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Abstract

Dyspnea is deemed to result from an imbalance between ventilatory demand and 
capacity. The single-breath diffusing capacity for carbon monoxide (DlcO) is often 
the best correlate to dyspnea in cOPD. We hypothesized that DlcO contributes to 
the assessment of ventilatory demand, which is linked to physiological dead space 
/tidal volume (VD/VT) ratio. an additional objective was to assess the validity of non-
invasive measurement of transcutaneous PcO2 allowing the calculation of this ratio. 
Forty-two subjects (median [range] age: 66 [43–80] years; 12 females) suffering 
mainly from moderate-to-severe cOPD (gOlD stage 2 or 3: n = 36) underwent 
pulmonary function and incremental exercise tests while taking their regular cOPD 
treatment. DlcO% predicted correlated with both resting and peak physiological 
VD/VT ratios (r = –0.55, p = 0.0015 and r = –0.40, p = 0.032; respectively). The peak 
physiological VD/VT ratio contributed to increase ventilation (increased ventilatory 
demand), to increase dynamic hyperinflation and to impair oxygenation on exercise. 
indirect (Mrc score) and direct (peak Borg score/% predicted V̇ O2) exertional 
dyspnea assessments were correlated and demonstrated significant relationships 
with DlcO% predicted and physiological VD/VT at peak exercise, respectively. The 
non-invasive measurement of transcutaneous PcO2 both at rest and on exercise was 
validated by Bland-altman analyses. in conclusion, DlcO constitutes and indirect 
assessment of ventilatory demand, which is linked to exertional dyspnea in cOPD 
patients. The assessment of this demand can also be non invasively obtained on 
exercise using transcutaneous PcO2 measurement.
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Introduction

Dyspnea is deemed to result from an imbalance between ventilatory demand 
and capacity. Nevertheless, first-line assessment of the dyspneic complaint 
usually relies on spirometry and static lung volume measurements, evaluat-
ing ventilatory capacity only, as recommended by ATS consensus on dysp-
nea (1). We recently showed that only severe to very severe defects of FEV1 
or FVC can reliably predict exertional dyspnea (Medical Research Council 
[MRC] score >2) in chronic obstructive pulmonary disease (COPD) patients 
(manuscript submitted), as previously suggested (2, 3). Consequently, other 
means of assessment are warranted to explain exertional dyspnea. COPD 
encompasses a group of disorders characterised by the presence of incom-
pletely reversible airflow obstruction with overlapping subsets of different 
phenotypes including chronic bronchitis and/or emphysema (4, 5).
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The airflow limitation is caused by a mixture of small 
airways disease and parenchyma destruction, the relative 
contribution of which varies from person to person, and 
may differently affect exertional dyspnea. Among rest-
ing pulmonary function tests, the single-breath diffusing 
capacity for carbon monoxyde (DLCO) is often the best 
correlate to dyspnea in COPD (2, 3). One may hypoth-
esize that DLCO contributes to the indirect assessment 
of ventilatory demand. The ventilatory demand relies on 
CO2 production (V̇CO2), PaCO2 set point and wasted 
ventilation (physiological VD/VT ratio). The latter index 
can be related to alveolar dead space increase due to 
vascular injury characterizing emphysema. DLCO is 
obtained by multiplying DLCO/VA (~KCO) with VA. 
Vascular injury related to emphysema is associated with 
a decrease in KCO, which would be indicative of high 
ventilation-perfusion areas (~alveolar dead space).

The usual mean to assess ventilatory demand is to 
perform an exercise test allowing V̇CO2, PaCO2 and 
physiological VD/VT ratio measurements, which is 
time-consuming. As a consequence, the validation of 
DLCO measurement at rest as a marker of ventilatory 
demand deserved to be done. The first aim of this cross-
sectional physiological study was to compare traditional 
markers of ventilatory demand obtained during an exer-
cise test and DLCO parameters (DLCO, KCO and VA/
TLC) obtained at rest. The second aim was to evaluate 
the functional consequences of the increase in ventila-
tory demand, including exertional dyspnea. To these 
ends, correlative analyses were made between these 
functional parameters, and subsequently with exertional 
dyspnea. Since the measurement of PaCO2 is mandatory 
for the assessment of ventilatory demand, an additional 
aim was to assess the validity of non invasive measure-
ment of transcutaneous PCO2.

Material and Methods

study design
This was a cross-sectional study in which informed con-
sent was obtained from all subjects, and ethical approval 
was received from the Institutional Review Board of 
the French learned society for respiratory medicine – 
Société de Pneumologie de Langue Française (CEPRO 
2010–011). Only COPD patients were included since our 
aim was to perform correlative analyses between physi-
ological indices. On the visit, all subjects completed the 
Medical Research Council (MRC) scale, and had physi-
ological evaluations. Treatments as bronchodilators 
were not withheld before testing because indirect dysp-
nea assessment by MRC was obtained while the patients 
were on their regular treatment. Part of this study was 
designed to specifically assess new indices of dyspnea on 
exercise and has already been published (6).

subjects
All COPD patients were current or past smokers (>15 
Pack-Year) and had COPD according to GOLD-2007 

criteria (7). Patients were not included if they had (1) 
other unstable medical conditions that could cause or 
contribute to breathlessness (i.e., metabolic, cardio-
vascular, or other respiratory diseases) or (2) other 
disorders that could interfere with exercise testing or 
(3) disproportionate pulmonary hypertension (resting 
pulmonary artery pressure >35 mmHg in their medical 
record).

Procedures
Spirometry, constant-volume body plethysmography, 
and single-breath DLCO were performed in accor-
dance with recommended techniques (8–10) using 
an automated pulmonary function testing system 
(MasterScreenBody, Jaeger, CareFusion). Symptom-
limited incremental exercise testing was conducted 
on an electronically braked cycle ergometer using 
the Vmax Cardiopulmonary Exercise Testing System 
(Sensor Medics, Yorba Linda, CA) according to rec-
ommended guidelines (11) as previously described 
(6, 12). After a 2-minute warm-up period, workload 
increased by 5–15 W/minute using a ramp protocol 
until subjects stopped due to symptom limitation. 
Ventilation and gas exchange measurements were 
made throughout the test using the breath-by-breath 
computerized system. Subjects rated the magnitude of 
their perceived breathing and leg discomfort at rest, 
every minute during exercise, and at peak exercise by 
pointing to the 10-point Borg scale (Category scale 
with Ratio properties: CR10 (13)). Upon exercise ces-
sation, subjects were asked to verbalize their main 
reason for stopping exercise. Changes in end-expira-
tory lung volume were estimated from IC measure-
ments at rest, at the end of each 2-minute increment 
of exercise, and at peak exercise (12).

Ventilation was compared with the maximal ven-
tilatory capacity (MVC), which was estimated by 
multiplying the measured FEV1 by 35 (14). Slopes 
of V̇O2/Work rate, fH/V̇O2, V̇E /V̇O2, V̇E /V̇CO2 and 
anaerobic threshold (ventilatory threshold, using the 
V slope method) were calculated. At rest and immedi-
ately before the end of exercise arterial sampling was 
performed allowing to calculate physiological VD/
VT ratio (15). PaCO2 was also monitored continuously 
using transcutaneous measurement (TOSCA 500, 
Radiometer, Copenhagen, Denmark). Measurements 
were standardized as percentages of predicted nor-
mal values (16–18). Since both healthy and diseased 
patients usually stop their exercise while exhibiting 
similar levels of dyspnea (Borg score) (19), we calcu-
lated exertional dyspnea as peak Borg score divided by 
percentage of predicted V̇O2 that describes dyspneic 
complaint related to maximal performance.

statistical analysis
We planed to enroll at least 40 patients to allow correla-
tive analyses with normally distributed variables. Con-
tinuous variables were expressed as mean ± SD, except 
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Table 1. Clinical characteristics and results of pulmonary function tests

Characteristics 42 COPD patients

Sex ratio, female/male 12/30

Age, median [range] 66 [43–80]

BMI, kg.m−2 23.6 ± 3.1

Current smokers, n 6

Tobacco: pack-years, median [range] 40 [17–140]

GOLD stage, I/II/III/IV, n 2/20/16/4

Treatment

 Short-acting bronchodilator, n 27

 Long-acting bronchodilator, n 38

 ICS, n 29

FEV1, L 1.53 ± 0.53

FEV1,% predicted 51 ± 17

FVC, L 2.89 ± 0.86

FVC,% predicted 72 ± 17

FEV1/FVC,% 53 ± 9

IC, L 2.33 ± 0.68

IC,% predicted 89 ± 21

Raw, kPa.s/L 0.43 ± 0.18

sRaw,% predicted 188 ± 76

TLC, L 7.15 ± 1.36

TLC,% predicted 116 ± 17

FRC, L 4.81 ± 1.20

FRC,% predicted 147 ± 36

RV, L 3.85 ± 1.11

RV,% predicted 171 ± 54

KCO,% predicted 58 ± 18

VA,% predicted 75 ± 11

DLCO,% predicted 47 ± 18

when stated. Correlative analyses were performed 
using Pearson’s correlations. Statistical significance was 
defined by a P value ≤ 0.05. All analyses were performed 
using the Statview 4 package (SAS institute, Grenoble, 
France).

Results

The clinical and baseline physiological characteristics 
of the COPD patients are described in Table 1, and the 
results of their exercise tests are shown in Table 2.

assessment of ventilatory demand
We first analysed the correlates of the primary vari-
ables of DLCO, namely VA and KCO. Alveolar volume 
(VA% predicted) correlated with FVC% predicted (r = 
0.47, p = 0.009) and TLC% predicted (VA% predicted = 
45 + 0.26 TLC% pred; r = 0.50; p = 0.004). The VA/TLC 
ratio was clearly indicative of airway obstruction since 
it correlated with FEV1% predicted, FVC% predicted, 
FRC% predicted and RV% predicted. The VA/TLC 
ratio negatively correlated with an index of ventilation-
perfusion inequality, namely resting P(a-et)CO2 (r = 
–0.52, p = 0.012). This ratio also negatively correlated 
with both resting and peak physiological VD/VT ratios 
(r = –0.60, p = 0.002 and r = –0.20, p = 0.033; respec-
tively). The KCO correlated with both resting and peak 
physiological VD/VT ratios (r = –0.52, p = 0.004 and 
r = –0.43, p = 0.021; respectively). Finally, DLCO% 
predicted correlated with both resting and peak physi-
ological VD/VT ratios (Figure 1).

consequences of increased ventilatory demand
The consequences of increased ventilatory demand on 
exercise (peak physiological VD/VT ratio as indepen-
dent variable) were increased ventilation (peak V̇E% 
MVC: r = 0.32, p = 0.049), increased dynamic hyperin-
flation (peak IC% predicted: r = –0.45, p = 0.004) and 
impaired oxygenation (peak PaO2: r = –0.66, p < 0.0001). 
Indirect (MRC score) and direct (peak Borg score/% 
predicted V̇O2) exertional dyspnea assessments well 
correlated (r = 0.53, p = 0.0003). There was a significant 
negative relationship at rest between DLCO% predicted 
and MRC score (r2 = 0.18, p = 0.021), while there was a 
weak positive relationship between peak Borg score/% 
predicted V̇O2 and physiological VD/VT at peak exercise 
(r2 = 0.10, p = 0.042).

The calculation of physiological VD/VT ratio neces-
sitates an arterial PCO2 measurement, which is invasive 
and often not systematically performed. To validate the 
measurement in a larger sample and over a wider range 
of PaCO2, the validation sample involved all patients 
evaluated at exercise during the same period of COPD 
enrolment (n = 120 patients). Figure 2 shows the Bland-
Altman analysis between arterial and transcutaneous 
assessments. A good agreement between arterial and 
transcutaneous measurements of PCO2 is evidenced, 
both at rest and at peak exercise.

Discussion

The main result of this cross-sectional physiological 
study is the demonstration that DLCO obtained at rest 
is linked to indices of ventilatory demand (physiologi-
cal VD/VT ratio) both at rest and on exercise. Logically, 
these pulmonary function parameters contributed 
to exertional dyspnea assessed both indirectly (MRC 
score) and directly (exercise test). Finally, we show that 
the physiological VD/VT ratio can be obtained from the 
non invasive measurement of transcutaneous PCO2.

It has emerged that COPD is a complex disease with 
multiple clinical manifestations and that COPD sub-
jects cannot be described by only using the severity of 
airflow limitation. Identification of clinical COPD phe-
notypes has been described as early as the 1950s, when 
Dornhorst proposed the distinction between pink puff-
ers (mainly with emphysema) and blue bloaters (mainly 
with chronic bronchitis) (20). Consequently, pulmo-
nary function testing should allow discriminating these 
phenotypes that differently impact exertional dyspnea. 
Dyspnea is usually linked to ventilation (V̇E = VT. fB, 
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Figure 1. Relationships between DLCO and physiological dead space.
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tidal volume × breathing frequency) and results from 
an imbalance between ventilatory demand and capacity 
that can be summarized by the following equation: V̇E = 
k. V̇̇CO2/(PaCO2 [1 – VD/VT]) = fB. C. (∆Pm – RV̇ – 
IV̇̇ ) where demand relies on CO2 production (V̇CO2), 
PaCO2 set point and wasted ventilation (physiologi-
cal VD/VT ratio), while ventilatory capacity is related 
to compliance of respiratory system (C), resistance of 
respiratory system (R), inertance of respiratory system 
(I: considered as negligible, at least in healthy subjects) 
and muscular effort allowing respiratory motion (∆Pm: 
pressure drop).

The accomplishment of the activity of the respiratory 
muscles is ventilation and the capacity of these muscles 
can be expressed as the maximal breathing capacity 
[MBC], hence V̇E /MBC is crudely related to the activity 
of the muscles relative to maximal. Interestingly, Saheb-
jami and Sathianpitayakul showed that in their stepwise 
multiple regression model with dyspnea scale as the out-
come,% DLCO and% MBC combined were the strongest 

predictors of the severity of dyspnea (30% of variance) in 
COPD patients (21), which further suggests that DLCO is 
related to another dimension than ventilatory capacity.

When looking at the “mechanical” equation of dyspnea 
(see above), it is obvious that COPD can increase physi-
ological dead space and thus ventilatory demand. Never-
theless, the relationship with DLCO measurement is less 
self-explanatory. A reduction in DLCO can be related to 
a decrease in VA due to altered ventilation, which is sug-
gested by the correlations evidenced between VA/TLC 
ratio and indices of airway obstruction. But a decrease in 
DLCO can also be related to a decrease in KCO that is 
associated with an increase in physiological dead space. 
The latter association in COPD patients has previously 
been suggested using the multiple inert gas elimination 
technique (22).

Vascular injury related to emphysema is well-known 
(23, 24), and contributes to increase the physiological 
VD/VT ratio both at rest and on exercise. Finally, the 
raised physiological VD/VT ratio increases wasted ven-
tilation on exercise and logically contributes to dynamic 
hyperinflation, and thus to dyspnea. In summary, we 
show that DLCO is linked to both ventilatory capacity 
(VA) and demand (KCO), explaining its main contribu-
tion to dyspnea assessment.

Our additional aim was to assess whether the non 
invasive measurement of transcutaneous PCO2 may be 

Table 2. Measurements obtained from symptom-limited incremental cycle 
exercise

Indices (mean ± SD) 42 COPD patients

Indices obtained at rest

Physiological VD /VT ratio 0.47 ± 0.06

pH 7.43 ± 0.03

PaCO2, mmHg 36.4 ± 5.1

PaO2, mmHg 80.7 ± 9.9

SpO2,% 96 ± 2

Ventilatory threshold,% peak V̇O2 predicted 40 ± 13

Indices obtained at peak exercise

Power rate, W 78 ± 26

V̇O2, L/min 1.109 ± 0.356

V̇O2,% predicted 66 ± 16

V̇CO2, L/min 1.210 ± 0.417

Oxygen pulse,% predicted 90 ± 22

IC, L 1.86 ± 0.65

IC,% predicted 71 ± 19

Physiological VD/VT ratio 0.39 ± 0.07

V̇E, L 49.8 ± 16.6

V̇E,% MVC 97 ± 24

Dyspnea Borg score 4.9 ± 2.0

Fatigue Borg score 4.6 ± 1.9

Reason for stopping exercise, dyspnea/fatigue/
both, n 14/18/10

pH 7.37 ± 0.02

PaCO2, mmHg 37.1 ± 5.7

PaO2, mmHg 77.6 ± 11.7

SpO2,% 93 ± 4

fH,% predicted 75 ± 10
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used. As previously demonstrated by other investiga-
tors we show that this transcutaneous measurement 
may reasonably replace arterial puncture for blood gas 
analyses (25).

Our study suffers from the limitations common to 
cross-sectional studies because our conclusions are based 
on correlative analyses, which do not imply causality. The 
small number of patients does not allow an adequate 
description all COPD phenotypes. The relationships 
between DLCO and wasted ventilation, and subsequently 
with dyspnea, may seem obvious but deserved to be done 
from a pathophysiological point of view. It highlights that 
exertional dyspnea cannot often be evaluated based on 
the only assessment of ventilatory capacity in COPD 
patients. The many factors contributing to exercise dys-
pnea in COPD are interdependent, and recent reviews 
focused primarily on ventilatory mechanical factors such 
as dynamic hyperinflation that can potentially be manip-
ulated for the patients’ benefit (26, 27).

The contribution of ventilation-perfusion abnormali-
ties indirectly, reflecting pulmonary vascular damage to 
dyspnea, deserves to be studied since specific vascular 
therapeutic approaches are currently under development 

(28–30). The non-invasive assessment of transcutane-
ous PCO2, allowing the calculation of physiological VD/VT 
ratio, helps to better characterize the underlying mecha-
nisms of dyspnea in these patients. In absence of PaCO2 
measurement, an increased ventilatory demand cannot 
be related to either ventilation-perfusion abnormalities 
and/or decreased PaCO2 set point (hyperventilation) (31), 
which constitutes a plea for systematic PaCO2 assessment.

In conclusion, DLCO constitutes and indirect assess-
ment of ventilatory demand, which is linked to exer-
tional dyspnea in COPD patients. The assessment of this 
demand can also be non invasively obtained on exercise 
using transcutaneous PCO2 measurement.
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