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Abstract

Background: Lung diffusing capacity (DLco) and lung vol-
ume distribution predict exercise performance and are al-
tered in COPD patients. If pulmonary rehabilitation (PR) can
modify DLCO parameters is unknown. Objectives: To inves-
tigate changes in DLCO and ventilation inhomogeneity fol-
lowing a PR program and their relation with functional
outcomes in patients with COPD. Methods: This was a pro-
spective, observational, multicentric study. Patients were
evaluated before and after a standardized 3-week PR pro-
gram. Functional assessment included body plethysmogra-
phy, DLco, transfer factor (KCO) and alveolar volume (VA), gas
exchange, the 6-min walking test (6MWT) and exercise-relat-
ed dyspnea. Patients were categorized according to the se-
verity of airflow limitation and presence of ventilation inho-

mogeneity, identified by a VA/TLC <0.8. Results: Two hun-
dred and fifty patients completed the study. Baseline forced
expiratory volume in 1 s (FEV,) % predicted (mean + SD) was
50.5 + 20.1 (76% males); 137 patients had a severe disease.
General study population showed improvements in 6MWT
(38 £55m; p < 0.01), DLcO (0.12 % 0.63 mmol x min~' kPa™';
p < 0.01), lung function and dyspnea. Comparable improve-
ments in DLCO were observed regardless of the severity of
disease and the presence of ventilation inhomogeneity.
While patients with VA/TLC <0.8 improved the DLCO increas-
ing their VA (177 £ 69 ml; p < 0.01), patients with VA/TLC >0.8
improved their KCO (8.1 = 2.8%; p = 0.019). The latter had
also better baseline lung function and higher improvements
in BMWT (14.6 £ 6.7 vs. 9.0 + 1.8%; p = 0.015). Lower DLCO at
baseline was associated with lower improvements in 6MWT,
the greatest difference being between subjects with very se-
vere and mild DLCO impairment (2.7 £ 7.4 vs. 14 = 2%; p =
0.049). Conclusions:\n COPD patients undergoing a PR pro-
gram, different pathophysiological mechanisms may drive
improvements in DLCO, while ventilation inhomogeneity
may limit improvements in exercise tolerance.
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Introduction

In the last decades, pulmonary rehabilitation (PR) has
grown in importance as a fundamental part of the man-
agement of patients with COPD. As a multidisciplinary
intervention, it reduces symptoms, improves exercise tol-
erance and decreases health care costs [1, 2]. The im-
provement of patients’ daily life activity and exercise per-
formance represents a major priority of PR, and the dis-
ease complexity implies the need for personalized and
focused PR programs [2]. Therefore, the initial respira-
tory functional assessment should be as complete as pos-
sible [3] as many pathophysiological variables concur in
predicting exercise tolerance in COPD. However, with
respect to other measurements, a few studies consider the
single breath lung diffusing capacity for carbon monox-
ide (DLCO) as a routine test during a PR workup. More-
over, the assessment of DLCO with the single breath ma-
neuver allows the measurement of the transfer coefficient
for carbon monoxide (KCO) and of the alveolar volume
(VA), variables that so far earned limited clinical consid-
eration [4]. While DLCO is a measure of total lung diffus-
ing capacity, the VA, when corrected for total lung capac-
ity (VA/TLC), represents the fraction of accessible inspi-
ratory lung volume and provides valuable information
about inspired gas distribution abnormalities and there-
fore of ventilation inhomogeneity [5, 6]. In patients with
COPD, DLCO represents one of the best predictors of ox-
ygen consumption, exercise performance and intensity of
daily physical activity [7-9]. Accordingly, ventilation in-
homogeneity predicts reduced maximal exercise capacity
better than forced expiratory volume in 1 s (FEV}), and
has been shown to limit exercise tolerance causing exer-
cise ventilation inefficiency even in mild and moderate
patients with COPD [10, 11]. The possibility that PR may
elicit improvements in DLCO and VA has never been sys-
tematically explored; moreover, the relationship between
DLco, VA/TLC and PR outcomes is still unknown. Mota
et al. [12] described no changes in DLCO and lung vol-
umes in severe and very severe COPD patients after a
5-week expiratory muscle training program [12]; the
study, however, enrolled only a total of 16 patients and
did not include any other exercise or educational train-
ing. On the other hand, a recent report described a sig-
nificant increase in DLCO in severe patients with COPD
after an 8-week outpatient PR program. Also in this case,
the primary outcome was not DLCO, no subcomponents
were measured, and the patients enrolled were 36 [13]. As
opposed to heart failure [14], in COPD the KCO is re-
lated to the integrity of the alveolar-capillary membrane,
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and therefore to the extent of emphysema [15], which
should constitute an irreversible phenomenon. In this
connection, we hypothesize that changes in DLCO follow-
ing PR, when present, may be driven by an increase in
inspiratory accessible lung volume - i.e. VA/TLC. There-
fore, the aim of our study was twofold: (1) to explore if PR
can induce changes in DLCO in patients with COPD and,
if s, to determine which DLCO component is implicated;
(2) to explore the relationship between DLCO, KCO and
ventilation inhomogeneity and PR-related changes in ex-
ercise tolerance, dyspnea and gas exchange.

Materials and Methods

Study Design

A prospective, observational, multicenter study was performed
in three PR units of Fondazione Salvatore Maugeri: Milan (Italy),
Telese (Benevento, Italy) and Cassano delle Murge (Bari, Italy)
from October 2012 until March 2014.

Patients

Inpatients and patients in day-hospital setting were consecu-
tively enrolled. Subjects were referred to the unit for a standardized
high-intensity PR program conducted according to the ERS/ATS
statement recommendations [1]. Patients were all in stable clinical
condition. No patients were treated with antibiotics or systemic
corticosteroids, and no changes were made to the bronchodilator
home treatment prior to enrollment. Inclusion criteria were: a
confirmed diagnosis of COPD, with a postbronchodilator forced
expiratory volume in the first second to slow vital capacity ratio
<88% of predicted value (%pred) for males and <89%pred for fe-
males according to the lower limit of normal criteria [16] and any
degree of airflow limitation; stable clinical conditions at enroll-
ment, and the ability to perform the pulmonary function tests. Ex-
clusion criteria were: impaired cognitive function (Mini-Mental
State Examination score <26), a current diagnosis of neoplastic
and musculoskeletal diseases, previous lobectomy, a restrictive
and mixed obstructive-restrictive ventilatory pattern and patients
with a previous history of asthma. Patients that had recently un-
derwent cardiothoracic surgery, with NYHA IIT or IV functional
class heart failure, primitive pulmonary hypertension, diagnosis of
vasculitis or other rheumatic disease and severe valvulopathies
were excluded too. Patients who had an exacerbation during the
PR program were excluded from the study.

Functional Assessment

Static, dynamic lung volumes and total specific airway resis-
tances (sRawy,) were assessed by means of a constant-volume
body plethysmograph (MasterScreen Body; Erich Jaeger GmbH,
Wiirzburg, Germany). Intrathoracic gas volume (ITGV) was ob-
tained at functional residual capacity, and sRaw,,, were calculated
during tidal breathing. DL.CO, KCO and VA were measured with
the single breath maneuver (Master Screen PFT System; Jaeger,
VIASYS Healthcare, Hoechberg, Germany), assessing the VA by
means of the inert gas dilution technique. Lung function testing
was performed according to current ATS/ERS recommendations
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Fig. 1. Study protocol outline.

[17, 18]. For every patient, the VA measurements were normalized
with plethysmographic TLC as suggested by Hughes et al. [5]. The
presence of ventilation inhomogeneity was considered as a VA/
TLC <0.8 according to the data from Neder etal. [10]. In particular,
the study of Neder and colleagues showed that in 69 healthy sub-
jects in 91.4% of the cases the difference between TLC and VA (%)
was less than 17%; considering that anatomical dead space ac-
counts for about the 2-3% of TLC, we considered the presence of
ventilation inhomogeneity as a VA/TLC ratio <0.8. Exercise toler-
ance was evaluated with the distance covered during a 6-min walk-
ing test (6MWT), and dyspnea before and after exercise was as-
sessed by means of the Borg Dyspnea Scale (BDS) according to
ATS guidelines [19]. Pa0, and Paco, were obtained at rest, sam-
pling the radial artery in room air conditions (GEM Premier 3000;
Instrumentation Laboratory, Lexington, Mass., USA). Both lung
function and exercise testing were performed while patients were
under the effect of bronchodilation therapy, according to their spe-
cific therapeutic regimen. The measurements listed above, includ-
ing height, weight, body mass index and routine blood tests, were
assessed at the beginning and at the end of the PR program. Figure
1 shows an outline of the study protocol.

For analysis, patients were categorized both by severity of air-
way limitation (FEV; 250%pred or <50%pred) and by presence or
absence of ventilation inhomogeneity, (VA/TLC ratio < or 20.8).

The study was conducted in accordance with the amended
Declaration of Helsinki (2013), and each patient gave written, in-
formed consent. The study was approved by the Central Ethics
Committee (Fondazione Salvatore Maugeri-717 CEC).

Content of the PR Program

The PR program had a mean duration of 3 weeks (+3 days) for
inpatients, while for patients in day-hospital setting, it lasted 4
weeks (+2 days) because the training sessions were not performed
during the weekend. Atenrollment, patients underwent the assess-
ment of a pulmonologist and a respiratory therapist that tailored
the PR program to meet the needs and the specific goals of every
single patient. The PR program consisted in: (a) at least one super-
vised cycle ergometer or treadmill training sessions per day (30
min), 6 days per week, the intensity of which was set at 60-80% of
maximal workload based on 6MWT results, and increased during
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the PR program according to the patient’s improvement; oxygen
supplementation was provided when Spo, fell under 90%; (b) one
session of supervised upper and lower limb strengthening exer-
cises and breathing exercises (30 min per day, 6 days a week); (c)
inspiratory and expiratory muscle training according to the sever-
ity of disease and the initial degree of impairment (20 min per day,
7 days per week); (d) bronchial clearance and cough enhancement
techniques (30 min, twice daily, 7 days a week), according to pa-
tients’ symptoms; (e) bronchodilator therapy optimization aimed
at maximization of bronchodilation, with educational interven-
tions for self-management improvement, inhalation therapy
teaching for correct administration techniques and breathlessness
control; (d) relaxation sessions for reduction of dyspnea and psy-
chological counseling, when appropriate. The intensity of cycle er-
gometer training was regulated according to heart rate and BDS
[2]. Although longer-duration PR programs are associated with
better quality of life outcomes [20], the optimal duration in terms
of exercise performance improvement is still matter of debate [20].
In some countries like Germany [21] and Italy, the duration of PR
programs is limited by insurance companies and monitoring au-
thorities. Thus, in the latter cases, high-intensity PR programs are
preferred to low-intensity ones [20, 21]. The efficacy of a 3-week
PR program in terms of dyspnea, symptoms, lung function and
exercise tolerance [21] has been recently confirmed by a retrospec-
tive study with a population of 544 very severe COPD patients.

Statistical Analysis

Data are presented as mean + SD unless otherwise stated. The
analysis was performed with SPSS 21.0 (IBM SPSS Statistics for
Windows, version 21.0; IBM Corp., Armonk, N.Y., USA). Predict-
ed values for lung function variables are from Quanjer [22]. As the
literature on the effect of PR on DLCO is scarce, the study was pow-
ered considering previous reports that investigated lung volume
changes following PR in COPD [23]. Considering a 10% dropout
rate and the need for a subgroup analysis, we set the minimum
target number for the study population to be around 200 patients.
Forlung function tests, the best of three maneuvers was considered
for analysis. The 6SMWT was performed once at the beginning and
once at the end of the PR program, and the difference of the two
tests was considered for analysis. Normal distribution of data was
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Table 1. Patients’ functional and clinical characteristics

Anthropometric and functional characteristics

study VA/TLC=20.8 VA/TLC<0.8  pvalue FEV, 250%  FEV; <50% p value

population
Patients, n (%tot) 250 72 (28.8) 178 (71.2) 113 (45.2) 137 (54.8)
Male, n (%group) 189 (75.6) 54 (75) 135 (75.6) 0.954 73 (64.6) 116 (84.7) <0.001
Age, years 71.5+7.4 71+£7.5 71.7+7.5 0.273 72.8+£70.7 70.5+£7.2 0.025
BMI 26.8+5.2 27.9+54 26+5.1 0.001 27.7£5.3 26.1£4.9 0.021
Smoking history, PY 42.1+17.8 44.3+23.8 41+26.4 0.064 38.6+22.8 46.8+254 <0.001
FEV, %pred 50.5£20.1 60.7+£20.3 453+18.1 <0.001 68.6+14.5 35.5+14.5 <0.001
FEV/VC, %pred 54.4+15.3 64.3+11.1 46.4+12.5 <0.001 65.1+10.5 452+12.5 <0.001
GOLD stage I, n (%group) 22 (8.8) 13 (18.1) 9(5.1) <0.001 22 (19.5) n.a.
GOLD stage 11, n (%group) 91 (36.4) 42 (58.3) 49 (27.5) <0.001 91 (80.5) n.a.
GOLD stage 111, n (%group) 99 (39.6) 13 (18.1) 88 (49.4) <0.001 99 (72.3) na.
GOLD stage IV, n (%group) 38 (15.2) 4 (5.5) 32 (18) <0.001 38 (27.7) n.a.
Paco,, mm Hg 42.8+7.2 41.3+6.5 43.6+7.5 0.008 40.5+54 44.7+7.9 <0.001
Pa0,, mm Hg 70£8.8 68.7+7.7 68.719.1 0.756 72.4+8 68.4%9.1 <0.001
Hemoglobin, g/dl 13.6+2.0 13.3+£1.6 14.1+1.8 0.111 13.942 13.5+1.9 0.568
Hematocrit, % 39.2+39 38.9+2.8 40.1x2.5 0.087 40£2.7 39.4x3.1 0.174

Values are presented as mean + SD, where appropriate. Statistical difference is reported for between-group comparisons. BMI = Body
mass index; PY = pack years; %pred = percent of predicted value; GOLD = global initiative for obstructive lung disease; n.a. = not

applicable. For other abbreviations refer to text.

assessed by means of the Kolmogorov-Smirnov test. Student’s t
test for paired data was used to determine statistical significance
with 95% confidence interval (CI) for within-group analysis. Be-
tween-group comparisons were assessed normalizing data for
baseline values and analyzed by means of analysis of covariance;
Bonferroni corrections were applied where appropriate. For com-
parison of nonnormally distributed data, the Kruskal-Wallis and
Mann-Whitney tests were performed, as appropriate. The distri-
bution of GOLD stages was analyzed with the ¥? test, Correlations
between lung function and PR outcomes were investigated by
means of the Pearson correlation coefficient (r). Variables that
showed a significant correlation were used as independent vari-
ables in single and multiple linear regression models. Significance
was accepted at p < 0.05.

Results

A total of 274 patients (204 males) were enrolled in the
study. During the study, 14 patients were excluded be-
cause they experienced COPD exacerbations, and 10 pa-
tients because of poor repeatability of the lung function
tests at baseline; 250 patients were considered for the
analysis (fig. 1). Baseline characteristics are reported in
tables 1 and 2.
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General Study Population

After the PR program, all the lung function and gas
exchange parameters improved significantly, except for
TLC. DLcO and VA/TLC increased, the latter mainly be-
cause of an increase in VA (mean + SD, 100 + 510 ml; p <
0.05), while the KCO was unchanged. 6SMW'T improved
by an average of 38.7 m (95% CI: 33.8, 47.1; p < 0.001) -
i.e. 11.5% compared to baseline, and BDS postexercise
was reduced by 1.34 score points (95% CI: -1.1, -1.6; p =
0.018) (table 2).

Analysis by Severity of Airflow Limitation

One hundred and thirteen patients had a mild-moder-
ate airflow limitation (FEV| 250%) and 137 patients had
severe to very severe disease (FEV| 50%) (table 1). As ex-
pected, all the parameters at baseline were significantly
worse in patients with severe COPD (tables 1 and 3). Al-
though both groups showed significant improvements
in lung function, exercise capacity and gas exchange af-
ter PR (fig. 2), the improvements in IC, RV, ITGV and
sRawy (-4.1%; 95% CI: 0.6, 8.7; p = 0.001) were signifi-
cantly larger for severe patients (fig. 2a).

Once again, TLC remained constant. In both cases,
DLCO increased due to an improvement in VA/TLC,
while there was no significant change in KCO (fig. 2).
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Table 2. Changes after pulmonary rehabilitation in the general study population

Variable Study population (n = 250)
pre-PR post-PR Apost-PR p value
IC,1 2.0+0.8 21707 0.18+0.5 <0.001
%pred 83.5£29.3 99.1+27.4 (13.9£39.4) <0.001
RV, 1 4.0+1.3 3.7+1.4 -0.33+0.76 <0.001
%pred 165.7+55.5 159.2+43.1 (-5.85+15.8) <0.001
VG, 1 2.8+0.8 3.0+0.6 0.17+0.39 <0.001
%pred 86.2+19.7 94.0£19.2 (7.8+18.1) <0.001
FEV,, 1 1.2+0.5 1.3£0.6 0.08+0.32 <0.001
%pred 50.7+20.3 57.1+22.6 6.6+22.4) <0.001
TLC, 1 6.7+1.4 6.1+1.3 -0.06+0.45 0.410
%opred 114.1+21.3 113.8+18.9 (-0.3+7.6) 0.752
ITGV,1 4.7+1.5 44+15 -0.28+0.78 <0.001
%pred 145.7+44.4 140.2+£41.6 (-4.24+14.5) <0.001
sRawyy, kPa x s 3.6+2.4 3.3+23 -0.30£1.29 <0.001
%pred 324.8+214.8 322.1+211.1 (-2.6+28.9) <0.001
DLCO, mmol x min~! kPa™! 37417 3.58+1.7 0.12+0.63 0.004
%pred 48.4+21.1 55.4+22.6 (6.9+32.2) 0.003
Va,l 4.6+1.0 47+1.1 0.1+0.51 0.008
%pred 81+15.0 84+15.5 (2.92+11.2) 0.030
VaA/TLC 0.7+0.1 0.71+0.1 (6.0+16.1) <0.001
KCO, mmol x min~! kPa™! I} 0.8+0.3 0.8+0.4 0.0+0.16 0.783
%pred 62.0£25.3 65.5+27.6 (3.5+26.2) 0.801
6MWT, m 330.3+121.1 369.6+£122.5 38.7+55.3 <0.001
%pred 72.4+25.1 83.6+£26.7 (11.5+24.2) <0.001
BDS before exercise, points 0.33+0.99 0.11£0.96 -0.22+0.85 0.346
BDS after exercise, points 4.0+£2.8 2.7+£2.9 -1.34+2.12 <0.001
Paco,, mm Hg 42.8+7.3 41.7+6.4 -1.13£3.53 0.002
Pa0,, mm Hg 70.4+8.9 72.7+8.1 2.29+8.82 <0.001
Hemoglobin, g/dl 13.6+2 13.7+2.1 0.1+1.9 0.651
Hematocrit, % 39.2+39 39.4+3.8 0.2+3.8 0.793

Functional parameters before (pre-PR) and after (post-PR) PR, and their changes after the PR program
(Apost-PR) in the general study population. Values within parentheses are percent changes from baseline. Each
value is presented as mean £ SD. n.s. = Not statistically significant. For other abbreviations refer to text.

BDS improved similarly by 28.5% (95% CI: -40.9, -16.1
and -38.8, -18.1, respectively; p < 0.05).

Analysis by Ventilation Inhomogeneity

Seventy-two patients had a VA/TLC >0.8, and 178 pa-
tients had a VA/TLC <0.8 (table 1). All functional param-
eters at baseline were significantly worse in patients with
ventilation inhomogeneity, except for KCO and Pa0,,
(table 3). Except for TLC, after the PR program, both
groups improved their static volumes, although the
change was more evident in patients with VA/TLC <0.8.
Both groups improved their DLCO and 6MWT compared
to baseline (fig. 2). However, whilst patients with VA/TLC
>0.8 improved their DLCO with a significant increase in

Pathophysiology of DLCO in Pulmonary
Rehabilitation

KCO (+8.1%; 95% CI: -0.2, 12.8; p < 0.05) and showed no
changes in VA/TLC, patients with ventilation inhomoge-
neity showed an increase in the VA/TLC ratio, due to an
increase in accessible lung volume - VA, +177 ml (95%
CI: +108, +245; p < 0.05) - and a decrease in TLC (mean
+ SD, -100 + 490 ml; p < 0.05), with no changes in KCO.
The increase in 6MWT was significantly higher in pa-
tients with VA/TLC 20.8 (fig. 3b).

The prevalence of ventilation inhomogeneity at base-
line was paralleled by a worsened DLCO, ranging from
35% in patients with normal DLCO to 95% in patients
with a DLCO <20% of predicted value (fig. 4). Patients
with a DLCO <20% predicted experienced significantly
lower improvements in 6MWT when compared with pa-

Respiration 2016;92:295-307 299
DOI: 10.1159/000448847



Table 3. Baseline functional characteristics of the subgroups

Variable FEV, >50% FEV; <50% Ventilation inhomogeneity p

(=113 (n=137) value  (VAITLC 20.8) ves (VA/TLC <0.8)  “alue
(n=72) (n=178)

Age, years 72.6+7.6 70.6x7.1 0.025 70.8+7.3 71.817.5 0.273
BMI 27.6£54 26.1£5.0 0.021 28.2£5.3 26.0£5.1 0.001
IC,1 2.2+0.8 1.7+0.7 <0.001 2.2+0.9 1.9+0.7 0.002
Y%pred 98.4+28.8 69.5+24.6  <0.001 92.6+30.3 80.0£29.9 0.009
VG, 1 2.9+0.3 2.6+0.7 0.003 3.0+1.0 2.7+0.7 0.047
%pred 955+17.8  76.8+17.6  <0.001 92.1+20.3 83.9+19.4 0.042
FEV,, 1 1.5+0.5 0.9+0.2 <0.001 1.4+0.6 1.1+0.4 <0.001
Y%pred 68.6+14.5 35.5%8.2 <0.001 61.2+19.7 45.3+18.1 <0.001
TLG, 1 6.09+1.38 7.11%£1.3 <0.001 6.0+1.3 7.0+1.4 <0.001
%pred 139.1+£33.8 190.9+59.2  <0.001 102.2+15.1 119.1+21.3 0.004
RV,1 3.85+1.0 54+1.4 <0.001 3.2+0.8 44+1.3 <0.001
Y%pred 123.1+28.7 163.3+45.1 <0.001 134.9+31.4 184.3+55.4 <0.001
ITGV,1 6.1£1.4 7.1£1.3 <0.001 3.8+1.1 51+1.4 0.001
%pred 106.3+18.1  117.3+23.8  <0.001 118.2+27.3 157.9+43.4 0.003
sRaw,,,, kPa x s 23%1.1 47425  <0.001 27416 41425 0.006
%pred 212.7£105.4 418.3£229.1 <0.001 246.3+£150.4 365.9+223.4 <0.001
DLco, mmol x min~! kPa™! 4.5%+1.7 3.0x1.4 <0.001 4.1+1.3 3.3x1.5 <0.001
%pred 60.0+£18.6 38.7+18.2  <0.001 53.9+16.1 43.4+20.0 <0.001
Va,l 4.8+1.2 4.51£0.9 0.008 53%1.2 4.4+0.9 <0.001
%pred 87.4+13.0 76.4£15.6  <0.001 94.1+15.8 77.0£13.4 <0.001
VA/TLC 0.8+0.1 0.6+0.1 <0.001 0.9+0.1 0.6+0.1 <0.001
KCO, mmol x min~! kPa~! I 0.9+0.3 0.7+0.3 <0.001 0.8+0.2 0.8+0.3 0.823
%pred 72.2+22.7 53.3+244 <0.001 61.3+17.0 58.4+25.8 0.781
6MWT, m 355.8+125.8 309.1£111.9  0.002 345.8+128.7 319.7£117.2 0.022
%pred 78.9+24.5 66.6+23.8 <0.001 75.1+24.0 70.2+25.3 0.027
BDS, points 3.3£25 4.5+2.9 <0.001 3.4+2.6 42+2.8 0.028
Paco,, mm Hg 40.5£5.4 44.7+£7.9 <0.001 41.1+£6.4 43.6+7.5 0.008
Pao,, mm Hg 72.4+8.0 68.4+9.0 <0.001 69.2+8.1 70.1+£9.1 0.756

Functional parameters at baseline in patients stratified according to airflow limitation severity and absence or presence of ventilation
inhomogeneity (VA/TLC 20.8 or <0.8). Values are mean + SD. For abbreviations refer to text and table 1.

tients with only a mild DLCO impairment (+2.7%; 95%
CI: -1.0, 6.3 vs. +14.1%; 95% CI: 9.7, 18.4; p = 0.049)
(fig. 4).

Correlation between DLCO Parameters and PR

Outcomes

VA/TLC and KCO had a positive correlation with
baseline 6MWT (fig. 5). Patients that presented a VA/
TLC <0.8 had a significant linear relationship between the
extent of ventilation inhomogeneity and exercise toler-
ance (r = 0.410); the same was not true in patients with no
abnormalities in lung volume distribution (r = 0.0). Base-
line 6SMWT was also correlated with lung function pa-
rameters and end-exercise dyspnea (table 4).

300 Respiration 2016;92:295-307
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Accordingly, a stepwise regression analysis including
DLco, IC, FEV,, RV, sRaw,,, BDS score after exercise,
Paco, and Pa0, predicted the baseline 6MWT with an
R?=0.38 (p <0.001). Improvements in 6MW'T, however,
correlated only with baseline TLC, VA and BDS after ex-
ercise, and were consequently used as independent vari-
ables in the second regression analysis.

Only VA added significantly to the model [F(3, 250) =
7.593; R* = 0.08, p < 0.001]. Again, only baseline VA sig-
nificantly predicted APa0, (F = 5.595; p = 0.019).

Changes in VA/TLC and KCO after the PR program
appeared to be mostly related to improvements in air
trapping and hyperinflation indexes, with a negative sig-
nificant correlation with changes in RV/TLC (p < 0.001),
while changes in Pa0o, and Paco, were significantly cor-
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Fig. 2. Changes in plethysmographic pa-
rameters (a) and DLcO, 6MWT and blood
gases (b), after PR and in the general study
population divided by severity of airflow
limitation (FEV; 250%pred and FEV,
<50%pred). Data are presented as mean +
standard error. * p < 0.05 vs. baseline. Sta-
tistical differences for the between-group
analysis are indicated where significant.
For abbreviations refer to text.

Fig. 3. Changes in plethysmographic pa-
rameters (a) and DLco, 6MWT and blood
gases (b) after PR in patients without
ventilation inhomogeneity (VA/TLC ratio
20.8) and with ventilation inhomogeneity
(VA/TLC ratio <0.8). Data are presented as
adjusted mean + standard error. Statistical
differences for the between-group analysis
are indicated where significant. * p < 0.05
vs. baseline. For abbreviations refer to text.
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%pred PRE) in the study population (n = 250). Pearson’s correlation coefficient and statistical significance is reported. Note that the
correlation coefficient is different for patients that have a VA/TLC ratio 20.8 and <0.8. For abbreviations refer to text.

related particularly with DLCO and KCO (table 5). None
of the DLCO parameters were able to predict changes in
exercise capacity observed after the PR program.

Discussion

Main Findings

The main results of the present study were the follow-
ing: (1) patients with mild to very severe COPD that un-
dergo a PR program can improve their DLCO, mainly be-
cause of an improvement in the accessible lung volume
(VA); (2) changes in DLCO, however, appear to be second-

302 Respiration 2016;92:295-307
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ary to different pathophysiological mechanisms in pa-
tients with and without ventilation inhomogeneity; (3)
patients with severe DLCO impairment and presence of
ventilation inhomogeneity appear to experience smaller
improvements in exercise tolerance.

The present data show that improvements in DLCO
observed in the general study population were associated
with an increase in VA/TLC, rather than an improve-
ment in KCO, and patients with both moderate and se-
vere disease appeared to follow the same pattern. How-
ever, when divided by presence of ventilation inhomoge-
neity, DLCO improved in different ways. The group with
a normal VA/TLC unexpectedly improved its DLCO by
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Table 4. Correlation between baseline function and changes in exercise tolerance and gas exchange

Variable Pearson’s coefficients (n = 250)
6MWT %pred A% 6MWT A% Pao, A% Paco,

DLco, %pred 0.434** -0.018 -0.016 0.037
KCO, %pred 0.384** -0.058 -0.022 0.019
VA/TLC, %pred 0.298%* 0.035 0.117 0.020
VA, %pred 0.145* 0.222%* 0.130* -0.068
ITGV, %pred -0.384** 0.104 0.014 -0.072
sRaw,, %pred -0.365%* 0.039 -0.011 -0.021
IC, %pred 0.35]1** 0.116 -0.069 -0.067
RV, %pred -0.334** 0.120 -0.001 -0.102
FEV, %pred 0.255%* -0.022 0.017 0.055
TLC, %pred -0.209* 0.150* -0.063 -0.075
BDS, end exercise -0.301** 0.139* -0.072 0.006

Correlations of baseline lung function parameters and end-exercise dyspnea with baseline 6MWT (6MWT
%pred), changes after PR of 6MWT (A% 6MWT) and blood gases (A% Pa0,, A% PaCo0,). Note that the r value
for the correlation between VA/TLC and 6MWT at baseline represents the association without distinction for
patients with and without ventilation inhomogeneity (compare with fig. 4). * p < 0.05; ** p < 0.001. For abbrevia-

tions refer to text and table 1.

increasing KCO; conversely, the patients with ventila-
tion inhomogeneity improved their VA/TLC by increas-
ing their VA.

Improvements in DLCO and Lung Volumes following

PR

To the best of our knowledge, so far no study consid-
ered DLCO as a primary outcome of PR. No changes in
DLcCO have been shown by Mota et al. [12], but apart from
expiratory muscle training, no other rehabilitative respi-
ratory intervention was administered to the patients en-
rolled in the study. However, the possibility of an increase
in DLCO has been described in a recent paper by Sahin et
al. [13], which found that patients with a severe reduction
in DLCO had better improvements in dyspnea compared
to patients with a mild-moderate DLCO impairment due
to blood flow redistribution to lung capillaries. We think
that the latter hypothesis might be unlikely to occur be-
cause the redistribution of blood during exercise is tem-
porary in nature, and, taking into account the need for an
intact pulmonary peripheral vascular bed and the region-
al inhomogeneity of the DLCO raise during exercise in
patients with COPD, unless the lung function test has
been performed during or right after the exercise train-
ing, the explanation must be different. The findings of the
present study support the initial hypothesis that PR in
patients with COPD is able to elicit changes in DLCO

Pathophysiology of DLCO in Pulmonary
Rehabilitation

Table 5. Correlation between changes in DLCO parameters and
function, exercise, dyspnea and gas exchange

Variable Pearson’s coefficients (n = 250)
A%VA/TLC A%KCO A%DLco
A%RV —0.552%* —0.552%* -0.162*
A%TLC -0.498%* 0.030 0.020
A%RV/TLC —0.230** 0.002 0.104
A%ITGV —-0.495%* —0.495%* -0.135*%
A%IC 0.152%* 0.032 -0.075
A%VC 0.094 0.006 0.128*
A%FEV, 0.138% 0.026 0.129*%
A%sRaw,, ~0.161% 0.062 ~0.146
A%BDS end exercise -0.039 -0.126* -0.149*
A%OMWT 0.061 0.070 0.056
A%Paco, -0.011 —0.220** -0.215%*
A%Pa0, -0.095 0.250** 0.285%*

Correlations of changes after the PR program in lung functional
parameters, dyspnea, 6MWT and blood gases with changes in
DLCO parameters. All variables are presented as percent change
from baseline. * p < 0.05; ** p < 0.001. For abbreviations refer to
text.
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when an increase in VA takes place. Moreover, the PR
program improved static and dynamic lung volumes, ex-
ercise tolerance and dyspnea perception regardless of the
severity of airflow limitation. Despite the many clinical
trials conducted in severe patients with COPD and the
contrasting results [21, 23-27], our data support the idea
that no patients, neither those with moderate disease nor
the more severely hyperinflated [28], should be excluded
from a PR workout. Our data are in line with recent re-
ports that describe an increase in FEV of 99 ml paralleled
by areduction in RV of 240 ml after a 3-week PR program
in severe COPD patients [21], while a recent physiologi-
cal study in 22 severe COPD patients by de Albuquerque
et al. [29] has reported important improvements in static
lung volumes after 8 weeks of exercise training, although
the difference was not significant. Takigawa et al. [24]
studied 225 patients with moderate to severe COPD un-
dergoing a 4- to 8-week PR program. Their data showed
significant improvements in FEV, RV, TLCand VC, par-
alleled by an increase in Pa0O, and a decrease in Paco,,
particularly in severe patients [24].

Our results also confirm that the severity of ventilation
inhomogeneity is an important index of reduced exercise
tolerance [9-11], and that together with DLCO and static
lung volumes it is capable of predicting baseline exercise
performance [7, 8]. None of the variables taken into con-
sideration, however, was able to predict the improve-
ments in 6MWT after the PR program.

The Pathophysiology of Improvements in VA/TLC and

KCco

DLCO has a clear relationship with functional and clin-
ical outcomes in COPD [25-28, 30], and its impairment
has been recently described as a good predictor of 6sMWT
decline and to be closely correlated with the mean walk-
ing intensity [9, 31]. PR and exercise training are aimed
at reducing dynamic hyperinflation and exertional dys-
pnea, and contrast the decline in exercise tolerance [1,
32]. So far, however, little has been known about the pos-
sible changes in DLCO and its role during PR.

The increase in DLCO in our general study population
was secondary to an improvement in VA, considering
that the elastic lung recoil (TLC) did not change, and was
paralleled by an improvement of air trapping and static
hyperinflation (table 5). Lung ventilation inhomogeneity,
evaluated with the phase III slope of the single breath ni-
trogen washout test, is closely associated with static lung
volumes [33]. This was also true for our group of patients
with reduced VA/TLC. A reduction in VA/TLC is mainly
due to lung volume regional distribution abnormalities
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secondary to airflow obstruction [5, 33, 34], which in
COPD has both a fixed component due to parenchymal
structural derangement and a partially reversible one due
to bronchial inflammation and mucus hypersecretion.
An improvement in VA may reflect the promotion of
cough efficacy and increased airway clearance which,
with respiratory training maneuvers, support lung defla-
tion and recruitment of unventilated lung regions [35-
37]. Moreover, an increased capacity in self-management
[1], implemented with optimization of bronchodilation
therapy and educational interventions centered on the
correct use of inhaler devices may have played a role in
increasing the efficacy of the inhalatory treatment itself,
therefore acting on the bronchomotor tone [38, 39]. The
latter hypothesis is sustained by the significant negative
correlation present between improvements in VA/TLC
and the reduction in RV/TLC and other lung deflation
indexes (table 5). Patients with normal and impaired VA/
TLC had comparable KCO values, but the latter group
had worse baseline lung function. Thelack of KCO chang-
es after PR in this group may be ascribed to the lower
density of peripheral lung tissue, and so to a reduced al-
veolar-capillary surface [40]. The recruitment of lung vol-
ume regions poorly useful for gas exchange may have pre-
vented any further KCO increase [38].

Patients without ventilation inhomogeneity also im-
proved their IC, RV and ITGV (fig. 3b); moreover, chang-
es in KCO were significantly correlated with improve-
ments of air trapping indexes. Changes in static lung vol-
umes during PR may be explained by breathing exercise
training, inhalatory pharmacological optimization and
use of supplemental oxygen when necessary [37, 41].
Those modifications can be responsible for an improve-
ment in pulmonary parenchymal interdependence [42,
43] and, as previously pointed out by Weibel’s studies on
lung morphometry, a regional reduction in air trapping
may have a role in the optimization of capillary circula-
tion, allowing the so-called “angle vessels’ to return to a
more physiological status, thus increasing the regional
gas to blood ratio [44, 45], and therefore explaining the
increase in KCO, paralleled by an improvement in gas
exchange. A reduction in static hyperinflation can be also
responsible for an improvement in the lung regional hy-
poxemic vasoconstriction observed in patients with
COPD [41]. The previous hypotheses imply the presence
of a preserved alveolar-capillary surface, a circumstance
that in this case might be plausible, considering that pa-
tients without ventilation inhomogeneity had also better
lung function at baseline (table 3). In our study, variations
in KCO were not due to changes in hematocrit (table 2);
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moreover, it is unlikely that in a population without se-
vere cardiac disease and pulmonary arterial hyperten-
sion, the changes in DLCO occurred only because of
changes in cardiac compliance and contractility, as it has
been recently demonstrated in acute conditions in severe-
ly hyperinflated patients with COPD [46].

DrCO and Exercise Performance

Lung ventilation inhomogeneity was also associated
with a worse exercise performance and higher dyspnea
perception at baseline. Previous reports showed that dy-
namic hyperinflation [47], a worse DLCO, higher dyspnea
at rest with more ventilation/perfusion inhomogeneity
during exercise [48] and ventilation inhomogeneity itself
are strictly related to exercise performance in patients
with COPD [10, 11]. Furthermore, our data suggest that
patients with worse DLCO and ventilation inhomogeneity
at baseline had also significantly less improvement in
6MWT when compared with patients with only mild
DLco impairment or absence of ventilation inhomogene-
ity (fig. 4). Satta et al. [49] described that in COPD pa-
tients, higher values of DLCO are associated with higher
muscular concentration of myosin heavy chain type I, the
fibers responsible for endurance exercise. The latter, to-
gether with better lung mechanics and less exercise-in-
duced dyspnea may be responsible for a better exercise
response to PR in patients with normal VA/TLC (fig. 3b,
4). On the other hand, lower relative improvements in
6MWT in patients with normal DLCO (fig. 4) may be due
to a lower margin of improvement secondary to better
baseline conditions and higher level of activity before
entering the PR program. However, plethysmographic
and DLCO parameters were unsatisfactory predictors of
changes in exercise performance. So far, predictors of the
response to PR have been a matter of controversial dis-
cussion [8, 26, 50], and our data reflect once more the
complexity of the mechanisms implied in exercise train-
ing in patients with COPD. Probably, more attention
should be directed to the extent of muscular stress and the
achievement of lower limb muscle contractile fatigue
[51].

Clinical Implications

The present study shows how a comprehensive PR
program is able to improve lung function and DLCO pa-
rameters along with exercise tolerance. The possibility
that ventilation inhomogeneity and the kind of prevalent
DLcCO impairment may play a role in determining the re-
sponse of patients with COPD to PR should stimulate cli-
nicians to perform the best functional assessment possi-

Pathophysiology of DLCO in Pulmonary
Rehabilitation

ble and thus to relate and to tailor the rehabilitative inter-
vention according to the patient’s endotype. Patients that
lie on any nuance of the disease severity spectrum, if well
framed, should benefit from a personalized rehabilitative
intervention.

Study Limitations

The lack of a control group is a limitation of this study,
but the role of PR is so well established that a control
group would not be appropriate; moreover, we compared
changes in prespecified groups of patients within our
study population. Finally, no systematic echocardio-
graphicassessment was performed, and although patients
with severe cardiac comorbidities were excluded from the
study, the presence of secondary pulmonary hyperten-
sion among patients with a low KCO is unknown. This
may have conditioned, although to a little extent, the re-
sults in this specific group of patients.

Conclusions

Our study shows that PR in patients with COPD has a
positive effect on DLCO regardless of the severity of dis-
ease and that changes in DLCO seem to depend on the
patient’s phenotype and endotype. A lower improvement
in exercise tolerance can be secondary to a severe DLCO
impairment and to the presence of ventilation inhomoge-
neity. The clinical long-term importance of the changes
in DLCO described in this study, however, are still left to
speculation. Future prospective controlled studies would
be necessary to confirm our hypotheses and to investigate
the possible relation between tailored rehabilitation treat-
ments, DLCO phenotype and lung function impairment.
Our data suggest that during PR, DLCO assessment should
always be included in the functional workup.
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