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BACKGROUND: Patients with COPD who experience pulmonary hypertension (PH) have worse
mortality than those with COPD alone. Predictors of poor outcomes in COPD-PH are not
well-described. Diffusing capacity of the lung (DLCO) assesses the integrity of the alveolar-
capillary interface and thus may be a useful prognostic tool among those with COPD-PH.

RESEARCHQUESTION: Using a single center registry, we sought to evaluate DLCO as a predictor
of mortality in a cohort of patients with COPD-PH.

STUDY DESIGN AND METHODS: This retrospective cohort study analyzed 71 COPD-PH patients
from the JohnsHopkins PulmonaryHypertension Registry with right-sided heart catheterization
(RHC)-proven PH and pulmonary function testing data within one year of diagnostic RHC.
Transplant-free survival was calculated from index RHC. Adjusted transplant-free survival was
modelled using Cox proportional hazard methods; age, pulmonary vascular resistance, FEV1,
oxygen use, and N-terminal pro-brain natriuretic peptide were included as covariates.

RESULTS: Overall unadjusted transplant-free 1-, 3-, and 5-year survivals were 87%, 60%, and 51%,
respectively. Survival was associated with reduced DLCO across the observed range of pulmonary
artery pressures and pulmonary vascular resistance. Severe DLCO impairment was associated with
poorer survival (log-rankc2 13.07) (P< .001); adjusting for covariates, for every percent predicted
decrease in DLCO, mortality rates increased by 4% (hazard ratio, 1.04; 95% CI, 1.01-1.07).

INTERPRETATION: Among patients with COPD-PH, severe gas transfer impairment is associ-
ated with higher mortality, even with adjustment for airflow obstruction and hemodynamics,
which suggests that DLCO may be a useful prognostic marker in this population. Future studies
are needed to further investigate the association between DLCO andmorbidity and to determine
the utility of DLCO as a biomarker for disease risk and severity in COPD-PH.
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COPD is reported to be the fourth leading cause of death
in the United States,1 affecting approximately 15.7
million Americans.2 Many patients with COPD
experience elevation in pulmonary arterial pressures or
pulmonary hypertension (PH).3,4 As compared to those
with COPD alone, patients with COPD-PH have
increased mortality rates.3,5-11 Despite this well-
documented and profound impact on prognosis, the
clinical and physiologic characteristics that predict poor
outcomes are poorly understood among patients with
COPD-PH.

Historically, COPD-PH was thought to develop as the
severity of airflow obstruction, measured by FEV1, and
subsequent chronic hypoxemia progressed.3,12,13

However, airflow obstruction increasingly has been
noted to be insufficient in the prediction of clinical
outcomes in the general population with COPD.14-16

Studies in COPD-PH have identified hemodynamic
measures as better predictors of prognosis,3,6 but these
metrics require right-sided heart catheterization (RHC),
an invasive procedure that carries its own risks.

An alternative noninvasive measure of interest is
diffusing capacity of the lung for carbon monoxide
chestjournal.org
(DLCO). DLCO is a measure of gas exchange reflective
of the complex interactions that occur at the
alveolar-capillary interface, including morphologic
changes in the pulmonary vasculature.17,18 Recent
work by our group in a large COPD cohort has
demonstrated that DLCO is an indicator of disease
morbidity beyond that represented by airflow
obstruction or by CT scan evidence of emphysema
alone.19 This may be particularly relevant for those
with COPD-PH. Among those with World Health
Organization groups 1, 2, and undifferentiated 3 PH,
DLCO has been associated previously with
survival.20-23 However, to our knowledge, there are
no studies that have evaluated DLCO as a predictor of
death among patients with well-phenotyped COPD-
PH.

This study aimed to examine DLCO as a prognostic
marker in a cohort of patients with well-defined COPD-
PH with clinical, pulmonary physiologic, and
hemodynamics measurements. We hypothesize that
lower DLCO will predict increased mortality rates in the
COPD-PH population independent of airflow
obstruction and pulmonary hemodynamics.
Materials and Methods
Study Population and Design

This retrospective cohort study examined patients with COPD-PH
who were enrolled in the Johns Hopkins Pulmonary Hypertension
Registry, an Institutional Review Board-approved registry of patients
seen at Johns Hopkins University, Baltimore, MD. All patients
enrolled in the registry provide written informed consent for data
collection.

From January 2000 to January 2018, 95 participants were identified
on initial screening for patients enrolled with COPD designated as
the primary cause for their PH. We excluded patients with
incomplete RHC (N ¼ 21) or spirometry (N ¼ 3) data from the
final analysis population. PH diagnosis was confirmed by a mean
pulmonary artery pressure (mPAP) > 20 mm Hg.24 Importantly,
individuals with a pulmonary vascular resistance (PVR) <3 Woods
units or a pulmonary capillary wedge pressure (PCWP) >

15 mm Hg were not excluded to better examine the heterogeneity
of pulmonary vascular pathophysiology in COPD. COPD diagnosis
was confirmed by FEV1/FVC ratio <0.7.25,26 No patients were
excluded after verification of both COPD and PH diagnoses,
yielding a final analysis population of 71 patients with COPD-PH
(Fig 1).
Baseline characteristics
Demographic data that included age, sex, and ethnicity were abstracted
from chart review. Height and weight were obtained from RHC report
and used to calculate BMI. Smoking status, pack-years smoked,
comorbid medical conditions, and World Health Organization
Functional Classification were also collected. Finally, serum lab tests
conducted within one month of index RHC were abstracted for
creatinine, estimated glomerular filtration rate, and N-terminal pro-
Brain Natriuretic Peptide (NT-proBNP).

Medication Use

Prescription of PH-specific medications was treated as a binary
variable: ever or never prescribed. Individual classes and
formulations that included prostacyclin analogues, prostacyclin
receptor agonists, endothelin receptor antagonists, and
phosphodiesterase type 5 inhibitors were also abstracted.

Pulmonary Function Testing Data

Absolute and percent predicted FEV1, FVC, total lung capacity (TLC),
residual volume (RV), RV/TLC ratio, DLCO, and gas transfer efficiency
(DLCO/VA) were abstracted. From 6-minute walk distance (6MWD)
testing, the distance walked, Borg dyspnea scores pre- and post-walk,
and resting and nadir oxygen saturation were abstracted. Pulmonary
function testing (PFT) testing was conducted and interpreted per
American Thoracic Society/European Respiratory Society
guidelines.27,28 Abstracted data were limited to within one year of
index RHC.

Right Heart Catheterization Data

Hemodynamic parameters for RHC included right atrial pressure,
mPAP, PCWP, cardiac output, cardiac index, PVR, pulmonary
arterial % oxygen saturation (PA Sat%), and arterial oxygen
saturation. RHC procedures were performed in the supine position
with pressures measured at end expiration.

Survival Data

Transplant-free survival data were obtained from chart review and
the Social Security Death Index, with survival time calculated from
723
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Figure 1 – Patient selection. DLCO ¼
diffusing capacity of the lung for carbon
monoxide; PH ¼ pulmonary hypertension.

Johns Hopkins Pulmonary 
Hypertension Registry (N = 3,927)

Screened for COPD as primary diagnosis
• Excluded (n = 3,832)

Excluded 24
• No right heart catheterization data (n = 21)
• No spirometry within 1 year (n = 3)
• PH diagnostic criteria not met (n = 0)
• COPD diagnostic criteria not met (n = 0)

Chart abstraction conducted on 95 patients 

Study Population of 71 patients with COPD-PH

60 COPD-PH patients with DLCO

• Missing DLCO within 1 year (n = 11)
index RHC. Observations were censored administratively on July 1,
2018. Transplant status was obtained from chart review, and
participants were censored by the corresponding date of
transplantation.

Statistical Analysis

Participant baseline characteristics were described with means with
SDs for continuous variables and percentages for categoric variables.
Comparisons in baseline clinical, PFT, and hemodynamic parameters
between participants with DLCO above or below 50% predicted were
compared with the use of t-tests or Chi-squared tests as appropriate.
This DLCO cut-point was based on our prior work demonstrating a
strong association between DLCO #50% and COPD morbidity.19

Sensitivity analyses that examined the association between DLCO at
different cut-points and death were also performed. Baseline PFT
and hemodynamic parameters were correlated with the use of
Pearson correlation coefficients.

For survival analyses, DLCO percent predicted was treated both as a
continuous variable and dichotomized to above or below
50% predicted. Unadjusted transplant-free survival by DLCO group
was graphed with the use of the Kaplan-Meier method, and tested
with the use of a log rank test. For comparison, unadjusted
transplant-free survival by FEV1 percent predicted dichotomized to
above or below 50% was similarly tested. Cox proportional hazard
methods were used to conduct univariate testing of clinical
predictors that included DLCO percent predicted, age at diagnosis,
724 Original Research
sex, pack years smoked, BMI, 6MWD, FEV1 percent predicted, FVC
percent predicted, FEV1/FVC ratio, RV percent predicted, oxygen
use, NT-proBNP, creatinine, mPAP, cardiac output, PCWP, PVR,
and PH medication use.

Adjusted transplant-free survival was modelled with Cox proportional
hazard methods, with DLCO percent predicted, age, and PVR included
as prespecified covariates. Additional covariates were selected based on
the conceptual framework for the research question and from
significant univariate predictors, accounting for collinearity. No more
than four covariates were included in any model to avoid over-
fitting.29,30 Three models were tested, with the addition of FEV1

percent predicted, oxygen use, or NT-proBNP as covariates to those
prespecified. mPAP and cardiac output were not included in
multivariable models, given collinearity with PVR; 6MWD was not
included because of collinearity with DLCO. Variance inflation factors
were used to assess multicollinearity.31,32

To describe the interaction between PFT measures (FEV1 and DLCO)
and hemodynamic measures (mPAP and PVR) on mortality rates,
each PFT measure was plotted against each hemodynamic measure
and stratified by 5-year vital status. Because all death events occurred
prior to five years, this was deemed an appropriate time point to use
for vital status.

All analyses were performed using STATA version 15.1 (StataCorp).
Probability values less than .05 were considered significant.
Results

Characteristics of a Patient With COPD-PH

Baseline characteristics for all 71 patients with COPD-
PH are described in Table 1. Patients were on average 65
years old, 66% female, with BMI of 28.3 kg/m2, and 44
pack-years smoked. Approximately three-quarters of
them used supplemental oxygen, and nearly 60% were
World Health Organization Functional Classification
III/IV at index catheterization. PFT demonstrated
moderate-severe obstruction (FEV1 52�20%), with
severe gas transfer defects (DLCO 43�20%), and severely
impaired 6MWD (265�124 m). Among the 48 patients
who received PH-specific medications, 34 patients
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TABLE 1 ] Clinical Characteristics by Severe Reduction in Diffusing Capacity of the Lung for Carbon Monoxide

Patient Characteristic All COPD-PH (N ¼ 71) DLCO > 50% (n ¼ 20) DLCO # 50% (n ¼ 40)

Age at diagnosis 65.1 � 8.6 65.4 � 8.8 64.9 � 8.3

White, No. (%) 49 (70) 16 (80) 26 (65)

Female, No. (%) 49 (66) 14 (70) 27 (68)

BMI, kg/m2 28.3 � 6.7 30.1 � 7.9 25.9 � 5.5

Ever smokers, No. (%) 66 (93) 17 (85) 38 (95)

Current smoker, No. (%) 7 (9.8) 3 (15) 3 (7.5)

Smoking pack years 44 � 28 36.9 � 28.7 47.1 � 28

Oxygen use, No. (%) 53 (73) 11 (55) 33 (83)

Nadir oxygen saturation % 84 � 9 89.6 � 7.5 80.5 � 8.4

NYHA class, No. (%)

Class I 2 (2.9) 1 (5.3) 1 (2.6)

Class II 27 (39.13) 11 (57.9) 12 (30.8)

Class III 31 (44.93) 6 (31.6) 21 (53.9)

Class IV 9 (13.04) 1 (5.3) 5 (12.8)

6MWD,a m 265 � 124 314 � 128 251 � 110

Borg dyspnea 4.4 � 2.5 2.9 � 1.4 5.2 � 2.5

Median NT-proBNP,b pg/mL (interquartile range) 657 (219, 1983) 229 (176, 311) 1311 (314, 2176)

Creatinine,c mg/dL 1.1 (0.3) 1.0 (0.3) 1.1 (0.4)

Median eGFR,d mL/min/1.73 m2 (interquartile range) 60 (54, 60) 60 (60, 60) 60 (46, 60)

FEV1% predicted 52 � 20 56 � 21 51 � 20

FVC% predicted 72 � 21 77 � 25 73 � 20

FEV1/FVC% 57 � 14 57 � 17 57 � 12

TLC% predictede 91 � 24 94 � 33 91 � 19

RV% predictedf 119 � 52 119 � 48 121 � 55

DLCO% predicted 43 � 20 67 � 15 32 � 10

DLCO/VA% predicted 57 � 28 81 � 27 44 � 18

PH medication use, No. (%) 48 (68) 13 (65) 28 (70)

Comorbidities, No. (%)

Atrial fibrillation/flutter 10 (14) 1 (5) 9 (23)

Coronary artery disease 18 (25) 4 (20) 12 (30)

Cancer 13 (18) 3 (15) 7 (18)

DVT/pulmonary embolism 8 (11) 2 (10) 6 (15)

Congestive heart failure 5 (7) 1 (5) 3 (8)

Interstitial lung disease 5 (7) 2 (10) 3 (8)

OSA 14 (20) 5 (25) 4 (10)

All values are mean � SD, unless otherwise specified. 6MWD ¼ 6-minute walk distance; DLCO ¼ diffusing capacity of the lung for carbon monoxide; eGFR ¼
estimated glomerular filtration rate; NT-proBNP ¼ N-terminal pro-brain natriuretic peptide; NYHA ¼ New York Heart Association; PH ¼ pulmonary hy-
pertension; RV ¼ residual volume; TLC ¼ total lung capacity; VA ¼ alveolar volume.
aN ¼ 55.
bN ¼ 50.
cN ¼ 61.
dN ¼ 45.
eN ¼ 58.
fN ¼ 54.
received phosphodiesterase type five inhibitor (PDE-5I)
monotherapy; 6 patients received combination PDE-5I
and endothelin receptor antagonists therapy, and the
chestjournal.org
remaining 7 patients received combinations of
endothelin receptor antagonists and/or PDE-5I and/or
prostacyclin analogues therapy.
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Sixty patients had DLCO measured within one year of
diagnostic RHC, 40 of whom had severely impaired gas
transfer (Table 1). These patients had lower BMI, higher
percentage oxygen use, lower nadir oxygen saturation,
increased Borg dyspnea scores, and lower 6MWD than
those with DLCO > 50% predicted. The two DLCO groups
were similar, however, on degree of obstruction by FEV1

percent predicted, hyperinflation by TLC percent
predicted, and air-trapping by RV percent predicted.

Clinical characteristics of those missing DLCO within one
year of RHC demonstrated severe limitations by 6MWD
and Borg dyspnea score, but crude mortality rate by 5
years was similar to those with a DLCO > 50% (e-
Table 1). An additional 6 patients had DLCO measured
outside the one-year window and were included in
sensitivity analyses (e-Table 2).

A “pulmonary vascular phenotype” has been defined as
an individual with severe pre-capillary PH (defined as a
PCWP # 15 mm Hg with either mPAP $ 35 mm Hg or
mPAP $ 25 mm Hg in combination with a cardiac
index # 2.0 L/min/m2),33,34 mild-moderate airflow
obstruction (FEV1 > 60% predicted), and typically a low
DLCO.35 Eight patients in this cohort were identified with
severe pre-capillary PH and mild-moderate airflow
obstruction; five of those eight patients had a DLCO #

50% predicted. Sensitivity analysis that excluded this
phenotype is given in e-Table 3.

DLCO Is Associated With PVR

Hemodynamics for the full cohort included an average
mPAP of 44 mm Hg, PCWP of 14 mm Hg, and a PVR
of 8.4 Woods units, consistent with severe PH (Table 2).
Those patients with DLCO # 50% predicted were noted
to have significantly lower cardiac index, significantly
higher PVR, and tended towards higher mPAP than
those with DLCO > 50% predicted. When examined as a
continuous variable, percent predicted DLCO was
modestly correlated with PVR (r ¼ –0.4; P ¼ .007) and
cardiac index (r ¼ 0.6; P < .001) but showed no
significant correlation with mPAP (r ¼ –0.2; P ¼ .07).
There was no correlation between percent predicted
FEV1 and PVR (r ¼ 0.02; P ¼ .86), cardiac index (r ¼
–0.04; P ¼ .76), or mPAP (r ¼ 0.04; P ¼ .75) (Fig 2).

DLCO Is a Strong Independent Predictor of
Transplant-Free Survival

Overall unadjusted transplant-free 1-, 3-, and 5-year
survival was 87%, 60%, and 51%, respectively. During
the observed follow-up time, there were 34 deaths (48%)
and 3 transplantations (4%); median follow-up time was
726 Original Research
3.7 years (interquartile range, 1.7 to 6.8 years). Cause of
death was obtained on 23 individuals by primary
provider adjudication; 15 of those individuals died of
respiratory failure or sudden cardiac death (e-Table 4).

Patients with DLCO #50% predicted displayed
significantly worse mortality rates than those with DLCO

> 50% predicted (log-rank c2 ¼ 13.07; P ¼ .0003) (Fig
3). In contrast, there was no difference in mortality rates
between those patients with an FEV1 above or below
50% predicted (log-rank c2 ¼ 0.22; P ¼ .64). When
categorized with the use of clinically relevant cutoffs of
DLCO percent predicted, crude 5-year mortality rates
increased with increasing DLCO impairment (e-Fig 1).
Given the frequency of events in each category, formal
testing of differences in survival across clinical categories
was not conducted.

In unadjusted Cox analyses, significant predictors of
survival included DLCO percent predicted, 6MWD,
oxygen use, NT-proBNP, mPAP, PVR, and cardiac
output (Table 3). Notably, aside from DLCO percent
predicted and 6MWD, no other PFT measures were
significant predictors of death. Additionally, PH-specific
medication use was not associated with death in the
primary analysis or in sensitivity analyses.

With adjustment for covariates, DLCO percent predicted
remained the only significant predictor of death
(Table 3). Three models were analyzed with the addition
of FEV1 percent predicted, oxygen use, or NT-proBNP
to the base model of prespecified covariates. Additional
multivariable models that included 6MWD, mPAP, and
cardiac output were not analyzed because of collinearity.
In an adjusted model with dichotomous DLCO that
included age, FEV1 percent predicted, and PVR as
covariates, those patients with severe gas transfer
impairment were 5.8 times more likely to die compared
with those patients without severe reduction in DLCO

(hazard ratio, 5.8; 95% CI, 1.9 to 17.4; P ¼ .002). Similar
trends were observed with the use of gas transfer
efficiency percent predicted as a predictor in lieu of
DLCO percent predicted, although results did not achieve
statistical significance (e-Table 5).

Sensitivity analyses that included the data of 6 patients
with DLCO that were obtained beyond one year of index
RHC (e-Table 2) or excluded the patients with vascular
phenotype (e-Table 3) did not alter results; DLCO

remained the only significant independent predictor of
death. Notably, five of the eight patients (62.5%) who
met spirometry and hemodynamic criteria for a
pulmonary vascular phenotype had died by five years.
[ 1 5 8 # 2 CHES T A UGU S T 2 0 2 0 ]



TABLE 2 ] Hemodynamic Characterization by Severe Reduction in DLCO

Hemodynamic Measure All COPD-PH (N ¼ 71) DLCO > 50% (n ¼ 20) DLCO # 50% (n ¼ 40) P Value

RAP, mm Hg 9 � 5 8 � 4 9 � 5 .38

mPAP, mm Hg 44 � 12 41 � 14 46 � 2 .19

PCWP, mm Hg 14 � 7 15 � 7 13 � 7 .28

Cardiac output, L/min 4.4 � 1.5 5.0 � 1.4 4.0 � 1.4 .02a

Cardiac index, L/min/m2 2.3 � 0.6 2.7 � 0.6 2.1 � 0.6 .002a

PVR, Wood units 8.4 � 5.2 6.2 � 5.1 9.7 � 5.1 .03a

PA saturation % 66 � 8 69 � 9 64 � 8 .11

All values are mean � SD. mPAP ¼ mean pulmonary arterial pressure; PA saturation % ¼ pulmonary arterial oxygen saturation; PCWP ¼ pulmonary
capillary wedge pressure; PVR ¼ pulmonary vascular resistance; RAP ¼ right atrial pressure.
aProbability values correspond to comparison of DLCO > 50% to DLCO # 50%.
Additional sensitivity analysis that excluded individuals
with a PCWP of > 15 mm Hg did not alter results (e-
Table 6).

Severe Impairment in DLCO Is Associated With
Death Across a Wide Range Of Hemodynamics

Scatterplots of PFT measures (FEV1 and DLCO) and
hemodynamics (mPAP and PVR) were used to explore
interactions between these physiologic parameters on
survival (Fig 4). FEV1 percent predicted showed no clear
pattern with vital status at 5 years; for example, those
with an FEV1 > 50% were just as likely to be alive at 5
years as those with an FEV1 #50% predicted at any
given mPAP (Fig 4A) or PVR (Fig 4B). In contrast, at a
fixed value of mPAP or PVR, those patients who had
died by 5 years were almost exclusively patients with a
DLCO # 50% predicted (Figs 4C, D).

Patients with very severe derangements in mPAP and
PVR tended to have died by 5 years and tended to have
severe reductions in DLCO. However, even among those
patients with moderately severe hemodynamic
derangements, vital status was associated with DLCO. For
example, at mPAP ranging from 40 to 50 mm Hg, those
who had died by five years had a DLCO # 50% while
those who remained alive predominantly had a
DLCO > 50% (Fig 4C).

Discussion
In a cohort of patients with COPD-PH from a PH
tertiary referral center, we have demonstrated that (1)
overall prognosis is poor among this population, (2)
airflow obstruction does not predict death, and (3) gas
transfer is a strong independent predictor of death. Gas
transfer was observed to be the only significant predictor
of death, after accounting for airflow obstruction and
hemodynamics, with a 4% increase in mortality rate for
chestjournal.org
every 1% decrease in DLCO. In the context of increasing
efforts to better phenotype patients with both COPD
and PH, this study highlights gas transfer measurement
as a simple, noninvasive tool that may add value to
existing prognostic models.

Studies that have examined COPD populations have
described worse mortality rates among those patients
with COPD-PH as compared with COPD alone.3,5-7,36

Analogously, PH registry studies have demonstrated
increased mortality rates for WHO group 3 PH
compared with group 1 PH.37,38 Our results
demonstrated an overall 5-year survival of 51%, which is
consistent with previously reported survival rates among
patients with COPD-PH,6,22,37-40 and a high degree of
functional limitation as evidenced by World Health
Organization Functional Classification and 6MWD.
Although these findings may reflect selection bias from
referral to PH specialists, it also accurately describes
poor prognosis at one extreme of the spectrum of
pulmonary vascular disease in COPD.

There are few known predictors of survival in COPD-
PH; most putative prognostic factors have been
extrapolated from the general population with COPD
or the population with pulmonary arterial
hypertension. In general COPD populations, use of
FEV1 and clinical characteristics such as BMI,
dyspnea scores, and 6MWD are used in the BODE
score to predict death.41 Our study demonstrates that
FEV1 is not a strong predictor of death among a
population of patients with COPD-PH. Even among
patients referred to PH specialists who undergo RHC,
we observed a wide range of FEV1 values that do not
correlate with hemodynamic disease severity nor with
mortality rates. This suggests that, for patients with
COPD-PH, airflow obstruction is not the
pathophysiologic derangement that drives prognosis.
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Figure 2 – Relationship between pulmonary function and pulmonary hemodynamics in COPD-PH. A-D, Scatterplots show correlation between A,
FEV1 and mPAP, B, DLCO and mPAP, C, FEV1 and PVR, and D, DLCO and PVR. Correlation coefficients with corresponding probability values listed in
each panel. mPAP ¼ mean pulmonary arterial pressure; PVR ¼ pulmonary vascular resistance. See Figure 1 legend for expansion of the other
abbreviation.
Similar results regarding the prognostic utility of
FEV1 have been described previously6,39,42; our study
extends these findings by evaluating associations
between airflow obstruction, gas transfer,
hemodynamics, and outcomes in patients with
COPD-PH.

In contrast to airflow obstruction, gas transfer is a strong
independent predictor of death. DLCO is a composite
measure that reflects the integrity of the alveolar-
capillary interface, describing diffusivity of inhaled gas
across the alveolar, capillary, and red blood cell
membranes, and ultimately reactivity with
hemoglobin.18 In patients with COPD, reduced DLCO is
often associated with emphysema,43,44 which results in
alveolar and capillary destruction. We demonstrate that
DLCO is correlated moderately with PVR, which suggests
that a component of what DLCO is capturing in this
population is related to morphologic changes to the
pulmonary vasculature. Prior histologic studies of
explanted lungs from patients with end-stage COPD
728 Original Research
identified increased pathologic lesions in the pulmonary
vessels, including decreased pulmonary capillary density,
with increasing PH severity.45-47 Reduction in capillary
density represents a plausible pathophysiologic correlate
for reduction in DLCO and generates hypotheses that
DLCO may be sensitive to early pulmonary vascular
disease. Roughly 50 to 70% of the pulmonary
vasculature must be obliterated before elevations in
pulmonary artery pressures to > 25 mm Hg are
evident.48 The independent association between DLCO

and death may reflect early reduction in capillary density
that is not yet detectable by invasive hemodynamic
measures.

Alternatively, there are numerous other comorbidities
that occur frequently in individuals with COPD, can
alter DLCO measurements, and may be reflected in our
findings. Impairment in gas transfer is noted to be
frequent among individuals with heart failure, with or
without preserved ejection fraction.49-52 We did not
exclude individuals who have left-heart disease, although
[ 1 5 8 # 2 CHES T A UGU S T 2 0 2 0 ]
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Figure 3 – Severe impairment of DLCO predicts unadjusted tranplant-free survival. A-B, Kaplan-Meier curves of unadjusted transplant free survival by
A, FEV1 and B, DLCO dichotomized above and below 50% with associated log-rank testing. See Figure 1 legend for expansion of the abbreviation.
sensitivity analyses suggest that, even among those
without hemodynamic evidence of left-heart disease,
DLCO remains a significant predictor of death. We found
11% of the study population (8 participants) had a
history of thromboembolic disease, with a greater
prevalence among those with lower DLCO; our findings
may reflect some degree of thromboembolic burden that
is unaccounted for by airflow obstruction or
hemodynamics. However, we also obtained ventilation
perfusion scan results on these participants, with
evidence of very low or low probability scans in six of
those eight individuals, which argues against significant
contribution of chronic thromboembolic disease to
reductions in DLCO. We did not adjust for comorbidities
in our models, and our findings note increased
prevalence of multiple comorbidities among those with
severe reductions in DLCO, so it may be that the
association between DLCO and death is reflective of
comorbid diseases that can impair gas transfer.

The presented findings confirm and extend prior
literature that has assessed DLCO in different
chestjournal.org
populations, including those with group 1 PH,20 group 2
PH,21 and combined group 3 PH.22,40 In idiopathic
pulmonary arterial hypertension, studies that have
examined gas transfer as a predictor of survival have
been discrepant, but a large body of evidence supports
DLCO as a predictor of survival.20,53-59 As a result, DLCO

with a cutoff of 40% predicted has been adopted into the
REVEAL Risk calculator for pulmonary arterial
hypertension.60 The literature surrounding DLCO as a
predictor of death in group 3 PH similarly has been
conflicted,22,40,42,61,62 but this may be due to the
heterogeneity of the populations included in group 3
PH. In the ASPIRE registry, similar to our findings,
DLCO was identified as an independent predictor of
death when the subgroup with COPD-PH was studied.39

Across these varying disease states, DLCO is likely
reflecting vascular alterations.

A subset of patients with COPD-PH deemed the
“vascular phenotype,”35 defined as those patients who
have minimal airflow obstruction but severe
hemodynamic derangement, with either a mPAP
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TABLE 3 ] Unadjusted and Adjusted Transplant-Free Survival by Clinical Predictors

Clinical Predictor Unadjusted Hazard Ratioa P Value Model 1 P Value Model 2 P Value Model 3 P Value

Age at diagnosis 1.02 (0.98 to 1.06) .38 1.06
(0.99 to 1.13)

.08 1.03
(0.98 to 1.09)

.18 1.02
(0.96 to 1.11)

.42

Sexb 0.73 (0.36 to 1.48) .39 . . . . . .

BMI, kg/m2 0.95 (0.88 to 1.02) .16 . . . . . .

Smoking pack years 1.01 (0.99 to 1.02) .06 . . . . . .

6MWD, m 0.99 (0.99 to 0.99)c .048c . . . . . .

Borg dyspnea 1.09 (0.93 to 1.28) .29 . . . . . .

Oxygen use 2.90 (1.12 to 7.51)c .028c . . 1.34
(0.45 to 4.02)

.59 . .

FEV1% predicted 1.00 (0.98 to 1.02) .65 0.99
(0.98 to 1.01)

.84 . . . .

FVC% predicted 1.00 (0.99 to 1.02) .83 . . . . . .

FEV1/FVC% 1.01 (0.99 to 1.04) .33 . . . . . .

RV% predicted 0.99 (0.99 to 1.00) .19 . . . . . .

DLCO% predicted 0.96 (0.94 to 0.98)c < .001c 0.96
(0.94 to 0.99)c

.003c 0.96
(0.94 to 0.99)c

.006c 0.96
(0.94 to 0.99)c

.03a

NT-proBNP,d pg/dL 2.51 (1.32 to 4.79)c .005c . . . . 1.16
(0.51 to 2.63)

.72

Creatinine, mg/dL 1.37 (0.46 to 4.09) .58 . . . . . .

mPAP, mm Hg 1.02 (1.00 to 1.06)c .03c . . . . . .

PVR, Wood units 1.07 (1.01 to 1.14)c .02c 1.04
(0.96 to 1.12)

.12 1.04
(0.96 to 1.12)

.36 1.04
(0.95 to 1.13)

.42

Cardiac output, L/min 0.76 (0.58 to 0.99)c .045c . . . . . .

Pulmonary capillary wedge
pressure, mm Hg

0.95 (0.89 to 1.02) .15 . . . . . .

PH medication use 1.85 (0.84 to 4.09) .13 . . . . . .

Model 1 (N ¼ 53) included age at diagnosis, FEV1% predicted, DLCO% predicted, and PVR as covariates. Model 2 (N ¼ 53) included age at diagnosis, oxygen use, DLCO% predicted, and PVR. Model 3 (N ¼ 39) included age
at diagnosis, DLCO% predicted, NT-proBNP, and PVR. See Table 1 legend for expansion of abbreviations.
aHazard ratios are reported per 1 unit increase in clinical predictor.
bSex hazard ratio is for female vs male.
cDenotes statistical significance P < .05.
dNT-proBNP was log10-transformed for normality; NT-proBNP is per 10-fold increase in pg/mL.
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Figure 4 – DLCO% predicted associated with vital status at 5 years across range of mPAP and PVR. A-D, Scatterplots of A, FEV1% predicted vs mPAP,
B, FEV1% predicted vs PVR, C, DLCO% predicted vs mPAP, and D, DLCO% predicted vs PVR, categorized by vital status at 5 years. Reference lines for
50% predicted in al four panals. Solid circles represent patients who had died by 5 years. See Figures 1 and 2 legends for expansions of the abbreviations.
of $ 35 or mPAP of $ 25 with a cardiac index of <2.0,
are observed to have a worse prognosis than those who
have mild-moderate PH.7,33,39 These patients have also
been observed typically to have a low DLCO.7,63 In our
cohort, only eight patients (11%) met spirometric and
hemodynamic criteria, and five patients (7%) had
additionally severe reduction in gas transfer. Sensitivity
analysis that excluded these participants, demonstrated
no significant difference in results (e-Table 3),
confirming that the observed association between DLCO

and outcomes was not driven by those patients with the
pulmonary vascular phenotype. Gas transfer was found
to be a useful predictor both within and outside of the
vascular phenotype, strengthening an argument to use
DLCO in risk assessment across the spectrum of patients
with COPD-PH.

We also explored an altered effect of hemodynamic
disease severity on death by DLCO. Most of this study
population (78.9%) meet criteria for severe PH by mPAP
chestjournal.org
of $ 35 mm Hg criteria.34 Even in such a severe
population, gas transfer impairment was closely linked
to death across a wide range of mPAP and PVR values.
Our analysis suggests that a severe gas transfer deficit
confers susceptibility to death at less severe derangement
of hemodynamic metrics than would be expected for
someone without severe impairment in gas exchange.
Future studies of the interaction between hemodynamics
and gas exchange on prognosis in a population with
milder PH disease severity are especially warranted,
given the high prevalence of mild-moderate PH among
patients with COPD.4,7,64,65

The findings of this study are limited by the sample size
of the population studied. The modest sample size
precluded formal testing for interactions between
pulmonary physiologic measures, hemodynamic
parameters, and vital status. However, a pattern of worse
mortality rates in those patients with severe DLCO

impairment uncoupled from hemodynamic
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derangement emerged and warrants further study. The
modest sample size further limited the confounders that
were included in modeling the outcome; as a result,
there is likely unaccounted residual confounding.
Additionally, this study population is a select group
from a single center who underwent subspecialty referral
and invasive testing, thereby limiting generalizability to
the larger COPD population. The findings, however, do
offer insight into clinical and physiologic characteristics
at one extreme of the pulmonary vascular disease
spectrum among patients with COPD and generate
hypotheses regarding measures that warrant further
exploration in the larger COPD population. Smoking
status was not assessed at the time of DLCO

measurement, which potentially could bias DLCO values.
Although this is a limitation, smoking status was
assessed at the time of RHC and is not expected to be
significantly different for most participants.
Additionally, anemia can bias DLCO percent predicted
values, but hemoglobin data at the time of DLCO

measurement was not obtained. As a result of this
limitation, the association identified between DLCO and
death could be secondary to underlying anemia, which is
also a relevant concern in COPD and warrants further
exploration. Cause of death information was not
available for most participants, precluding discussion
regarding predictors of respiratory causes of death.
Concurrent interstitial lung disease was identified by
chart diagnosis but without imaging data for
verification; the study population may include
individuals with both COPD and interstitial lung
732 Original Research
disease. Finally, because this was a retrospective chart
review of clinically obtained data, quantitative imaging
that could quantify emphysema in these patients was
unavailable. Because DLCO is known to be associated
with emphysema in the COPD population, a further
evaluation of radiographic degree of emphysema could
provide insight into the pathophysiologic condition
being captured by DLCO. However, recent work by our
group in the general COPD population demonstrated an
association between DLCO and increased morbidity
independent of CT scan-defined emphysema,19 which
suggests that DLCO captures information beyond that
obtained from CT emphysema quantification.

This study demonstrates that DLCO, a readily
available, inexpensive, noninvasive measurement, is a
strong independent predictor of death in patients
with COPD with PH. The presented findings suggest
that DLCO should be considered for inclusion in
prognostic tools for COPD-PH. The underlying
pathophysiologic condition being described by DLCO

derangements has not been examined directly, but
the consistency of these findings across a wide range
of spirometric and hemodynamic parameters suggests
that DLCO is a robust marker of disease severity.
Future studies that will investigate DLCO as a
screening tool in the general COPD population for
PH and death are warranted. In conclusion, DLCO is
useful in predicting death and should be considered
as a routine measure in clinical practice for
characterization of patients with COPD-PH.
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