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BACKGROUND: The value of the single-breath diffusing capacity of the lungs for carbon
monoxide (DLco) relates to outcomes for patients with COPD. However, little is known about
the natural course of DLco over time, intersubject variability, and factors that may influence
DLco progression.

RESEARCH QUESTION: What is the natural course of DLco in patients with COPD over time, and
which other factors, including sex differences, could influence this progression?

STUDY DESIGN AND METHODS: We phenotyped 602 smokers (women, 33%), of whom 506 (84%)
had COPD and 96 (16%) had no airflow limitation. Lung function, including DiLco, was
monitored annually over 5 years. A random coefficients model was used to evaluate DLco
changes over time.
REsuLTs: The mean (+ SE) yearly decline in DLco % in patients with COPD was 1.34% *
0.015%/y. This was steeper compared with non-COPD control subjects (0.04% + 0.032%/y;
P %4.004). Sixteen percent of the patients with COPD, vs 4.3% of the control subjects, had a
statistically significant DLco % slope annual decline (4.14%ly). At baseline, women with
COPD had lower Drco values (11.37% * 2.27%; P < .001) in spite of a higher FEV1 % than
men. Compared with men, women with COPD had a steeper Drco annual decline of
0.89% + 0.42%l/y (P ¥4 .039).
INTERPRETATION: Patients with COPD have an accelerated decline in DLco compared with
smokers without the disease. However, the decline is slow, and a testing interval of 3 to 4
years may be clinically informative. The lower and more rapid decline in DLco values in
women, compared with men, suggests a differential impact of sex in gas exchange function.
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Take-home Points

Study Question: 1S a low value of diffusing capacity of
the lungs for carbon monoxide (DLco) associated
with poor outcomes in patients with COPD? What is
the natural course of DLco in these patients over time,
and which other factors, including sex differ- ences
could influence this progression?

Results: Patients with COPD have an accelerated
decline in DLco compared with smokers without the
disease. Sixteen percent of the patients with COPD,
vs 4.3% of the control subjects, had a statistically
significant DLco % slope annual decline (4.14%ly).
Women with COPD have a lower DiLco than men
even though they have less airflow limitation. Women
also appear to have a greater DLco decline over time
compared with men.

Interpretation: These results provide information about
the testing frequency (3-4 years) needed to use of
Dico as a marker of COPD progression in clinical
practice, as well as in trials of therapies aimed at
improving emphysema. Women seem to have a
different susceptibility to cigarette smoke in the
alveolar or pulmonary vascular domains.

COPD is now the third leading cause of death worldwide
and a major public health problem.* COPD is a complex
and heterogeneous disease, and although there have
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been advances in the knowledge of its natural
history, they have focused mostly on changes in
FEV: over time.>® Information about the natural
course of other important phenotypic domains
continues to be significantly limited because of the
lack of prospective longitudinal studies.>®” One such
important domain is that of the gas transfer
properties of the lungs.

It was more than 100 years ago that Marie Krogh first
studied the use of carbon monoxide (CO) to measure
the diffusing capacity of gases in the lungs of humans.®
However, its introduction into clinical practice became
possible only after a single breath-holding technique
(DLco) was standardized 50 years later.® Since then, this
variable, which at first was of interest only to
physiologists, has been shown to provide important
practical clinical information and has been identified as
a surrogate marker of outcomes in diverse lung
diseases.'” In patients with COPD, cross-sectionally
obtained low values of DLco are associated with
decreased exercise capacity'>'? and worse health
status.*® In addition, low Dvco values help preclude
surgical lung resection in patients with cancer** and
relates to mortality independent of other clinical
variables.* Also, a low Dcco value, as a marker of
emphysema in smokers without airflow limitation,
signals an increased risk for developing COPD over
time.'® Recently, the first longitudinal study completed
in a small cohort (n ¥4 155) of patients from Korea'’
provided information about the slow time course of
Drco progression; however, it did not use a control
group of smokers without COPD and included only nine
women. Importantly, it reported the change only as the
annual median decline for the group and not as
individual decline, providing no information about
individual variability.

We hypothesized that, just as it has been shown for
FEV,, the gas transfer domain, as measured by the
Dirco, indicates a heterogeneous progression of
COPD in individuals with the disease. We also
hypothesized that other factors, including sex
differences, could influence this progression. To test
this hypothesis, we analyzed the long-term evolution
of patients with COPD and smoker control subjects,
in a well-characterized cohort using DLco
measurements prospectively obtained. This
information should help define the implementation
and frequency of this pulmonary test in the
longitudinal assessment of patients with COPD, a
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Methods
Subject Study Cohort

The COPD History Assessment in Spain (CHAIN) is an ongoing
observational study of patients with COPD that began enrollment in
January 2010 at 24 university hospitals in Spain.’* COPD was defined
by a smoking history of $ 10 pack-years and a postbronchodilator
FEV,1/FVC < 0.7 after administration of 400 mg of albuterol. Patients
were stable for at least 6 weeks and received guideline-directed
optimal medical therapy. Exclusion criteria included alpha-1
antitrypsin deficiency or uncontrolled comorbidities such as
malignancy or other confounding diseases that could interfere with
the study. Data analyzed in the present study were taken at baseline
recruitment and then annually over 5 years; the last visit for patients
occurred on May 31, 2020. Patient data were anonymized with
hierarchical access control to guarantee that information was secured.
All participants signed the informed consent form approved by the
ethics committee (Comité de Etica de Investigacion, Hospital
Universitario Nuestra Sefiora la Candelaria, Tenerife, IRB No.
258/2009).

Clinical and Physiologic Measurements

The methodologic aspects of the CHAIN study have been published
previously.’ In summary, trained staff recorded information on age,
sex, and BMI at baseline and at subsequent yearly visits. Smoking
status was determined by history and confirmed by CO-oximetry
(piCO Smokerlyzer; Bedfont Scientific) during each visit, performed
at the same time as the lung function tests. All tests were performed in
the early morning. A questionnaire helped determine current or former
smoker status and pack-years. Pulmonary function tests were
performed in accordance with the American Thoracic Society/
European Respiratory Society (ATS/ERS) guidelines.” Diffusing
capacity of the lungs for carbon monoxide was determined by the
single-breath technique, in accordance with the ERS/ATS guidelines,”
corrected by the hemoglobin value. Reference values were those of
the European Community for Steel and Coal®* and, for a group of
patients (n % 201), we also tested the correlation of Dico % predicted
with the Global Lung Function Initiative (GLI) (e- Fig 1).?2?° Arterial
blood gases were measured with participants in  the sitting position
while breathing room air. The 6-min walk distance was measured
according to the ATS guideline.?* Dyspnea was evaluated with the
modified Medical Research Council dyspnea scale. FEV,;, BMI, 6-
min walk distance, and modified Medical

Research Council values were integrated into the BODE (BMI, airflow
obstruction, dyspnea, and exercise capacity) index.?® The associated
comorbidity load was determined with the Charlson index.”
Hospitalizations and all-cause mortality were recorded, using
information obtained from the family, and then confirmed by
reviewing medical records as published previously.*®

Statistical Analysis

Data are summarized as relative frequencies for categorical variables,
mean (SD) for normally distributed variables, and median (10th-90th
percentile) for nonnormal data. Comparisons were made between
groups using Pearson C? test, the Kruskal-Wallis H test, or the
Mann-Whitney U test and one-way analysis of variance or Student
t-test as appropriate. Correlations were estimated using Spearman or
Pearson linear coefficients. Using all the patients in the study
population, a random coefficients model (mixed-effects linear model)
with random intercept and slope was applied to annual Dico %,
including COPD, sex, age, current smoker, pack-years, and FEV,
% as covariates. Evaluation of the interactions of these variables over
time allowed us to calculate the DrLco decline rate. In addition, models
for patients with COPD and smokers without COPD were derived,
using those covariates that had been significant. We performed a
mortality Cox regression test including the main variables related to
Dirco longitudinal analysis. We also performed a survival analysis,
using a multivariate Cox proportional hazards regression model
including the main variables related to Dico longitudinal analysis, to
evaluate the effect of DLco on adjusted overall survival on relevant
covariates such as sex.”” A repeated- measures analysis of variance
was applied to analyze the evolution of Drco over the study period,
including the time-by-sex interaction. In an effort to smooth the
series and increase the number of individuals available throughout
the study period, the definition of three periods of time (initial,
intermediate, and final) was considered to be the moving average of
two measurements in 2 years. In addition, the difference in FEV; %
between the initial and final periods was included as a covariate to
study the effect on the evolution of the DLco %. Trend analysis was
performed to estimate the individual slope of variables over time. A
linear regression model with year as the explanatory variable was used
to estimate the slope of the Dico decline when at least three
measurements were available. A significance level was established as
a two-tailed P value < .05. Calculations were made with SPSS 25.0
(1IBM).

Results

Characteristics of the Participants

The study population included 602 individuals (women,
33%). There were 506 (84%) with COPD, and 96 (16%)
were smokers without COPD (control subjects). The
classification of COPD vs control subject, using the
lower limit of normal vs the FEV1/FVC, would keep
more than 95% of subjects in the same group and not
influence the results. The baseline characteristics of the
participants are shown in Table 1. The group of patients
with COPD included more men; they were slightly older,
had a greater pack-year history, but a lower proportion
of current smokers. As expected, they had worse lung
function, less exercise capacity, higher dyspnea and

BODE index scores, more comorbidities, and higher
hospitalizations and mortality. However, the two groups
had similar hemoglobin levels and BMI values.

Longitudinal Changes in Dico

The mean (x SE) rate of change in DLco % over the 5
years in patients with COPD indicated a decline of
1.34% + 0.015%/y and was higher compared with
control subjects (0.04% =+ 0.032%l/y), that is, smokers
without COPD (P % .004) (Fig 1). The rate of change
was associated with the number of Dico
measurements for the COPD population (P ¥4 .013)
but not for smokers without COPD (P % .73). These
differences in the mean rate of decline were observed
only for the group with one or two measurements



TABLE 1] Baseline Characteristics of Subjects Included in Study, Stratified by Presence of COPD and Number of DiLco Assessments

COPD Smokers Without COPD
Total 1-2 Period® 3-6 Period? Total 1-2 Period 3-6 Period P
Characteristic (N %2 506) (n ¥ 201) (n ¥ 305) P Value (N ¥296) (nva27) (nv269) Value P Value®
Sex (male)© 406 (80%) 149 (74%) 257 (84%) .004 58 (60%) 19 (70%) 39 (56%) .155 | <.001
Age, y! 64 (8.9) 65 (9.0) 64 (8.8) .542 55(10.1) 56 (11.0) 55 (9.8) .683 | <.001
Pack-years® 59 (27) 60 (27) 58 (27) 442 45 (24) 48 (23) 43 (24) .337 | <.001
Smokers active® 192 (38%) 87 (43%) 105 (34%) .055 61 (64%) 19 (73%) 42 (61%) 194 | <.001
BMI, kg/m? 9 27.4 (5.0) 27.6 (5.5) 27.3 (4.7) 441 28.4 (4.9) 28.4 (5.7) 28.4 (4.6) .954 .087
Hemoglobin, g/dL¢ 14.8 (1.32) 14.4 (1.41) 14.9 (1.25) .003 15.3 (1.25) 15.8 (0.72) 15.1 (1.38) 173 .065
CO-oximetry, ppm® 5.0 (2-19) 4.0 (2-17.4) 5.0 (2-20) .103 10.0 (3-33) 12 (3-32.9) 10 (3-37) .637 | <.001
Dtco, mmol/mL/kPa‘ 5.18 (1.98) 4.46 (2.02) 5.35 (1.94) .016 7.86 (2.35) 7.46 (2.43) 7.95 (2.29) 154 | <.001
Dcco, % 65.0 (23.6) 62.8 (25.4) 66.3 (22.4) .118 84.6 (19.3) 81.1 (17.9) 85.9 (19.7) 291 | <.001
Kco, %¢ 73.4 (25.1) 70.8 (25.2) 75.2 (24.9) .062 92.4 (20.6) 88.4 (18.2) 94.2 (21.5) 226 | <.001
FEV,, LY 1.61 (0.63) 1.50 (0.60) 1.69 (0.64) .001 2.88 (0.75) 2.90 (0.93) 2.87 (0.68) .856 | <.001
FEV1, % 57.7 (20.3) 56.0 (20.9) 58.7 (19.8) .147 95.9 (13.8) 91.9 (18.3) 97.5 (11.3) 147 | <.001
FvC, L¢ 3.14 (0.90) 2.93 (0.85) 3.28 (0.91) < .001 3.77 (1.00) 3.81 (1.21) 3.75 (0.92) .816 | <.001
FVC, % 86.0 (21.1) 84.3 (21.5) 87.2 (20.8) .128 100.1 (15.2) 96.4 (19.7) 101.6 (12.9) 216 | <.001
FVC./FVC, % 51.2 (12.1) 50.9 (12.4) 51.4 (11.9) .695 77.8 (6.0) 78.0 (6.8) 77.7 (5.6) 794 | <.001
6MWD, m¢ 471 (96) 445 (108) 488 (83) < .001 534 (89) 538 (102) 533 (85) .808 | <.001
Charlson index® 0 (0-3) 0 (0-3) 0 (0-2.4) .105 0 (0-1) 0 (0-3.9) 0 (0-0) .055 .007
Dyspnea (MMRC)® 1 (0-3) 1 (0-3) 1(0-2) .248 0 (0-1.4) 0 (0-2) 0 (0-1) 969 | <.001
Paoz, mm Hg* 70.0 (10.8) 69.1 (11.9) 70.8 (9.9) 191 75.8 (13.1) 74.6 (14.1) 76.0 (13.1) .795 .004
BODE index® 1 (0-4) 2 (0-6) 1 (0-4) .005 0 (0-1) 0 (0-2.4) 0 (0-1) .178 | <.001
Hospitalization (at least one during the 137 (27%) 47 (23%) 90 (30%) .078 13 (14%) 2 (8%) 11 (16%) 247 .003
study period)°®
Hospitalization per patient-year® 0 (0-0.7) 0 (0-2) 0 (0-0.4) 1939 0 (0-0.3) 0 (0-1.5) 0 (0-0.3) .628 .013
Respiratory mortality® 54 (11%) 30 (15%) 24 (8%) .009 1(1.0%) 1(3.7%) - .281 .001
Global mortality® 130 (26%) 83 (41%) 47 (15%) < .001 3(3.1%) 3 (11.1%) - .020 | <.001

6MWD ¥4 6-minute walk distance; BODE ¥ BMI, airflow obstruction, dyspnea, and exercise; DLco ¥4 diffusing capacity of the lungs for carbon monoxide; Kco ¥ CO transfer coefficient; mMMRC ¥ modified Medical

Research Council.

aSubjects with fewer than three measurements (1-2 period) vs three or more measurements (3-6 period).
bComparison between subjects with COPD and smokers without COPD.

‘Data presented as number (percentage).
dData presented as mean (SD).

eData presented as median (10th percentile-90th percentile).
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Figure 1 — Values of Dico (%) over 5 years. A, Values for all patients with COPD and smokers without COPD. B, Comparison of changes in Drco (%)

in men and women with COPD. Drco ¥4 diffusing capacity of the lungs for carbon monoxide.

associated with differences in the longitudinal change
in Drco values in patients with COPD.

(1.40% = 0.027%ly; P ¥..006), and there were no
differences between those with three (1.33% =
0.037%ly) vs four to six measurements (1.31% +
0.019%ly). Although 26% of the patients with COPD
died during the study, the mean rates of change did
not differ significantly from those who completed the
study compared with those who did not (1.31% +
0.026%l/y vs 1.36% + 0.018%ly; P ¥4 .118). Age, BMI,
FEV1 %, and presence of active smoking were not

Being a woman was the only factor that related to the
annual rate of change in DrLco (Table 2). Women with
COPD had lower baseline Drco values (-11.37% =+
2.27%; P < .001) than men with the disease in spite of a
higher FEV1 % than men (64.8% vs 55.9%; P < .001).
Women exceeded the annual rate of DLco decline by

TABLE 2| Effects of Patient Characteristics on Baseline Dico and on Annual Rate of Change in Dico

Baseline Dico Annual Rate of Change in Dico
Effect on Annual Rate of
Characteristic Effect on Baseline Dico P Value Change in Dico P Value
Total model
COPD, yes vs no —-1.41 +2.50 573 -1.19+041 .004
Age, pery —0.20 +£ 0.09 .031 —0.01 £ 0.01 .647
Sex, female vs male —10.40 + 2.04 < .001 —0.59 +0.34 .096
BMI, per kg/cm? 1.45 + 0.16 < .001 —0.05 + 0.03 .074
Smoking status
Current smoker, yes vs no —2.32+x1.70 172 0.01 £ 0.30 .976
Pack-years, per pack-year 0.04 + 0.03 .363 0.002 + 0.005 .633
FEV; (%) baseline, per % 0.47 = 0.04 < .001 0.01 + 0.01 .207
COPD model
Age, pery —0.31 +£0.10 .002 —0.01 £ 0.01 401
Sex, female vs male —11.37 +2.27 < .001 —0.89 + 0.42 .039
BMI, per kg/cm? 1.54 + 0.17 < .001 —0.04 + 0.03 121
FEV; (%) baseline, per % 0.48 = 0.04 <.001 0.004 + 0.007 .558
Smoker without COPD model
Age, pery 0.41 = 0.16 .014 —0.01 = 0.02 .514
Sex, female vs male —10.67 + 3.50 .003 —0.27 £ 0.50 .596
BMI, per kg/cm? 1.40 £ 0.34 <.001 —0.10 £ 0.05 .065
FEV; (%) baseline, per % 0.46 = 0.12 < .001 —0.01 = 0.02 .459

Data are presented as mean + SE. Dico ¥4 diffusing capacity of the lungs for carbon monoxide.



TABLE 3] Evolution of Dico and Other Functional Variables in Patients With COPD and Smokers Without COPD Over Time: Patients With Three or More Measures

of DLco
COPD (n % 305) Smokers Without COPD (n ¥4 69)
Variable Initial Intermediate Final P Value Initial Intermediate Final P Value
BMI, kg/m?22 27.7 (4.4) 27.7 (4.5) 27.7 (4.7) .898 28.6 (4.5) 28.7 (4.5) 28.9 (4.4) 341
DLco, %° 64.2 (20.8) 59.9 (20.7) 57.4 (21.3) < .001 83.1 (20.9) 80.6 (20.9) 80.8 (20.6) .032
Kco, % 75.2 (24.7) 74.3 (24.4) 69.3 (25.3) < .001 94.0 (20.9) 93.2 (20.9) 90.7 (21.6) .019
Alveolar volume, L? 5.26 (1.07) 5.15 (1.11) 5.10 (1.14) < .001 5.21 (0.96) 5.19 (0.90) 5.13 (0.99) .406
FEV,, L2 1.67 (0.63) 1.61 (0.62) 1.52 (0.64) < .001 2.86 (0.75) 2.79 (0.74) 2.66 (0.78) .007
FEVy, %2 58.2 (19.0) 57.1(19.0) 55.7 (18.9) < .001 97.0 (11.7) 97.2 (12.3) 96.4 (13.6) 519
FVC, L# 3.26 (0.90) 3.21 (0.89) 3.10 (0.90) < .001 3.78 (0.95) 3.74 (1.00) 3.67 (1.02) .005
FVC, %? 86.0 (19.9) 86.3 (20.4) 84.4 (21.4) .023 102.1 (12.7) 101.3 (13.0) 101.2 (13.1) .700
FVC/FVC, %2 51.6 (11.9) 50.3 (12.4) 50.0 (11.6) < .001 76.6 (5.2) 74.9 (5.2) 74.6 (6.2) .019
BODE index® 1.5 (0-4) 2 (0-4.5) 2 (0-5) < .001 0 (0-1) 0 (0-1) 0 (0-1) .206
Smokers active® 37.7% 34.1% 28.2% .034 65.2% 58.8% 47.1% .033

BODE ¥4 BMI, airflow obstruction, dyspnea, and exercise; Dico ¥ diffusing capacity of the lungs for carbon monoxide; Kco % CO transfer coefficient.
2Data are presented as mean (SD).

bData are presented as median (10th percentile-90th percentile).

‘Data are presented as number (percentage).



0.89% £ 0.42%ly (P ¥4 .039), compared with men. These
differences were not explained by smoking habit (Table 2,
e-Tables 1 and 2). There was no influence of center
location on rate of DLco decline (analysis not shown).

Analysis of Subgroups

We identified 305 patients with COPD and 69 smokers
without COPD with at least three DLco measurements
over the 5 years (e-Fig 2). The patients with COPD with
at least three DLco measurements were similar to those

with fewer than three DLco measurements in terms of
baseline DLco, BMI, FEV1 %, and Pao,. However, they
walked a greater distance in the 6-min walk test, had a
lower BODE index, and lower mortality. There were no
significant differences in the smokers without COPD
(Table 1). Table 3 shows that in those patients with
COPD, the DLco %, FEV1 %, and proportion of active
smokers decreased over the 5 years of observation.

On the basis of the individual slope change, 50 patients
with COPD (16.4%) (Fig 2) and three smokers without
COPD (4.3%) showed a statistically significant yearly
loss of DLco %: —4.139 (95% Cl, —4.622 to —3.622) and
—4.440 (95% Cl, —9.903 to 1.023), respectively (Table 4).
In patients with COPD, more women (26%) than men
(14%) were in the Drco decliners group (P % .005).

Forty-seven patients with three DLco measurements
died during the follow-up period, and there was no
significant difference in mortality between patients with
COPD with and without slope Drco decline (P % .763;
e-Table 3). There were also no significant differences in
hospitalization per patient-year (P ¥4 .447).

Discussion

This prospective observational study of patients with
COPD attending pulmonary clinics has several important
findings: First, over 5 years of observation, a proportion
of patients with COPD (16%) had a statistically
significant annual decline in DLco. This proportion is
four times higher than that of smokers without airflow
limitation. Second, with better spirometric values at
baseline and throughout the study, smoking women with
and without COPD had a lower DLco than men.
Importantly, they also had a greater DLco decline over the
5 years of observation. These results provide information
about the testing frequency needed to use Drco as a
marker of COPD progression in clinical practice, as well
as in trials of therapies aimed at improving emphysema.
The results also suggest that compared with men, women
have a different susceptibility to cigarette smoke in the
alveolar or pulmonary vascular domains.

45 1 *P-value < .05; ** < .01; *** < 001

Baseline 1 2
3 4 5

Time (y)

—— Decliners --e-- Nondecliners |

Figure 2 — Evolution of the mean annual Dico (%) for patients with
COPD depending on its decline was statistically significant negative
(decliners) vs the rest of the group (nondecliners).

DiLco Over Time

Longitudinal studies with repeated measures of DLco in
respiratory diseases have been reported primarily in
interstitial lung disease, with a decrease $ 15% over 6 to
12 months shown to be associated with increased
mortality risk independent of other cross-sectional
measures.?® This has positioned the DLco as an
interstitial lung disease activity biomarker that could
guide progression or response to treatment. In COPD,
the prognostic information on DLco has only been
reported using single cross-sectional measurements.

To our knowledge, the current report represents the first
observational study in patients with COPD compared
with smokers without COPD, who served as control
subjects. Our data on the mean annual decrease in DLco
in the patients with COPD were similar to those recently
published in the multicenter observational study by
Kang et al,'” completed in a smaller number of patients
with COPD (n % 155). That study had only nine women
and, thus, they could not examine the influence of sex on
DLco progression.

The observed decline in DLco confirms that COPD
progresses relatively slowly, with 16% of the patients
showing a statistically significant annual decline over the
5 years of observation. However, this proportion was
four times higher than that of the group of smokers
without COPD. To place these findings in a practical
clinical context we have to relate our findings with those
reported in the literature in two cross-sectional COPD
studies.*>?° Analysis of the COPDGene cohort*® has
shown that a 10% lower value of DiLco is associated with
a significant impairment in exercise capacity and an
increased risk of hospitalizations independent of FEV1.
In another study of a smaller cohort, a lower DLco value
was associated with a lower 6-min walking distance.*? In
our study, there was a numerical difference in the



TABLE 4] Slope Values of DLco Change in Patients With Three or More Measurements
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Slope values provided according to their direction (positive for increase, negative for a decrease) and statistical significance. Dico % diffusing capacity of the lungs for carbon monoxide.

number of hospitalizations in the DrLco decliners group,
but it failed to reach statistical significance. Our findings,
and those of the Korean study, suggest that patients with
COPD do not need an annual follow-up measurement of
Dico and that perhaps this test can be performed every
3 to 4 years, even in the highest risk group such as
women, as we discuss below.

Drco in Women

The DLco at baseline in our study was lower in women
than in men with COPD, even though they had higher
spirometric values at baseline. This has been reported
previously, but has not been adequately discussed and
has never been prospectively followed.?**° We show that
women have a tendency to a more pronounced decrease
in DLco over time despite having a better FEV; than
men, both at baseline and at the end of 5 years. This
difference in DLco needs to be added to other
characteristics described for women with COPD. It is
known that women report more dyspnea and worse
health status than men,** and they have a marked
tendency to develop some comorbidities such as anxiety,
depression, malnutrition, lung adenocarcinoma, and
osteoporosis.®? Importantly, in studies using CT
imaging, women with COPD show smaller
emphysematous lesions than men.* We can only
speculate about some potential reasons to explain the
contradictory findings of our study (lower DLco) and
that of less emphysema by CT imaging in other
studies.®® One reasonable explanation is that women
have a pulmonary vascular phenotype that may be
related to the smoking habit. There may be a loss of the
distal arterial capillaries (pruning) with relative
preservation of the airways and alveoli.** It could also
depend on the way smoke is inhaled in women® or on
other hormonal (estrogenic) factors.®® These
pathophysiologic aspects were outside the scope of this
study. However, some support for the potential vascular
susceptibility to cigarette smoke in women is provided
by the higher prevalence of pulmonary vascular
hypertension in this sex.*

This study has some limitations. First, not all patients
initially enrolled had all the annual measurements of
their DLco over the 5 years. Although the dropout of
some subjects can affect the measurement of DLco
decline, we used a random coefficients model (mixed-
effects linear model) to minimize this effect. In fact, the
differences observed in patients with COPD with fewer
measurements compared with those with more
measurements were clinically irrelevant. Second, there



may be intrinsic variability in the instruments used to
measure DiLco, an area that remains poorly studied.
However, daily calibration and biological control
subjects minimized this variability. Further, the observed
differences in the proportion of rapid DLco decliners in
subjects with COPD vs smokers without obstruction,
in a multicenter study, support its practical clinical use
in different centers. Third, the current study does not
include CT imaging of the chest, a test that would have
provided insight into the contribution of factors, such as
the behavior of the vascular compartment (vascular
pruning), to the pathophysiologic explanation of our
observations. This is an area that warrants further study
in patients with COPD, but does not negate the
importance of our findings. Finally, our results should be

Interpretation

In summary, this longitudinal observational study shows
that the decline in DLco is on average more rapid in
patients with COPD than in smoker control subjects. On
average, 3 to 4 years is needed to observe a significant
decline in Drco. This information is relevant to help
implement the use of this test in clinical practice and
therapeutic trials. Importantly, we found that women
with COPD have a lower DLco than men, independent
of airflow limitation, and appear to have a greater
decline over time. This suggests a differential impact of
sex among those factors influencing lung gas diffusion.
Further studies in other populations should validate our

replicated in other populations and ethnic groups.

results.

Acknowledgments

Author contributions: All of the authors had
full access to all the data in the study and
accept responsibility for the submission of
this work. All of the authors attest that they
made substantial contributions to the
conception and design of the study; to the
acquisition, analysis, and interpretation of
data; and to drafting of the article or critical
revision for important intellectual content.
All of the authors gave final approval of the
version submitted for publication.

Role of sponsors: The sponsors had no role
in the design of the study, the collection and
analysis of the data, or the preparation of the
manuscript.

Additional information: The e-Figures and
e-Tables can be found in the Supplemental
Materials section of the online article.

References

1. Global Initiative for Chronic Obstructive
Lung Disease. 2020 global strategy for
prevention, diagnosis and management of
COPD. https://goldcopd.org/gold-reports/
Accessed April 20, 2021.

2. Lange P, Celli B, Agusti A, et al. Lung-
function trajectories leading to chronic
obstructive pulmonary disease. N Engl J
Med. 2015;373(2):111-122.

3. Casanova C, de Torres JP, Aguirre-
Jaime A, et al. The progression of chronic
obstructive pulmonary disease is
heterogeneous: the experience of the
BODE cohort. Am J Respir Crit Care Med.
2011;184(9):1015-1021.

4. Vestbo J, Edwards LD, Scanlon PD, et al.
Changes in forced expiratory volume in 1
second over time in COPD. N Engl J Med.
2011;365(13):1184-1192.

5. Nishimura M, Makita H, Nagai K, et al.
Annual change in pulmonary function
and clinical phenotype in chronic

10.

11.

12.

13.

14.

obstructive pulmonary disease. Am J
Respir Crit Care Med. 2012;185(1):44-52.

. Cosio BG, Soriano JB, Lépez-Campos JL,

et al; CHAIN study. Distribution and
outcomes of a phenotype-based approach
to guide COPD management: results from
the CHAIN cohort [published correction
appears in PLoS One. 2016;11(11):
€0166257]. PL0S One. 2016;11(9):
€0160770.

. Celli BR, Locantore N, Tal-Singer R, et al;

ECLIPSE Study Investigators. Emphysema
and extrapulmonary tissue loss in COPD:
a multi-organ loss of tissue phenotype.
Eur Respir J. 2018;51(2):1702146.

. Krogh M. The diffusion of gases through

the lungs of man. J Physiol. 1915;49(4):
271-300.

. Ogilvie CM, Forster RE, Blakemore WS,

Mortin JW. A standardized breath
holding technique for the clinical
measurement of the diffusing capacity of
the lung for carbon monoxide. J Clin
Invest. 1957;36(1 part 1):1-17.

Martinez F, Flaherty K. Pulmonary
function testing in idiopathic interstitial
pneumonias. Proc Am Thorac Soc.
2006;3(4):315-321.

Farkhooy A, Janson C, Arnardottir RH,
Malinovschi A, Emtner M,

Hedenstrom H. Impaired carbon
monoxide diffusing capacity is the
strongest predictor of exercise intolerance
in COPD. COPD. 2013;10(2):180-185.

Diaz AA, Pinto-Plata V, Hernandez C,

et al. Emphysema and DIco predict a
clinically important difference for 6MWD
decline in COPD. Respir Med.
2015;109(7):882-889.

Balasubramanian A, Maclntyre NR,
Henderson RJ, et al. Diffusing capacity of
carbon monoxide in assessment of COPD.
Chest. 2019;156(6):1111-1119.

Ferguson MK, Gaissert HA, Grab JD,
Sheng S. Pulmonary complications after

15.

16.

17.

18.

19.

20.

21.

22.

lung resection in the absence of chronic
obstructive pulmonary disease: the
predictive role of diffusing capacity.

J Thorac Cardiovasc Surg. 2009;138(6):
1297-1302.

Boutou AK, Shrikrishna D, Tanner RJ,
et al. Lung function indices for predicting
mortality in COPD. Eur Respir J.
2013;42(3):616-625.

Harvey BG, Strulovici-Barel Y, Kaner RJ,
et al. Risk of COPD with obstruction in
active smokers with normal spirometry
and reduced diffusion capacity. Eur Respir
J. 2015;46(6):1589-1597.

Kang J, Oh YM, Lee JH, et al. Distinctive
patterns of pulmonary function change
according to baseline lung volume and
diffusing capacity. Int J Tuberc Lung Dis.
2020;24(6):597-605.

Lépez-Campos JL, Péces-Barba G, Soler-
Catalufia JJ, et al. Chronic obstructive
pulmonary disease history assessment in
Spain: a multidimensional chronic
obstructive pulmonary disease evaluation:
study methods and organization. Arch
Bronconeumol. 2012;48(12):453-459.

Miller MR, Hankinson J, Brusasco V, et al;
ATS/ERS Task Force. Standardisation of
spirometry. Eur Respir J. 2005;26(2):319-
338.

Macintyre N, Crapo RO, Viegi G, et al.
Standardization of the single-breath
determination of carbon monoxide uptake
in the lung. Eur Respir J. 2005;26(4):720-
735.

Quanjer PH. Standardized lung function
testing: report of the Working Party for
the European Community for Steel and
Coal. Bull Eur Physiopathol Respir.
1983;19(suppl 5):1-95.

Quanjer PH, Stanojevic S, Cole TJ, et al;
ERS Global Lung Function Initiative.
Multi-ethnic reference values for
spirometry for the 3—95-yr age range: the
global lung function 2012 equations. Eur
Respir J. 2012;40(6):1324-1343.


https://goldcopd.org/gold-reports/
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref2
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref2
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref2
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref2
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref3
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref3
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref3
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref3
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref3
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref3
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref4
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref4
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref4
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref4
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref5
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref5
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref5
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref5
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref5
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref6
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref6
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref6
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref6
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref6
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref6
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref6
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref6
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref7
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref7
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref7
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref7
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref7
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref8
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref8
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref8
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref9
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref9
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref9
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref9
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref9
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref9
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref10
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref10
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref10
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref10
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref11
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref11
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref11
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref11
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref11
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref11
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref12
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref12
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref12
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref12
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref12
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref13
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref13
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref13
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref13
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref14
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref14
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref14
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref14
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref14
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref14
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref14
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref15
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref15
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref15
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref15
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref16
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref16
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref16
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref16
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref16
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref17
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref17
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref17
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref17
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref17
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref18
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref18
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref18
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref18
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref18
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref18
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref18
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref19
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref19
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref19
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref19
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref20
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref20
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref20
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref20
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref20
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref21
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref21
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref21
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref21
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref21
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref22
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref22
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref22
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref22
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref22
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref22

23.

24.

25.

26.

21.

Stanojevic S, Graham BL, Cooper BG,
et al; Global Lung Function Initiative
TLCO working group; Global Lung
Function Initiative (GLI) TLCO. Official
ERS technical standards: Global Lung
Function Initiative reference values for the
carbon monoxide transfer factor for
Caucasians. Eur Respir J. 2017;50(3):
1700010.

ATS Committee on Proficiency Standards
for Clinical Pulmonary Function
Laboratories. Guidelines for the six-
minute walk test. Am J Respir Crit Care
Med. 2002;166(1):111-117.

Celli BR, Cote C, Marin JM, et al. The
body-mass index, airflow obstruction,
dyspnea, and exercise capacity index in
chronic obstructive pulmonary disease.
N Engl J Med. 2004;350(10):1005-1012.

Charlson M, Szatrowsky T, Peterson J,
Gold J. Validation of a combined
comorbidity index. J Clin Epidemiol.
1994;47(11):1245-1251.

Harrell FE Jr. Cox proportional hazards
regression model. In: Springer Series in
Statistics: Regression Modeling Strategies.
New York: Springer; 2001:465-507.
https://doi.org/10.1007/978-1-4757-3462-
1_19. Accessed April 20, 2021.

29.

30.

31

32.

33.

. Latsi PI, du Bois RM, Nicholson AG, et al.

Fibrotic idiopathic interstitial pneumonia:
the prognostic value of longitudinal
functional trends. Am J Respir Crit Care
Med. 2003;168(5):531-537.

de Torres JP, Casanova C, Pinto-Plata V,
et al. Gender differences in plasma
biomarker levels in a cohort of COPD
patients: a pilot study. PLoS One.
2011;6(1):e16021.

Sharanya A, Ciano M, Withana S,

Kemp PR, Polkey MI, Sathyapala SA. Sex
differences in COPD-related quadriceps
muscle dysfunction and fibre
abnormalities. Chron Respir Dis. 2019;16.
1479973119843650.

Celli B, Vestbo J, Jenkins CR, et al. Sex
differences in mortality and clinical
expressions of patients with chronic
obstructive pulmonary disease: the
TORCH experience. Am J Respir Crit Care
Med. 2011;183(3):317-322.

Divo M, Cote C, de Torres JP, et al; BODE
Collaborative Group. Comorbidities and
risk of mortality in patients with chronic
obstructive pulmonary disease. Am J
Respir Crit Care Med. 2012;186(2):155-
161.

Gut-Gobert C, Cavaillés A, Dixmier A,
et al. Women and COPD: do we need

34.

35.

36.

more evidence? Eur Respir Rev.
2019;28(151):180055.

Weatherald J, Montani D, Humbert M.
Seeing the forest for the (arterial) tree:
vascular pruning and the chronic
obstructive pulmonary disease
pulmonary vascular phenotype. Am J
Respir Crit Care Med. 2019;200(4):406-
408.

Polverino M, Capuozzo A, Cicchitto G,
et al. Smoking pattern in men and women:
a possible contributor to gender
differences in smoke-related lung diseases.
Am J Respir Crit Care Med. 2020;202(7):
1048-1051.

Galie N, Humbert M, Vachiery JL, et al;
ESC Scientific Document Group. 2015
ESC/ERS Guidelines for the diagnosis
and treatment of pulmonary
hypertension: The Joint Task Force for
the Diagnosis and Treatment of
Pulmonary Hypertension of the
European Society of Cardiology (ESC)
and the European Respiratory Society
(ERS): Endorsed by: Association for
European Paediatric and Congenital
Cardiology (AEPC), International Society
for Heart and Lung Transplantation
(ISHLT). Eur Heart J. 2016;37(1):
67-119.


http://refhub.elsevier.com/S0012-3692(21)00696-6/sref23
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref23
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref23
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref23
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref23
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref23
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref23
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref23
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref23
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref24
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref24
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref24
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref24
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref24
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref25
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref25
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref25
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref25
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref25
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref26
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref26
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref26
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref26
https://doi.org/10.1007/978-1-4757-3462-1_19
https://doi.org/10.1007/978-1-4757-3462-1_19
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref28
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref28
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref28
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref28
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref28
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref29
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref29
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref29
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref29
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref29
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref30
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref30
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref30
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref30
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref30
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref30
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref31
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref31
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref31
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref31
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref31
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref31
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref32
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref32
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref32
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref32
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref32
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref32
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref33
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref33
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref33
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref33
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref34
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref34
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref34
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref34
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref34
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref34
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref34
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref35
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref35
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref35
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref35
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref35
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref35
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref36
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref36
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref36
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref36
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref36
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref36
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref36
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref36
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref36
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref36
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref36
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref36
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref36
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref36
http://refhub.elsevier.com/S0012-3692(21)00696-6/sref36

	Methods
	Results
	Discussion
	Interpretation
	Acknowledgments
	References

