted PH therapy.

Pathophysiological changes in COPD including vas-
cular endothelial remodeling, arterial hypoxemia, vaso-
constriction of pulmonary arteries, vascular compression
from hyperinflation, inflammation, and direct toxic
effects of cigarette smoke, solely or in combination, are
factors that can lead to PH [10, 18, 19]. In the current
study, we aimed to assess hemodynamic characteris-
tics of resting PH across the spectrum of COPD severity
using data derived from RHC, the gold standard tool for
precise PAP measurement [20]. We also aimed to identify
resting physiological parameters that could predict the
presence of PH in patients with COPD including meas-
urements of gas exchange, airflow obstruction, and rest-
ing hyperinflation.

Methods

Study design

We retrospectively analyzed data from 69 stable patients
diagnosed with COPD who underwent spirometry, body
plethysmography, and RHC using a Swan-Ganz cath-
eter (Edwards-Laboratories, Santa Ana, CA, USA) over
3 years period. Measurements were performed during
different clinical research studies (unpublished data) that
were ethically approved by the ethical committee of Alex-
andria University (Egypt). For the purpose of lung func-
tion testing, patients were asked to withdraw from used
inhalers before performing lung function tests (short-act-
ing bronchodilators (4 h), and long-acting bronchodila-
tors (8 h)).

Subjects

In the current analysis, we included sixty-nine sta-
ble patients with moderate-severe COPD who under-
went resting lung function tests and RHC after written
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informed consent. Patients who had a history of acute
exacerbation related to COPD in the 4 weeks before the
procedure date were excluded. We also excluded patients
with asthma, congestive heart failure, obstructive sleep
apnea, or other known significant comorbid conditions
that may contribute to increased PAP.

Patients were categorized based on the "6"World Sym-
posium on PH - proposed hemodynamic classification
of PH associated with COPD" into those with resting
PH (COPD-PH) and those without (COPD-non-PH) [4].
COPD-non-PH was defined as mean pulmonary artery
pressure (mPAP)<21 mmHg or mPAP 21-24 mmHg
with PVR <3 Wood Units (WU); COPD-PH was defined
as mPAP 21-24 mmHg with PVR>3 WU or mPAP
25-34 mmHg including those with severe PH (i.e.,
mPAP > 35 mmHg or mPAP >25 mmHg with low car-
diac index (CI) < 2.0 L/min/m?) [4, 21].

Procedures

Lung function tests and arterial blood gases

Spirometry and body plethysmography were performed
using HypAir, Medisoft, Sorinnes, Belgium. Data were pre-
sented as percentages of predicted normal values using the
Global Lung Function Initiative (GLI) reference equations
[22, 23]. Arterial blood samples were collected from the
radial artery at rest while breathing ambient room air just
before the RHC procedure, then immediately analyzed.

Right heart catheterization

RHC was conducted in patients with COPD within 24 h
of lung function testing at the same time of the day. A
triple-lumen Swan-Ganz catheter (model 93A-131-7F,
Edwards Laboratories, Santa Ana, CA, USA) was inserted
into the pulmonary artery under pressure wave monitor-
ing (Hewlett Packard Viridia CMS monitor; Béblingen,
Germany). The pressure transducer was zeroed at the
level of the left atrium (i.e., at the mid-thoracic line) [20].
mPAP was calculated as [mPAP =diastolic PAP + (sys-
tolic—diastolic PAP)/3] [1]. Pulmonary artery wedge pres-
sure (PAWP) and cardiac output (CO) were measured as
per guidelines [4, 24]. CI and PVR were calculated using
the following formulae [CI=CO/body surface area] and
[PVR = (mPAP-mean PAWP)/CO], respectively [20].

Statistical analysis

The unpaired ¢-test or Mann—Whitney rank sum test
was used to compare differences between COPD-PH and
COPD-non-PH patients. Associations between depend-
ent variables (mPAP and PVR) and relevant independ-
ent variables (age, forced expiratory volume in 1 s (FEV,),
functional residual capacity (FRC), and resting partial
pressure of arterial oxygen (PaO,)) were assessed using
linear regression models. A comparison of proportions
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was done using the y* test. Statistical significance was
set at P<0.05. Data were analyzed using SPSS-V20 and
SigmaPlot-11.

Results

Subjects’ characteristics and resting pulmonary functions
are summarized in Table 1. Patients (age: 56 =10 years,
mean+SD) had an average FEV,; of 32+17% pre-
dicted. Smoking status was as follows: 70% were current
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smokers, and 30% were ex-smokers. Patients had evi-
dence of resting hyperinflation and pulmonary gas
trapping (i.e., FRC of 140+28% predicted and residual
volume/total lung capacity (RV/TLC) of 44 4+11%). Rest-
ing PaO, and partial pressure of arterial carbon dioxide
(PaCO,), while breathing ambient room air, were 62+ 11
and 50 + 6 mmHg, respectively (Table 2).

Using the above definitions, resting PH was identi-
fied in 33/69 (48%) patients with COPD; out of those, 6

Table 1 Subjects’ characteristics and resting pulmonary function tests

Variable All patients (n=69) COPD-PH (n=33) COPD-non-PH (n=36) Pvalue
Age, years 56+10 58+9 54+ 11 0.09
Gender, M:F 65:4 312 34:2 -

Body weight, kg 660115 66411 66412 0.95
Height, cm 165.7+£6.8 165+7 166+7 0.74
BMI, kg/m2 24.1+£42 243+42 240443 0.79

Pulmonary functions tests

FEV,, L 1.014+0.56 (324 17) 0.99+045(32+16) 1.03£0.65 (324 18) 0.77 (0.16)
FVC, L 2.184+0.85(55+22) 2.1940.84 (57 +24) 218087 (54£20) 0.95 (0.25)
FEV,/FVC 4634168 (59+21) 46£17 (58+22) 47£17(59+21) 0.77 (0.12)
TLC L 6.62+£093 (110£19) 6.69£091 (111£19) 6.56£0.96 (108 £18) 059( 1)
FRC, L 4.12£0.76 (140£28) 4.26+0.80 (144 £30) 3.9940.70 (136 £ 25) 4(0.69)
RV, L 2.87+0.76 (165£52) 3.07£0.72%(171£47) 2.69+0.76 (158 £ 56) 0.04(0.22)
RV/TLC, % 43.6+£10.7 (154 £44) 46£10(158+37) 41£11(151£50) 0.07 (0.12)

Values are means = SD unless otherwise specified, values between parentheses are percentages of predicted normal

BMI body mass index, COPD Chronic obstructive pulmonary disease, FEV,, forced expiratory volume in 1's, FRC functional residual capacity, FVC forced vital capacity,

PH pulmonary hypertension, RV residual volume, TLC total lung capacity

" P<0.05 COPD-PH patients vs. COPD-non-PH patients

Table 2 Resting arterial blood gases and RHC-derived data

Variable All patients (n=69) COPD-PH (n=33) COPD-non-PH (n=36) Pvalue

Resting arterial blood gases breathing ambient room air
pH 7.38+0.03 7.37+0.04 7.38+0.03 0.34
PaO,, mmHg 624+106 59.6+£10.0% 65.0+106 0.03
PaCO,, mmHg 49.7£6.0 50.8+£6.1 488458 0.19
HCO3~ 29.7+£39 306+44 288+3.1 0.06
Sa0,, % 90+£5 90+£5 91+4 0.24

Selected RHC measurements, median (IQR)
Systolic PAP, mmHg 34.0 (28.8-40.0) 40.0 (37.0-45.0) * 290 (245 33.0) <0.001
Diastolic PAP, mmHg 17.0(13.8-21.0) 0(19.8-24.0) * 0011 6.0) <0.001
Mean PAP, mmHg 22.0(19.3-27.3) 27.3(25.6-294) * 19.5 (16.7721.0) <0.001
PAWP, mmHg 6.0 (4.0-8.0) 7.0(4.0-9.3) 6.0 (4.5-7.0) 0.12
CO, L/min 5.25(4.75-5.96) 5.07 (4.56-5.96) 546 (4.89-5.97) 0.30
dl, L/min/m? 3.10 (2.68-3.45) 2.99 (2.56-3.35) 3.10(2.75-3.63) 0.52
PVR, WU 294 (2.32-4.32) 1(3.53-5.36) * 2.39(1.77-3.84) <0.001

Values are means =+ SD unless otherwise specified. *P < 0.05 COPD-PH patients vs. COPD-non-PH

Cl Cardiac index, CO Cardiac output, COPD Chronic obstructive pulmonary disease, HCO3™~ bicarbonate, IQR Interquartile range, PaCO, Partial pressure of arterial
carbon dioxide, PaO, Partial pressure of arterial oxygen, PAP Pulmonary artery pressure, PAWP Pulmonary artery wedge pressure, PH Pulmonary hypertension, PVR
Pulmonary vascular resistance, RHC Right heart catheterization, SaO, arterial hemoglobin oxygen saturation, WU wood units
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patients had severe PH [defined as mPAP>35 mmHg
or mPAP >25 mmHg with unexplained low CI (<2.0 L/
min/m?)]. A chi-square test showed that the proportion
of COPD-PH patients did not differ across the range of
severity of airflow obstruction as determined by FEV,
(x*=3.26, P=0.20), Fig. 1.

Tables 1 and 2 show comparisons between COPD-PH
and COPD-non-PH patients. Age, weight, height, body
mass index, FEV,, and lung volumes (FRC and TLC)
were similar between groups (all P>0.05). RV (as an
absolute value) was greater in COPD-PH vs. COPD-non-
PH patients, but RV/TLC was similar between groups,
Table 1. Measurements during RHC showed that CO, CI,
and PAWP were all similar between groups, yet COPD-
PH patients had greater PVR than COPD-non-PH
patients (P<0.001), Table 2. In addition, COPD-PH had
lower resting PaO, compared to COPD-non-PH patients
(P=0.03), but resting PaCO, was similar between
groups, Table 2.

Correlates with mPAP and PVR

Linear regression models predicting mPAP and PVR
were significant and among the independent variables
(age, FEV}, FRC, and resting PaO,), resting PaO, was the
only predictor of both mPAP and PVR, Table 3. PVR,
in turn, correlated well with mPAP (R=0.70, P<0.001).
Receiver operating characteristic (ROC) curve analysis
also showed a statistically significant accuracy of rest-
ing PaO, in diagnosing resting PH in the current sam-
ple of patients with COPD (area under the curve=0.66,
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Table 3 Regression models predicting mPAP and PVR

Model Coefficient Std.Error t p VIF
Dependent variable: mPAP (F=2.9, P=0.02,R*=0.15)
Constant 35.08 9.01 4.02 <0001 1.4
Age, years 0.047 0.08 0.35 0.56 1.83
PaO,, mmHg —0.29 0.10 —3.07 0.005 1.88
FEV,, %pre- 0.05 0.06 0.88 042 1.09
dicted 0.02 0.03 0.66 0.62
FRC, %pre-
dicted
Dependent variable: PVR (F=6.1, P< 001, R>=0.27)
Constant 4.60 2.07 2.89 0.004 1.13
Age, years 02 0.02 0.68 0.15 1.85
PaO,, mmHg —049 0.02 —304 0003 1.88
FEV,, %pre- —0.03 0.01 1.87 045 1.09
dicted 0.003 0.01 0.12 0.60
FRC, %pre-
dicted

FEV, Forced expiratory volume in 1 s, FRC Functional residual capacity, PaO,
Partial pressure of arterial oxygen, mPAP Mean pulmonary artery pressure, PVR
Pulmonary vascular resistance

P=0.026); the best cut-off was resting PaO, < 62.6 mmHg
(sensitivity: 58%, specificity 70%).

Discussion

The main findings of the current study are (1) In a single
center well-characterized cohort of patients with COPD,
the proportion of having resting PH did not differ regard-
less of the degree of airflow obstruction or resting hyper-
inflation. (2) COPD patients with and without PH had
similar resting CO, CI, and PAWP. (3) Resting PaO, (and
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Fig. 1 Distribution of mean pulmonary artery pressure (mPAP, mmHg) across the range of FEV, (%predicted) in patients with COPD (n=69).
Resting pulmonary hypertension (PH) was present in 46% of patients with moderate airflow obstruction (i.e, FEV,: 50-79%predicted), 69% of those
with severe airflow obstruction (i.e., FEV,: 30-49%predicted), and in 42% of patients with very severe airflow obstruction (i.e., FEV, <30%predicted).
The proportion of patients with COPD who had resting PH did not differ across the range of airflow obstruction severity as determined by FEV,
(*=3.01, P=0.22). COPD, chronic obstructive pulmonary disease; FEV,, forced expiratory volume in 1's



Atta et al. The Egyptian Journal of Bronchology (2023) 17:11

none of the resting physiological lung function param-
eters) was found to be a good predictor of having resting
PH in the current sample of patients with moderate-
severe COPD.

The current sample included a group of stable patients
with variable severity of COPD as assessed by the GLI
reference equations [22, 23]. Patients had moderate to
very severe airflow obstruction with an average FEV, of
32%predicted and evidence of resting hyperinflation and
pulmonary gas trapping (Table 1). It has been previously
observed that some COPD patients might show a pro-
nounced increase in PAP by as much as 20 mmHg dur-
ing acute exacerbation (and acute respiratory failure) and
returns to its baseline value after the recovery; hypoxic
pulmonary vasoconstriction may have a contributory
role [25, 26]. Given that, we have carefully confirmed the
lack of recent acute exacerbation in our patients within
the 4 weeks before the RHC procedure date to avoid
potential impacts on PAP measurements.

The wide variability in the reported prevalence of PH in
patients with COPD can be due to variable mPAP thresh-
olds used in different studies and/or different methods
used to measure PAP [3, 10, 27-29]. In this single-center
small cohort and using the 6™"World Symposium pro-
posed hemodynamic classification of PH associated with
COPD [4], we have identified resting PH by RHC in 48%
of our patients with COPD. Though we have used RHC
(the gold standard method to measure PAP), our sam-
ple selection is not population-based and cannot indeed
be used as an accurate assessment of overall disease
prevalence. However, reporting such a high percentage
matches with previous reports [30], and further high-
lights the burden of PH in patients with COPD.

PAP can be determined by PAWP and the driving
pressure within the pulmonary circulation. As such,
three main variables that can contribute to an increased
PAP: PAWP, CO, and PVR. Resting PAWP was previ-
ously reported to be elevated in 19% of a large sample
of patients with COPD, but most of these patients had
evidence of left heart disease [31]. Also, in the hemo-
dynamic study of the National Emphysema Treatment
Trial, 61% of patients had resting PAWP values greater
than normal (i.e.,>12 mmHg) [3]. In the current study
sample, resting PAWP (and CO) were within the normal
range, and they did not differ between COPD-PH and
COPD-non-PH patients, matched for airflow obstruction
severity (Table 2). However, PVR was significantly higher
in COPD-PH compared to COPD-non-PH (P<0.001).
Increased PVR in COPD could be due to vascular
endothelial remodeling, arterial hypoxemia, or hypercap-
nic acidosis both leading to pulmonary vasoconstriction,
loss of capillary surface area due to emphysema and/or
compression of alveolar vessels from hyperinflation and
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pressures swings associated with airflow limitation [10,
19, 32].

Chest computed tomography (CT) scans were not
available for the current analysis, so we could not assess
the role of possible structural emphysema, which can
eventually cause compression and destruction of alveolar
vessels, perhaps contributing to increased PVR and the
occurrence of PH in our patients [3]. Nevertheless, meas-
urements of resting hyperinflation (e.g., FRC and RV/
TLC) were not different between COPD-PH and COPD-
non-PH patients (Table 1), and additionally they did not
correlate with PVR or mPAP in the current analysis,
Table 3. It is also expected that with increasing airflow
obstruction severity (i.e., decrease in FEV,) with result-
ant worsening of expiratory flow limitation, the end-
expiratory pressures may increase and can be potentially
transmitted to the pulmonary vasculature causing a rise
in the PAP [7]. However, we did not find any correlation
between FEV, and PVR or PAP in the current analysis.
Moreover, the proportion of COPD patients who had
resting PH did not differ across a wide range of airflow
obstruction severity, Fig. 1.

Alveolar hypoxia is probably the most important fac-
tor leading to an increased PVR in COPD, with hypoxic
pulmonary vasoconstriction usually coming into action
in acute situations (e.g., acute exacerbation and dur-
ing exercise) [33]. Chronic hypoxia has also been shown
to induce structural changes at the level of the pulmo-
nary vessels in animal models resulting in an imbalance
between vasodilators and vasoconstrictors, contribut-
ing to increased PVR [34, 35]. In this regard, a recent
study by Gonzalez-Garcia et al. [5], showed that COPD
patients with PH exhibit more ventilatory inefficiency
and gas exchange alterations at rest and during exercise
compared to those without PH. However, we should
acknowledge that in this study [5], COPD patients with
PH had more severe airflow obstruction compared with
those without PH. In the current study, the significant
relationships found between resting PaO, and both PVR
and mPAP may indicate that hypoxic pulmonary vaso-
constriction and/or endothelial remodeling is closely
related to the pathogenesis of PH in the current sample
of patients with COPD. Our results also revealed that,
in COPD patients with resting PaO,0f>62.6 mmHg
(>60 mmHg in a previous study) [36], hypoxic pulmonary
vasoconstriction might play a minor role in generating
resting PH. This notion suggests that vascular inflamma-
tion and remodeling, directly induced by tobacco smok-
ing, are possibly the main factors that have led to PH in
a substantial number of our patients (30%) who had a
resting PaO, of>62.6 mmHg while breathing ambient
room air. Of note, there was no evidence of hypercapnic
acidosis in COPD patients with PH in the current sample
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(Table 2), so its role in generating pulmonary vasocon-
striction seemed negligible.

Collectively, our results suggest that pulmonary vas-
cular abnormalities, in response to arterial hypoxemia
or directly induced by tobacco smoking, are perhaps the
main mechanisms behind PH in the current sample of
patients with COPD.

Limitations

The current analysis included a single-center cohort of
patients with moderate-severe COPD, so results may not
be generalized. Data from chest CT scans and lung dif-
fusing capacity were not available for the current analysis;
this may affect our results on the proportion of resting
PH across the severity of COPD. As per standard guide-
lines, an echocardiogram was done for all patients, but
complete data were not available for the current analysis.

Conclusions

Using the recently proposed RHC-derived hemodynamic
classification of PH associated with COPD [4], resting PH
was identified in 48% of a single-center cohort of COPD
patients with moderate-severe airflow obstruction, and
severe PH constituted a respective percentage of these
patients. Pulmonary vascular abnormalities, in response
to arterial hypoxemia or directly induced by smoking,
with resultant increase in PVR are likely the key factors
that have led to PH in the current sample, regardless of
the degree of airflow obstruction or resting hyperinfla-
tion. Resting arterial hypoxemia was found to be a good
predictor of having resting PH in patients with moderate-
severe COPD.
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