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Cardiopulmonary exercise testing (CPET) is important for
the differential diagnosis of dyspnoea-fatigue syndromes.
The test more typically includes measurements of ventilation
(VE), carbon dioxide output (VCO2), and oxygen uptake
(VO2) at a progressively increased workload (W) until a
maximum VO2, called VO2max or VO2peak to define aerobic
exercise capacity, but steady state evaluations have utility in
some contexts. The difference in VO2max and VO2peak can
sometimes be made by the identification or not of a VO2

plateau while workload may be still increasing. However, the
information content of VO2max and VO2peak is essentially the
same, provided other criteria of maximum exercise are met,
with, importantly, a respiratory exchange ratio (RER)≥1.1.
Ventilatory reserve may be calculated at VO2peak. This is the
difference between maximum voluntary ventilation (MVV)
and VEpeak, with MVV either directly measured, or predicted
from the forced expiratory volume in 1 sec (FEV1) times 35
or 40. The ventilatory reserve normally ranges from 20 to
60 L/min, with an extreme lower limit of normal of 11 L/min,
although caution should be applied to this measure given
the unreliability of calculated MVV. Other relevant CPET
measurements are VO2 at the anaerobic threshold (VO2AT)
(RER= 1), VE/VCO2 either as a slope over the entire
CPET or, preferably, at the AT, maximum heart rate and
recovery, and the VO2-work rate relationship (ΔVO2/ΔW).
Indeed VE/VCO2 slope has been shown to be a powerful
prognostic indicator in heart failure independent of peak
VO2.

Cardiac limitation of aerobic exercise capacity is char-
acterized by decreased VO2AT, ΔVO2/ΔW and increased
VE/VCO2-slope, when heart failure is present. In these
patients, resting heart rate is increased, but maximum heart
rate and heart rate recovery are decreased (the latter to

<12 beats per min). A ventilatory limitation to exercise
capacity is characterized by a low ventilatory reserve, which
is often, but not always, attained with RER< 1. The CPET
profile of severe deconditioning resembles that of heart
failure, but with VO2max usually >20 mL/kg except in the
elderly and an unremarkable VE/VCO2. The identification
of “peripheral factors” is more difficult. Mitochondrial
disorders are uncommon causes of early lactic acidosis with
very low VO2max and VO2AT—along with a hyperdynamic
cardiovascular state. Muscle mass in patients with chronic
disease-associated cachexia may become insufficient for a
maximal challenge of the cardiovascular system, which is
normally achieved with approximately half of the skele-
tal muscle mass (legs on the bicycle). Peripheral oxygen
extraction in heart failure has been shown to be preserved.
Therefore, in these patients VO2max is essentially maximal
cardiac output (Q-) dependent, as indicated by the Fick
equation:

VO2 max = Qmax(CaO2 − CvO2), (1)

where CvO2 becomes a constant, and thus VO2max deter-
mined by maximum O2 delivery or Q × CaO2.

Many studies have reported on marked histological and
biological changes in skeletal muscle of patients with chronic
diseases, including heart failure, but measurements of max-
imum O2 extraction are few. Skeletal muscle deterioration
in cardiac or lung disease patients may be most relevant
to muscle strength or power, which is more appropriately
measured by anaerobic exercise capacity tests.

A simple, inexpensive, and safe surrogate of VO2max is the
distance walked in 6 minutes. The 6-min walk test (6MWT)
derives from the linear relationships between VO2, Q or
workload,—or speed. Like VO2max, the 6-min walk distance
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is also decreased by decreases in CaO2 as a cause of decreased
oxygen delivery and breathing reserve. The test is limited
in the less severely impaired patients by a ceiling effect,
corresponding to the maximum possible speed of walking in
patients still be able to further increase VO2—but for that
purpose would have to switch to walk on a slope or running.
Demographic factors such as age, height and weight should
also be taken in to consideration of the distance walked. The
6MWT is very useful to evaluate the functional impairment
of patients, less so for the differential diagnosis of dyspnoea-
fatigue.

In the present issue of Pulmonary Medicine, these basic
exercise physiology principles are further explored by nice
series of clinical studies on patients with a variety of cardiac
and pulmonary diseases.

In the study entitled “Abnormalities of the ventilatory
equivalent for carbon dioxide in patients with chronic heart
failure” L. Ingle et al. investigated the kinetics of the
VE/VCO2 ratio during an incremental exercise testing follow-
ing a modified Bruce protocol in a large series of 423 patients
with chronic heart failure compared to 78 healthy controls.
They showed that the nadir of the VE/VCO2 in patients with
heart failure occurred earlier, and that this was of prognostic
relevance. These results add to previously known prognostic
value of increased VE/VCO2-slope in heart failure. The
authors’ interpretation of the findings is that a shorter time to
VE/VCO2nadir reflects earlier onset of the non-CO2 stimulus
to ventilation in patients with chronic heart failure. This is
possible. However, the time to VE/VCO2nadir was decreased
in proportion to the decreased exercise duration, VO2AT
or VO2peak, all at around 60% of measured in the controls,
indicating an important intrinsic contribution of aerobic
exercise capacity, known as another determinant of survival
in heart failure.

The study by R. L. Chura et al. “Test-retest reliability
and physiological responses associated with the steep ramp
anaerobic test in patients with COPD” provides robust data
on the reproducibility of a very steep incremental exercise
protocol (25 W per 10 s) in 11 COPD patients. The Steep
Ramp Anaerobic test (SRAT) aimes at a measurement of
anaerobic exercise capacity, and, as such, was compared
by the authors to the more classically known 30s-Wingate
Anaerobic Test (WAT). The patients also performed a CPET.
Both SRAT and WAT showed a good reproducibility at 1-
2 days intervals. Maximum power output was 157 W on
the SRAT, compared to 231 W on the WAT and 66 W on
the CPET, but metabolic and ventilatory responses were
similar. The FEV1 of the patients was on average of 1 L,
allowing to estimate a MVV of 40 L/min. The VEmax was on
average 40 L/min during the three exercise tests, indicating
that the three tests exhaused the ventilatory reserve of the
patients. Because the peak work output was the highest at
the maximum achieved VO2 with the SRAT, the authors
concluded about the superiority of this test over the WAT
to determine anaerobic exercise capacity. This makes a lot of
sense. Furthermore, the higher power output with the SRAT
compared to the WAT at similar VO2 probably reveals more
specific measurement of purely alactic anaerobic exercise
capacity. This important study will hopefully draw attention

to the importance of anaerobic exercise testing in the
evaluation of patients with cardiac and pulmonary diseases.

In the article “Cardiopulmonary exercise testing in lung
transplantation: a review” K. A. Dudley and S. El-Chemaly
review published data on the role of CPET in the assessment
of appropriateness of listing for lung transplantation as well
of posttransplant outcome in patients with various forms of
lung disease. The lung allocation score does not currently
include CPET variables, but exercise capacity solely deter-
mined by a 6MWT. The review confirmed the previously
known prognostic relevance of the 6MWT for patients await-
ing transplantation. In these patients, the 6MWT was supe-
rior to spirometry in the prediction of 6-month mortality.
However, how pretransplant 6MWT relates to posttransplant
functional state and prognosis remains unclear. The reason
why CPET variables are currently not components of the
lung allocation score is in the insufficient evidence derived
from limited size studies evaluating only specific respiratory
pathologies and type of transplant, thus with findings that
are difficult to extrtapolate to other patients waiting for
transplantation. Data from posttransplant patients reveal
some functional improvement with, however, still significant
reduction in exercise tolerance. This does not appear to
be limited by the pulmonary function, therefore pointing
towards peripheral mechanisms of reduced functional capac-
ity. Despite the need for more systematic studies in this field,
the authors conclude that, based on the existing data, CPET
carries prognostic information beyond that of pulmonary
function tests and 6-minute-walk distance suggesting a role
of CPET in pretransplant and possibly also posttransplant
assessment.

The study “Predicted aerobic exercise capacity of asthmatic
children: a research study from clinical origin” by L. Lochte
compared longitudinally the predicted aerobic exercise
capacity based on submaximal exercise testing in 28 asth-
matic children compared to 28 controls during 10 months.
There were also physical activity and asthma questionnaires.
The predicted aerobic exercise capacity test consisted in
5 min continuous running on a tredmill at a running speed
adjusted to maintain a stable submaximal heart rate of
170–180 bpm. The estimation of VO2max was based on
previously reported weight-adjusted VO2, running speed
and heart rate, and VO2 extrapolated from the difference
between maximum and submaximum heart rates. This is an
adaptation of the Astrand test, based on the same rationale
that any further increase in VO2 (or Q) at a submaximum
level of exercise is exclusively heart rate determined. Physical
activity as evaluated by questionnaires was well correlated
to estimated VO2max—and age. The results showed lower
predicted aerobic exercise capacity in asthmatic children,
without this being related to asthma severity or exercise
induced asthma, but there was improvement over time. The
reasons for decreased fitness in young asthmatics are unclear,
but it might be deconditioning rather than insufficient
asthma control. The study underscores the importance of
monitoring physical activity in addition to lung function in
children with asthma.

The study “The impact of pulmonary arterial pressure
on exercise capacity in mild-to-moderate cystic fibrosis: a case
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control study” by K. Manika et al. explored the impact
of systolic pulmonary artery pressure (PASP) measured
by echocardiography before and immediately after testing
on exercise capacity in 17 patients with mild-to-moderate
cystic fibrosis without pulmonary hypertension and in 10
controls. The patients hads higher postexercise PASP and
lower VO2peak, VO2AT, and peak O2 pulse than the controls.
The change in PASP was strongly correlated to parameters
of exercise capacity in the patients, not in the controls. The
authors conclude that pulmonary vascular disease might
contribute to decreased exercise capacity in patients with
cystic fibrosis. It may be noted that the postexercise PASP
were not higher than normal, and the difference between
patients and controls, though significant, was of a few
mmHg, thus in the range of the error of measurement.
However, the patients had an average ventilatory reserve of
around 40 L/min at maximum exercise, the maximum RER
was of 1.19, not different from the controls and the patients
with the highest PASP also had a higher VE/VCO2. It is thus
possible that pulmonary vascular disease contributes to the
limitation of exercise capacity in patients with cystic fibrosis.
Further studies on a larger number of patients with more
comprehensive measurements of the pulmonary circulation
will be needed to prove it.

The study “Validity of reporting oxygen uptake efficiency
slope from submaximal exercise using respiratory exchange
ratio as secondary criterion” by W. Williamson et al. inves-
tigated the VO2 efficiency slope, or rate of change in VO2

per rate of change in VE, in 100 healthy volunteers during a
ramped treadmill protocol from data truncated to RER levels
from 0.85 to 1.2. The slope increased significantly from low-
to-moderate intensity exercise and was highest at a RER of 1,
decreasing at higher values. The O2 efficiency slope has been
previously reported to be a valid and reproducible marker of
function and prognosis as VO2peak. The present results show
that VO2 slope is not constant during an incremental CPET
and probably optimally measured at the RER of 1. How this
tighter definition of the VO2 slope compares with VO2AT,
VE/VCO2, ΔVO2/W , and chronotropic incompetence in the
evaluation of patients with cardiac or pulmonary diseases
will have to be investigated in further studies.

In summary, for those of us interested in a better under-
standing of the dyspnoea-fatigue symptoms of our patients,
CPET is a remarkable tool. It generates lots of variables
that need integration into pathophysiological reasoning and
pretest clinical probability assessments. More work is needed
for the integration of the CPET variables into validated
decision trees and recommendations. This is an exciting area,
still open for a lot more investigation and progress. The series
papers published in this issue of Pulmonary Medicine are
altogether an important step in the good direction.

Luke Howard
Michael P. W. Grocott

Robert Naeije
Ron Oudiz

Roland Wensel
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Background. Pulmonary hypertension (PH) is an often complication of severe cystic fibrosis (CF); however, data on the presence
and impact of pulmonary vasculopathy in adult CF patients with milder disease, is very limited. Aim. To investigate, for the first
time, the impact of systolic pulmonary arterial pressure (PASP) on maximal exercise capacity in adults with mild-to-moderate
cystic fibrosis, without PH at rest. Methods. This is a Case Control study. Seventeen adults with mild-to-moderate CF, without
PH at rest (cases) and 10 healthy, nonsmoking, age, and height matched controls were studied. All subjects underwent maximal
cardiopulmonary exercise testing and echocardiography before and within 1 minute after stopping exercise. Results. Exercise
ventilation parameters were similar in the two groups; however, cases, compared to controls, had higher postexercise PASP and
decreased exercise capacity, established with lower peak work rate, peak O2 uptake, anaerobic threshold, and peak O2 pulse.
Furthermore, the change in PASP values before and after exercise was strongly correlated to the parameters of exercise capacity
among cases but not among controls. Conclusions. CF adults with mild-to-moderate disease should be screened for the presence
of pulmonary vasculopathy, since the elevation of PASP during exercise might contribute to impaired exercise capacity.

1. Introduction

Exercise impairment in cystic fibrosis (CF) is well established
and a variety of determinants, such as pulmonary and
nutritional factors, muscle dysfunction and deconditioning,
have been studied in this direction [1–4]. It seems that the
factors which are limiting exercise tend to vary across disease
stages; ventilatory impairment is probably the major factor
limiting exercise in severe disease, while nonpulmonary
factors seem to be related to reduced exercise capacity in mild
and moderate disease [4].

Pulmonary hypertension (PH), which is a common
determinant of exercise capacity in patients with respiratory

disorders [5], is an often complication of CF. PH is observed
in 20–65% of adult CF patients with severe disease [6–
10], and it has been associated with increased mortality
[6, 11]. However, data on its frequency and impact among
patients with milder disease are limited. Although adult CF
patients with mild-to-moderate disease achieve maximum
exercise without generally reaching ventilatory limitation [4],
the potential effect of pulmonary vasculopathy on exercise
capacity, in this patient population, has not yet been clarified.

In this study we hypothesized that pulmonary vascular
disease contributes to the exercise intolerance of adult CF
patients with mild-to-moderate disease, without PH at rest.
Under this scope we conducted a case-control study, utilizing
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maximal cardiopulmonary exercise testing (CPET), in order
to investigate, for the first time in literature, the impact of
post exercise PASP on this patient population.

2. Methods

2.1. Subjects. The study followed a case-control design.
Seventeen adult CF patients with mild-to-moderate disease
constituted the group of cases and 10 healthy nonsmoking
volunteers matched for age and height, constituted the group
of controls. All CF patients were regularly attending the
outpatient CF clinic of “G. Papanikolaou” Hospital, were
in stable clinical condition and were life-long nonsmokers.
Mild pulmonary disease was defined by the presence of
FEV1 >65% of predicted, and moderate disease by the
presence of ≤40% FEV1 ≤65% of predicted [6]. Patients
who presented with an exacerbation of the disease, that is
increased sputum production, purulence, or dyspnea with
or without systemic symptoms, combined with a 10% or
more reduction in patient’s forced expiratory volume in 1
second (FEV1) usual value, were excluded from the study.
Patients who were hospitalized or required per os antibiotics
during the last 2 months prior to the study, received
domiciliary oxygen therapy, or presented with any other
condition affecting exercise capacity, were also excluded.
Ethical approval for the study protocol was received from
the “G. Papanikolaou” Hospital Scientific Committee and
informed consent was provided by all participants.

2.2. Study Protocol. During the baseline visit, all CF patients
were clinically assessed by the same physician, who docu-
mented their Schwachmann score (SS). An arterial blood
sample was obtained for both cases and controls, while all
participants underwent pulmonary function testing. Forced
vital capacity (FVC) and FEV1 were measured utilizing an
electronic spirometer (Wright ventilometer, Clement Clarke
International Ltd., England), according to the American
Thoracic Society recommendations [12].

All participants visited again the CF clinic within one
week and underwent a complete transthoracic echocardio-
graphic study, including 2D, pulsed and continuous-wave
Doppler and colour flow imaging using a HD7 cardiac ultra-
sound system (Philips medical system, Andover, MA, USA).
Standard two-dimensional (2D) and colour flow Doppler
images were obtained using the parasternal long and short
axis and apical views. PASP was estimated by calculating
the maximal velocity of the tricuspid regurgitant jet and by
further using the Bernoulli equation and then adding to this
value an estimated right atrial pressure based on both the
size of the inferior vena cava and the change in diameter
of this vessel during respiration. PH was defined as a PASP
>35 mmHg at rest [13]. Left ventricular dimensions, ejection
fraction, and cardiac index were obtained by previously
recommended techniques [14].

A maximal exercise capacity test was then performed
on a cycle ergometer (medical graphics), under continuous
monitoring of heart rate (HR), oxygen saturation (SpO2),
and a 12-lead electrocardiogram, while blood pressure (BP)

measurements were obtained every two minutes using a
standard-cuff mercury sphygmomanometer. A ramp proto-
col was used with an incremental rate of 20 Watts·min−1

for controls and of 10–20 Watts·min−1 for cases according
to disease severity and estimated fitness, aiming for the test
to last approximately 10–12 minutes [15]. Each test was
preceded by 3 min of resting to enable subjects to achieve
steady state conditions for HR, SpO2, BP, and gas exchange
variables, and of 2 min of unloaded cycling. Patients and
controls were asked to score their sense of dyspnea and
muscle fatigue using Borg scale, every 2 minutes during the
test.

Gas exchange values and exercise parameters were col-
lected breath-by-breath and computer-averaged over 10-
second intervals. Anaerobic threshold was calculated by
the V slope method, as previously described [15]. The
following exercise parameters were recorded: maximal work
rate (WR peak), peak oxygen uptake (VO2 peak), oxygen
uptake at anaerobic threshold (AT), peak oxygen pulse (VO2

peak/HR), ventilatory equivalent for carbon dioxide at AT
(VE/VCO2), maximal ventilation VEmax, peak heart rate
(HR), maximum minute ventilation to maximum voluntary
ventilation ratio (VEmax/MVV), and breathing reserve (BR).
The MVV was calculated as 40 × FEV1 and the breathing
reserve as MVV-VEmax. Ventilatory limitation was defined
as (VEmax/MVV) × 100 > 85% or BR <11 lit [15, 16].

Within 1 minute after the completion of the exercise
testing, a second echocardiogram was performed by the same
investigator, following the same protocol and focusing on
postexercise tricuspid regurgitation velocity.

2.3. Data Analysis. Data analysis was conducted using the
Statistical Package for Social Sciences (SPSS) for Windows
2000XP, release 17.0. Normal predicted values for CPET
parameters were calculated using standard equations [15,
16]. The Shapiro-Wilk test of normality was used to assess
the normal or not distribution of data. Student’s t-test for
independent samples was used to compare CPET parameters
between cases and controls, while the Mann-Whitney the
U-test was applied to compare CPET parameters between
CF patients with low (≤35 mmHg) and high (>35 mmHg)
postexercise PASP. ΔSPAP was calculated as follows: PASP
after exercise − PASP at rest. Pearson correlation coefficient
(r) was used to assess potential correlations between ΔPASP
and CPET parameters in cases and controls. A P value <0.05
was considered significant.

3. Results

Summary characteristics of cases and controls are shown in
Tables 1 and 2. During rest, none of the CF patients suffered
from PH and no difference was noted in PASP or any other
echocardiographic measurement between the two groups.
However, PASP immediately after exercise was significantly
higher in the group of cases compared to controls (31.5
versus 25.8, P = 0.041).

Both cases and controls stopped exercise because of
fatigue. At the end of exercise mean Borg scale for fatigue



Pulmonary Medicine 3

Table 1: Demographic characteristics, pulmonary function vari-
ables and pulmonary artery pressure measurements in cases and
controls.

Cases Controls P value

Number (M/F) 17 (11/6) 10 (7/3)

Age (years) 23.9± 3.5 26.8± 3.1 NS

BMI (kg/m2) 21.3± 3.0 24.9± 4.1 NS

SS 72.3± 13.9 NA

FEV1 (% predicted) 66.3± 24.3 99.1± 5.4 0.004

FVC (% predicted) 78.4± 18.6 98.5± 6.1 0.007

pO2 rest (mmHg) 75.7± 9.2 93.4± 9.2 0.008

SpO2 rest (%) 95.4± 1.9 97.6± 1.4 NS

PASP rest (mmHg) 27.5± 6.4 24.6± 2.2 NS

PASP post ex. (mmHg) 31.5± 7.3 25.8± 1.3 0.041

ΔPASP (mmHg) 4.0± 3.1 1.2± 1.3 0.048

Data are presented as mean± 1 standard deviation. NS: not significant, BMI:
body mass index, SS: Schwachmann score, NA: not applicable, rest: at rest,
post ex.: post exercise, FEV1: forced expiratory volume in 1 second, FVC:
forced vital capacity, pO2: arterial oxygen partial pressure, SpO2: oxygen
saturation, PASP: right ventricular systolic pressure, ΔPASP: PASP post-
PASP rest.

was approximately 8 and mean Borg scale for dyspnea was 6
for both groups. Respiratory exchange ratio (RER) at peak
exercise was >1.1 for all subjects. During maximal CPET,
CF patients presented limited exercise capacity, compared
to controls, as established by lower WR, VO2 peak, AT, and
oxygen pulse (Table 2). However, no participant presented
with respiratory limitation. Although the absolute value of
MVV-VEmax was higher among cases compared to controls,
VEmax/MVV% predicted did not differ between the two
groups and even though BR was significantly lower among
cases (Table 2), it was higher than 11 liters in all participants.
Oxygen saturation at peak exercise was also similar between
the two groups (Table 2).

After exercise, 5 cases presented with PASP >35 mmHg
and the rest 12 cases with PASP ≤35 mmHg, while all
controls had PASP ≤35 mmHg. No difference was noted
between the two CF patient groups with and without
exercise-induced PH, regarding FEV1% predicted and FVC%
predicted values (data not shown). Those CF patients with
post exercise PASP >35 mmHg exhibited lower WR peak%
predicted, VO2 peak% predicted, VO2/HR% predicted, and
SpO2 peak, and a trend for higher VE/VCO2@AT, compared
to the rest of CF patients. However, none of the parameters
indicative of ventilatory limitation during exercise, that is
VEmax, VEmax/MVV and BR differed between CF patients
with and without postexercise PH (Table 3).

In cases, but not in controls, ΔSPAP established an
inverse, strong correlation to several parameters of exercise
capacity, that is, WR peak (watts and % predicted), VO2 peak
(mL/kg∗min and % predicted), oxygen pulse (mL/kg∗beats
and % predicted), and SpO2 peak (Table 4). ΔSAP was also
strongly correlated to Schwachman score (Spearman rho =
−0.698, P = 0.002) in the group of cases. On the contrary,
neither pulmonary function testing parameters, nor any
variable indicative of ventilatory limitation during exercise

Table 2: Exercise parameters in cases and controls.

Cases Controls P value

WR peak (% predicted) 66. ± 14.8 97.1± 5.3 0.002

VO2 peak (mL/kg∗min) 28.5± 7.5 35.9± 4.8 0.026

VO2 peak (% predicted) 73.7± 14.8 97.8± 5.9 0.002

AT (mL/kg∗min) 20.1± 5.4 27.1± 5.5 0.013

AT (% predicted) 48.8± 10.5 69.9± 12.3 0.008

VO2/HR (mL/kg∗beats) 10.8± 3.4 15.9± 4.9 0.032

VO2/HR (% predicted) 88 ± 17.2 98.1± 11.3 0.048

VE/VCO2@AT 31.3± 3.7 25.1± 3.0 0.008

VEmax (lit) 69.8 ± 21 81.1± 30.5 NS

VEmax/MVV (%) 66.7± 21.5 53.4± 18.1 NS

MVV-VEmax (lit) 40.01± 36.3 79.96± 34.9 0.047

BR (lit) 40 ± 36.3 79.7± 34.7 0.045

RER 1.19± 0.7 1.21± 0.6 NS

SpO2 peak (%) 93.9 ± 4 96 ± 1.9 NS

Borg scale fatigue (peak) 7.9± 1.4 8.2± 1.3 NS

Borg scale dyspnea (peak) 6.2± 2.9 5.9± 1.4 NS

Data are presented as mean ± 1 standard deviation. NS: not significant, WR
peak: maximal work rate, VO2 peak: maximal oxygen uptake, AT: oxygen
uptake at anaerobic threshold, VO2/HR: peak oxygen pulse, VE/VCO2@AT:
ventilatory equivalent for carbon dioxide at anaerobic threshold, VE max:
minute ventilation at peak exercise, VEmax/MVV: minute ventilation at
peak exercise to maximum voluntary ventilation ratio, BR: breathing
reserve, RER: respiratory exchange ratio, SpO2 peak: oxygen saturation at
peak exercise.

was correlated to ΔSPAP, in any of the groups (data not
shown).

4. Discussion

The main findings of our study are (a) patients with
mild-to-moderate CF without PH at rest, exhibit higher
postexercise PASP and lower exercise capacity compared to
controls, without reaching ventilatory limitation, (b) exercise
impairment and dyspnea are probably more pronounced
among CF patients with higher (≥35 mmHg) postexercise
PASP, and (c) ΔPASP is inversely correlated with maximal
work rate and oxygen uptake in cases, but not in controls.

The association of PH and exercise tolerance in mild-
to-moderate CF is far from clear. Montgomery et al. have
reported the case of a CF adult patient with severe lung
disease and pulmonary hypertension that increased signifi-
cantly after exercise and improved with sildenafil treatment
[17]. Although recently published data demonstrate that CF
patients suffer from endothelial dysfunction and defective
dilatation of pulmonary vessels during exercise [18], in
another study the estimated rest PASP was not correlated
to submaximal exercise capacity among CF patients with
both severe and moderate disease [19]. However, there is no
data regarding the exercise-induced increase of pulmonary
artery pressure and its possible impact on maximum exercise
tolerance, in patients with less severe disease and no evident
pulmonary vasculopathy at rest.

In this study, a group of mild-to-moderate CF patients
without PH at rest exhibited a higher postexercise PASP,
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Table 3: Exercise parameters in cystic fibrosis patients with
postexercise PASP ≤35 mmHg and postexercise PASP >35 mmHg.

PASP ≤35 PASP >35 P value

WR peak (watts) 135.7± 46.6 102.4± 30.1 NS

WR peak (% predicted) 73.6± 11.6 51.4± 7.5 0.008

VO2 peak (mL/kg∗min) 30.1± 8.0 25.1± 5.5 NS

VO2 peak (% predicted) 78.4± 15.4 63.4± 6.2 0.042

AT (mL/kg∗min) 20.3± 5.6 16.3± 1.6 NS

AT (% predicted) 51.9± 11.2 42.1± 4.6 NS

VO2/HR (mL/kg∗beats) 11.4± 3.8 9.2 ± 2 NS

VO2/HR (% predicted) 93.5± 17.6 75.9± 7.8 0.040

VE/VCO2@AT 28.1± 4.1 32.8± 2.3 0.061

VEmax (lit) 63.3± 21.6 57.5± 18.7 NS

VEmax/MVV (%) 64.3± 23.8 70.5± 14.9 NS

MVV-VEmax (lit) 39.6± 35.1 42.1± 38.9 NS

BR (lit) 42.8± 40.7 31.7± 21.2 NS

RER 1.19± 0.7 1.19± 0.4 NS

SpO2 peak (%) 95.4± 2.7 90.6± 4.7 0.016

Borg scale fatigue (peak) 7.9± 1.6 7.4± 0.6 NS

Borg scale dyspnea (peak) 5.9± 3.3 7.0± 2.2 0.046

Data are presented as mean ± 1 standard deviation. NS: not significant, WR
peak: maximal work rate, VO2 peak: maximal oxygen uptake, AT: oxygen
uptake at anaerobic threshold, VO2/HR: peak oxygen pulse, VE/VCO2@AT:
ventilatory equivalent for carbon dioxide at anaerobic threshold, VEmax:
minute ventilation at peak exercise, VEmax/MVV: minute ventilation at
peak exercise to maximum voluntary ventilation ratio, BR: breathing
reserve, RER: respiratory exchange ratio, SpO2 peak: oxygen saturation at
peak exercise.

Table 4: Pearson correlations between ΔPASP and exercise variables
in cases and controls.

ΔPASP

Cases Controls

WR peak (watts) −0.539∗ NS

WR peak (% predicted) −0.764∗∗ NS

VO2 peak (mL/kg∗min) −0.540∗ NS

VO2 peak (% predicted) −0.714∗ NS

AT (mL/kg∗min) NS NS

AT (% predicted) NS NS

VO2/HR (mL/kg∗beats) −0.530∗ NS

VO2/HR (% predicted) −0.663∗∗ NS

VE/VCO2@AT NS NS

SpO2 peak (%) −0.701∗ NS

ΔPASP: PASP (pulmonary artery systolic pressure) after exercise − PASP
at rest, WR peak: maximal work rate, VO2 peak: maximal oxygen uptake,
AT: anaerobic threshold, VO2/HR: peak oxygen pulse, VE/VCO2@AT:
ventilatory equivalent for carbon dioxide at anaerobic threshold, SpO2 peak:
oxygen saturation at peak exercise; ∗P < 0.05; ∗∗P < 0.001; NS: not
significant.

a lower exercise capacity and a higher VE/VCO2 ratio at
anaerobic threshold compared to controls, although both
groups terminated exercise due to fatigue, without present-
ing respiratory limitation. VE/VCO2 is considered to be a
noninvasive marker of pulmonary vascular resistance [20]
and previous studies have reported a significant increase in

the VE/VCO2 slope, during exercise, both in CF patients
[1] and in patients with severe PH [21]. During maximal
CPET, both dyspnea and exercise limitation were even
more pronounced among patients with higher (>35 mmHg)
postexercise PASP values, compared to the rest of the
patients. Furthermore, ΔPASP values correlated to peak
work rate, peak O2 uptake, O2 pulse and SpO2 at peak
exercise only in the group of cases, while no correlation was
noted to any measurement of ventilation during exercise.
These data indicate that in CF patients with less severe
disease, pulmonary circulation could be defective, resulting
to impaired exercise capacity, regardless of the patients’
respiratory reserve.

As in several chronic respiratory diseases, exercise
capacity in adult CF patients could also be influenced by
suboptimal nutritional status and muscle dysfunction [22,
23]. Malnutrition results, through a loss of muscle mass,
to a reduction in every day activities and to peripheral
muscle deconditioning [23]. The current study was not
designed to control for these confounders, so their specific
impact on exercise limitation could not be assessed. However,
patients and controls weighted the same, since they were
height-matched and had the same BMI, which indicates that
their nutritional status was similar. Moreover, there was no
difference in peak Borg fatigue score neither between patients
and controls, nor between patients with and without exercise
induced PH, indicating a similar peripheral muscle effort.
These results come to an agreement with a previous study
where differences in Borg scores of muscle effort and lactic
acid were noted only in the group of CF patients with severe
respiratory limitation and not among those with mild and
moderate disease [4]. Future studies are needed to assess the
exact impact of pulmonary vasculopathy on exercise capacity
in these patient group, independently of nutritional status
and muscle dysfunction.

There are certain limitations in this study. The num-
ber of participants who were included was quite small.
However, our findings regarding exercise performance are
very similar to the ones from larger cohorts [2]. Moreover,
although the “gold standard” for measurement of pulmonary
artery pressure remains right heart catheterization, Doppler
echocardiography has proved to be an easily accessible,
noninvasive alternative in previous studies [24]. Another
limitation is that PASP is very much affected by cardiac
output, so a higher postexercise PASP might reflect not a
pulmonary vascular disease but just a persistently higher
cardiac index; however there is no sufficient explanation as
to why this could be established in cases but not in controls.
Furthermore, cardiac output and PASP rapidly recover after
exercise in a variable and non-proportional rate [25] and
Argiento et al. have previously reported that this could be a
reason why post-exercise measurements may be problematic
[26]. However, in the latter study, PASP was estimated 5
to 20 minutes after exercise, while in the current study all
measurements were conducted within 60 seconds. Although
the method adopted in our study may still estimate PASP
values less accurately than echocardiography during exercise
[25], it has been previously used in order to assess pulmonary
hypertension among scleroderma patients and was found to
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correlate well with several parameters of exercise capacity
[27, 28].

In conclusion, pulmonary vascular disease, as established
by high post exercise PASP, might be added to the list of
determinants of both exercise impairment and increased dys-
pnea among CF patients with mild-to-moderate disease. To
our knowledge, this study is the first to directly investigate the
potential association between estimated PASP and maximal
exercise capacity in these patients. The limitation in physical
functioning and the increased dyspnea are the two primary
parameters which affect quality of life in CF patients [29].
Under this scope, further studies, including a larger number
of patients with different stages of disease severity are needed,
in order for the contribution of pulmonary vascular disease
in the physical impairment of this population to be fully
evaluated.
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Objective. To compare longitudinally PAC of asthmatic children against that of healthy controls during ten months. Methods.
Twenty-eight asthmatic children aged 7–15 years and 27 matched controls each performed six submaximal exercise tests on
treadmill, which included a test of EIA (exercise-induced asthma). Predicted aerobic capacity (mLO2/min/kg) was calculated.
Spirometry and development were measured. Physical activity, medication, and “ever asthma/current asthma” were reported by
questionnaire. Results. Predicted aerobic capacity of asthmatics was lower than that of controls (P = 0.0015) across observation
times and for both groups an important increase in predicted aerobic capacity according to time was observed (P < 0.001).
FEV1 of the asthmatic children was within normal range. The majority (86%) of the asthmatics reported pulmonary symptoms
to accompany their physical activity. Physical activity (hours per week) showed important effects for the variation in predicted
aerobic capacity at baseline (F = 2.28, P = 0.061) and at the T4 observation (F = 3.03, P = 0.027) and the analyses showed
important asthma/control group effects at baseline, month four, and month ten. Physical activity of the asthmatics correlated
positively with predicted aerobic capacity. Conclusion. The asthmatic children had consistently low PAC when observed across
time. Physical activity was positively associated with PAC in the asthmatics.

1. Introduction

Children with asthma often experienced breathlessness dur-
ing physical activity and therefore tended to avoid vigorous
physical activity with disadvantageous consequences to their
physical conditioning [1, 2].

There are few paediatric pulmonary conditions in which
physical activity has had such potentially harmful effect on
patients, not only by limiting exercise capability, but also by
acting as a direct stimulus to the underlying pathophysiology
[3]. Exercise-induced asthma (EIA) has been recognized
as one major manifestation of untreated asthma [4] with
physical activity acknowledged as a powerful trigger of
asthmatic disease [3, 5].

Physical activity in paediatric asthma has been influenced
by physical as well as psychosocial variables. The compre-
hensive psychosocial variables included attitudes towards

exercise. Asthmatic children have demonstrated negative
attitudes towards physical activity [6] to be influenced by the
limitations that they experienced in safely and unrestrictedly
to join physical activities [5].

The cardiopulmonary fitness of asthmatic children was
often suboptimal. Some studies revealed lower predicted
aerobic capacity (PAC) among asthmatic children than with
healthy controls [7–9]; yet, most such observations were
cross-sectional. Evidence of PAC in healthy children was well
established whereas PAC of asthmatic youths was scarcely
documented, in particular from longitudinal observation.

The author hypothesized that the asthmatic children
would demonstrate a different PAC than that of their healthy
peers when observed over time. Therefore, the aim of
the present study was to longitudinally compare PAC of
asthmatic children against that of healthy controls during ten
months.
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2. Materials and Methods

2.1. Subjects. Twenty-eight asthmatic children and 27 con-
trols without asthma volunteered. Data were collected at
pretest, baseline, EIA-test, and following one, four, and ten
months (Table 1). Eligible controls at month four were n =
24. Data were collected from October 1998 through April
1999.

The asthmatic group was selected according to the
diagnose bronchial asthma as defined by the British Thoracic
Society [10] and the control group was matched on age (±1
year), sex, weight (±5 kg), and height (±5 cm). The body
weight, mean (SD) of asthmatics and controls was 40.0 (17.9)
and 38.4 (13.8), respectively. Standing height, mean (SD) of
asthmatics and controls was 143.7 (16.1) and 146.7 (17.8),
respectively.

The asthmatic children were outpatients at the Paediatric
Asthma and Allergy Clinic of Copenhagen University Hos-
pital, Gentofte, Denmark, and they were included consec-
utively (informed consent obtained from parents) at their
first visit. The control children were recruited from school
classes of the Capital Region of Denmark and informed
consent obtained from parents of the controls. All subjects
were Caucasians.

Both groups were free from pulmonary tract infections,
that is, forced expiratory volume in one sec (FEV1) was
>60% of the expected normal value estimated from height.
Descriptive information on the study population is shown in
Table 2.

2.2. Questionnaire. Baseline data on asthma, allergy, and
physical activity were obtained by a standardised ques-
tionnaire, published elsewhere [7]. The questionnaire was
dispatched to all children, was identical for asthma and
controls, and was completed by the children assisted by their
parents.

2.2.1. Asthma and Allergy. The questions on “ever asthma”
and “current asthma” have previously been applied in sur-
veys of asthmatic child populations [11]. The questionnaire
included questions on pulmonary and allergy symptoms
from skin, eyes, nose, lungs and symptoms frequency (daily,
weekly, monthly, and/or every half-year).

2.2.2. Physical Activity. Scores of physical activity as reported
by hours per week were adopted from validated standards
[12] of the Health Behaviour in School-Aged Children
(HBSC) study [13]. For hours (h) per week, six response
categories were applied: (i) none, (ii) 0.5 h, (iii) 1 h, (iv)
2-3 hs, (v) 4–6 hs, (vi) ≥7 hs. Physical activity referred to
vigorous leisure-time physical activity, exercise, or sports
outside school hours equivalent to at least slow jogging that
made the children sweat or become out of breath.

Eighty-six per cent (n = 24) of the asthmatic children
reported pulmonary symptoms such as wheezing, dyspnoea,
chest tightness, and cough related to exercise. Of these, 46%
(n = 11) reported allergic reactions such as eczema, 38%
(n = 9) rhinoconjunctivitis, and 25% (n = 6) both eczema

and rhinoconjunctivitis. Hospital journals confirmed that
one-fifth of the asthmatic children were atopic and 7% (n =
2) had undergone allergy test; 14% (n = 4) had family
predisposition.

Classification of asthma severity made reference to
modified national guidelines, published elsewhere [7], based
on present symptoms, lung function (PEFR), and medical
treatment. PEFR, peak expiratory flow rate, (L/min) was self-
recorded “same day morning and evening measurements”
over the course of two weeks using Wright’s peak flow
meter (Airmed, Harlow, United Kingdom). The best of three
PEFR exhalations was used for calculation. From the PEFR
measurements, the percentage predicted values of PEFR
(PEFR pred) was estimated using standard normal values
according to height [14].

One PEFR registration was not returned and one was
excluded due to extreme value. Hence, the study population
comprised 13 children with mild asthma (PEFR pred >90–
100%) 11 children with moderate (PEFR pred = 80–90%),
and 2 children suffered severe asthma (PEFR pred <80%).

2.3. Design. The study population was followed prospec-
tively by treadmill exercise tests during ten months.

2.4. Procedures. The age of the children was calculated from
the date of birth to the nearest 0.01 years. Each child
performed one pretest of PAC to establish running speed
(RS) at an individual level according to sex and age, and to
preclude training effect [4]. The pretest served to familiarise
the child with the clinical environment and procedures. The
baseline PAC-test was performed one week after the pretest.

All tests were performed separately with each child in
the Clinic during the afternoon, and the asthmatic children
performed the EIA-test prior to the pollen season. All
instructions given during tests used comparable standards
for asthmatic and control children.

A basic exercise warm-up programme preceded each
exercise test. No EIA occurred during warmup. As a safety
precaution, blood saturation was monitored during each
test in all subjects by finger electrode method using Nellcor
Symphony N-3000-120 (Nellcor, Boulder, CO, USA).

Body weight (BW) was measured by a spring balance to
the nearest 0.1 kg (indoor clothing worn). Standing height
was measured by a stadiometer to the nearest 0.1 cm and
no shoes were worn during the measurements. Body mass
index (BMI) was calculated as BW (kg)/height2 (m). The
anthropometric apparatus was calibrated according to the
standards of the manufacturers.

The endocrinological development of children aged ≥10
years was assessed by three methods: (i) the presence of
menarche in girls, (ii) sex characteristics (breast size in
girls and pubic hair in girls and boys) evaluated according
to standards [15] and (iii) the testicular volume of boys
estimated by comparison with an ellipsoid of known volume
using Prader Orchidometer, Zachmann, 1974, [15]. The
results were presented in Table S1 (see Supplementary
Material available online at doi:10.1155/2012/854652).
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Table 1: Matrix of observations.

Pretest T0 T-EIA T1 T4 T10

Age (year) and sex X

BMI X X X

Development characteristics X

Ever asthma/current asthma X

FEV1 X X X X X

ΔFEV1 X

HRrest X

Medical treatment X X X X X

Menarche X X X

PAC X X X X

PEFR X

Physical activity (h/week) X X X

RS X X X X X X

Symptoms (allergic/pulmonary) X

T0: time point of baseline test, T-EIA: time point EIA-test, T1: time point 1st month test, T4: time point 4th month test, T10: time point 10th month test,
BMI: body mass index (kg/m2), FEV1: forced expiratory volume in one second (mL), ΔFEV1: maximal percentage decrease in FEV1 from baseline, HRrest:
heart rate at rest (beats/min), PAC: predicted aerobic capacity (mLO2/min/kg), PEFR: peak expiratory flow rate (L/min), and RS: running speed (km/h).

Majorities of all children measured were distributed at
pubic hair stage 1-2 and breast stage 2 or beyond according
to the standards [15]. The boys had testicular volumes
developed to stage 1-2 in 67% (n = 6) and 71% (n = 5)
of the evaluated asthmatics and controls, respectively.

The PAC-tests were conducted without influencing
ongoing medical treatment (corticosteroids: budesonide; β2-
agonist: terbutaline (short term); salmeterol and formoterol
(long term).

Prior to the EIA-test the intake of β2-agonist was
discontinued for short term (12 hours) and long term (24
hours). No controls received medication.

HR at rest (HRrest) was monitored following 30 min of
rest in a horizontal position. Heart rate (HR (beats/min))
during the PAC and EIA-tests was continuously monitored
in all children by a thoracic Polar Sport Tester band (Polar,
Kempele, Finland).

FEV1 (mL) was measured in a standing position by a
Vitalograf (Spiropharma, Vitalograf Gold Standard, Klamp-
enborg, Denmark). FEV1 was measured immediately before,
3, 5, and 10 minutes posttest. At the EIA-test FEV1 was
further measured at 15, 20, and 30 minutes posttest.

At least three forced expirations were performed and
children were instructed to blow from maximal inspiration
and exhale quickly, forcefully, and for as long as possible into
the instrument. Forced expiratory manoeuvres were repeated
until two measurements of FEV1 within 100 mL of each other
were obtained. The largest FEV1 value was used for analysis
and from the FEV1 measurements the percentage predicted
values of FEV1 (FEV1 pred) were estimated using standard
normal values according to height [14]. The accuracy of
the vitalograf was verified weekly by a calibrated syringe
(Spiropharma), corrected to body temperature, atmospheric
pressure, and saturation with water vapour (BTPS). The
vitalograf did not need adjustment during the test period.

Table 2: Descriptive information, mean (±SD), of study popula-
tion by group.

Baseline

Asthma P Control

♂ / ♀ ♂ / ♀
N 17 / 11 16 / 11

Age 10.1 (2.5) ns 9.9 (2.7)

BMI 18.8 (3.8) = 0.046 17.1 (2.0)

FEV1 2.2 (0.8) ns 2.3 (1.0)

PAC 44.3 (7.3) = 0.009 52.1 (13.4)

RS 7.5 (1.6) ns 7.7 (1.3)

N : number
Age (years), BMI: body mass index (kg/m2), FEV1: forced expiratory volume
in one second (L), PAC: predicted aerobic capacity (mLO2/min/kg), RS:
running speed (km/h)
P: probability, ns: nonsignificant.

2.4.1. PAC-Test. The PAC-test constituted a submaximal,
5 min exercise test of continuous running on a treadmill
(Spiropharma, Cardiogenics no. 2113, Klampenborg, Den-
mark). The test constituted continuous increments of RS
for the first 2 min, and RS was adjusted to a submaximal
HR of 170–180 beats per minute (bpm). When HR attained
steadystate (HRsteadystate), the current speed was maintained
for 3 min; HRsteadystate (bpm) and RS (km/h) were registered
for the estimation of PAC (mLO2/min/kg).

2.4.2. EIA-Test. The EIA-test followed standardised guide-
lines using continuous increments of RS and inclination of
the treadmill (Spiropharma, Cardiogenics no. 2113, Klamp-
enborg, Denmark) during 5 minutes. When a submaximal
HR of 180–190 bpm was attained, RS was kept constant for
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the duration of the test. The range of inclination was 5–15%
and each subject wore a nose clip.

The pulmonary response from the EIA-test was expressed
as the maximal percentage decrease in FEV1 (ΔFEV1%)
from baseline (baseline value—lowest recorded postexercise
value/baseline value × 100%) [4]. This value was used to
assess the occurrence of EIA with the cutoff value set at 15%
[4, 16]. No asthmatic children reached the set cut-off. The
mean (95% CI) ΔFEV1% was 3.8 (1.5; 6.2) and 1.3 (−1.1;
3.8) in asthma and controls, respectively.

2.4.3. Equation PAC. PAC was estimated by the following
variables: maximal heart rate, HRmax (220 bpm—age in
years) (estimated), HRsteadystate ≈ 170–180 bpm (measured),
and HRrest (measured). The estimation used a constant for
child resting metabolic rate, RMR, (4.2 mLO2/min/kg) [17],
and VO2 (mLO2/min/kg). The estimation used laboratory
derived VO2 corresponding to RS at HRsteadystate published
earlier [2].

The applied equation (below) was a modification of
the original equation proposed by Klausen et al. [18]. The
calculation resulted in the estimation of PAC adjusted for BW
as follows:

PAC = RMR +
HRmax −HRrest

HRsteadystate −HRrest
× (VO2 − RMR). (1)

The ambient room temperature and relative humidity
were measured before each exercise test by a portable
thermohygrograph (Model SL (Sound Level) 435007). The
average room temperature and relative humidity of the PAC
tests were 19.6± 1.9◦C and 62.9±10.6%, respectively; for the
EIA-test the average room temperature and relative humidity
were 19.0 ± 1.0◦C and 58.1± 5.0%, respectively.

2.5. Statistics. General linear multiple regression analysis
was conducted to determine the adjusted effects on PAC
(APL∗plus, Scientific Time Sharing Corporation, Rockville,
MD, USA).

Two-way analysis of variance “repeated measures” was
applied to evaluate the variations in the mean values of PAC
over time within and between the groups of asthma and
control children (SAS, v.8.2 PROC MIXED, SAS Institute
Inc., Cary, NC, USA).

Multiple linear regression models were applied to esti-
mate the groups (asthma and controls) specific regression
lines using STATA (v.11.2) (Stata Corp, College Station, TX,
USA). Age and sex adjustments were performed.

The sample size was calculated to comply with the power
estimation, sensitivity (1 – β) = 80% and specificity (α) =
0.95. The significance tests applied were twotailed and the
significance level set at 5%.

2.6. Ethics. The study was approved by the local Scientific
Ethics Committee of Copenhagen County (no. KA 98029 m),
the Danish Data Protection Agency (no. 1998-1200-320),
and the Institutional Review Board at the Paediatric Asthma
and Allergy Clinic of Copenhagen University Hospital,
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Figure 1: Mean PAC (mLO2/min/kg) with SE in the asthmatic and
control groups of children according to four observation times.

Gentofte, Denmark. The study followed procedures in
accordance with the Declaration of Helsinki (1964).

3. Results

Across the four times of observation, important group
differences of PAC (P = 0.0015) between the asthmatic
children and controls were seen with asthmatics depicting
consistently lower PAC than controls. PAC of both groups
of children increased gradually with time (P < 0.001)
(Figure 1).

PAC increased with age in the two groups of children. The
baseline age effect (F = 14.73, P < 0.001) was illustrated in
Figure 2. At baseline the asthmatics showed lower PAC values
than controls (group effect: F = 10.35, P = 0.0020).

Figure 3 illustrated the associations between physical
activity and PAC at baseline separate for asthmatics and
controls. By analysing all children (n = 55) important effects
of group (full and reduced models) and marginal effect of
physical activity (full model) was found as follows: [(reduced
model, effect of group: F = 7.29, P = 0.0093) (R2 = 0.1209)],
[(full model, effect of group: F = 5.52, P = 0.023; effect of
physical activity (h/week): F = 2.28, P = 0.061); (R2 = 0.2898,
P = 0.0090)].

Figure 4 illustrated the associations between physical
activity and PAC at T4 separate for asthmatics and controls.
Analysis of all children (n = 52) at T4 showed important
effects of group and physical activity [(reduced model, effect
of group: F = 6.86, P = 0.012; effect of physical activity
(h/week): F = 3.03, P = 0.027); (R2 = 0.3040, P = 0.0042)].

Figure 5 illustrated the associations between physical
activity and PAC at T10 separate for asthmatics and controls.
By analysis of all children (n = 55) at T10 only the effect of
group demonstrated importance [(reduced model, effect of
group: F = 5.22, P = 0.026) (R2 = 0.0897)].
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Figure 2: Baseline associations of PAC (mLO2/min/kg) by age
(years) in asthmatic and control children.

Table S2 showed that in the asthmatic group, approxi-
mately 50% of children received medical treatment and the
distribution was almost similar at all four time points.

Table S3 illustrated the distributions of “ever asthma” and
“current asthma” for asthma and control children. Physical
activity (h/week) did not show important effects (ns) for
“ever asthma” or “current asthma” in asthmatics or controls
(not illustrated).

4. Discussion

The study showed that PAC of the asthmatic children was
lower than that of controls and differed between the four
times of observation. During the ten months observation
time, I found relative consistency in the importance of phys-
ical activity effects for PAC, and physical activity explained
up to 30% of the variation in PAC. There were consistent
and important group differences between asthmatics and
controls.

This study was designed to limit well-known bias risks.
Laboratory assessment of cardiopulmonary fitness has been
documented to require considerable resources whereas the
submaximal exercise test overcomes most of these limita-
tions. The PAC-test represented a noninvasive and validated
[2] submaximal method and was therefore preferred for the
current study.

The requests for study participation followed consecutive
order to ensure random selection of the asthmatic children.
The procedure for selection of participants was closely
monitored to ascertain sufficient time for the individual to
contemplate participation. To avoid misclassification from,
for example, disproportionate inclusion of highly motivated
children (and parents), reflection time prior to giving

consent was extended and further information provided as
necessary.

The results showed that physical activity correlated
positively with PAC, more consistently so for the asthmatics
than controls, but physical activity did not influence “ever
asthma” or “current asthma” and therefore these self-
reports may not sustain the results. The reports of “ever
asthma” and “current asthma,” nonetheless, complied with
data from other Scandinavian child populations that used
the same asthma and physical activity questions [19]. It
cannot be excluded, however, that parents of the asthmatics
who were well informed of benefits of physical activity
for cardiopulmonary fitness in optimal asthma care, could
have been overrepresented. Likewise, these parents may have
recalled physical activity differently than other parents and
could have overreported the physical activity levels of their
children.

The study groups originated from slightly varying
sociodemographic residential areas of the Capital Region.
The variation could have influenced the data collection, for
example, self-reports of physical activity in a nonrandom
manner. Although unconfirmed, it was also possible that
asthmatics and younger children received more support
completing the questionnaire than controls.

The results on the endocrinological development of the
included children were almost similar in asthmatics and
controls. Although asthmatic PAC was consistently lower
than that of controls, the stable increase of PAC by age in
both groups may illustrate the well-recognized systematic
influence of development on VO2 [20].

The participants with moderate and severe asthma who
accounted for almost half of the asthmatic group may in
fact have contributed disproportionately to the asthmatic
reductions of PAC compared to the mild asthmatic subjects.
Earlier findings from studies of severe childhood asthma [8]
may lend support to this interpretation.

The asthmatic children demonstrated a similar increase
of PAC over time to that seen for the healthy controls. It is
plausible that this finding reflected a diminished asthmatic
disease activity occurring during the observation time.
However, this hypothesis needs to be prespecified and tested
separately in future studies.

Indeed poor fitness of asthmatic children has been thor-
oughly investigated and physical risk factors documented
[1, 3, 21, 22]. In healthy children, “previous” physical activity
played an important role for the “present” activity level
[23]. The reports of physical activity were collected at three
different time points during ten months, but the current
study was not designed to test for separate effects of physical
activity in the asthmatics and controls investigated.

Over the course of the past decade, reviewers of asthmatic
children’s fitness have demonstrated a shift in their conclu-
sions from previous “asthmatic children being less fit” [3] to
current positions that “studies are inconclusive” [24]. This
study complied with the former representing the times when
data were collected.

The submaximal exercise test has been validated in
different populations, and the validity of a submaximal
exercise test depended on a predictable relationship between
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oxygen consumption and HR [25]. The equation applied in
this study was validated under the assumption of a linear
relationship between VO2 and HR and the submaximal
method tended to underestimate PAC compared with lab-
oratory monitored aerobic capacity [2]. Given such minor
underestimation of the present PAC, there has not been
an indication that this would have affected the groups in
a differential way. Conversely, for the current full study
population target heart rates were reached and hence the
expected physiological stress levels.

The present results of the EIA-test indicated that lung
function could have played a role in the asthmatic reduction
of PAC. The decrease of the asthmatic lung function during
the EIA-test potentially reflected the untreated nature of the
asthmatic disease for half of the asthmatic children. Previous
results of mild-to-moderate childhood asthma have shown
that only sedentary children had impaired cardiopulmonary
capacity [26]. The positive associations between physical
activity and PAC that was seen for the asthmatics seemingly
confirmed such results.

Earlier results published by my group found lower
HRsteadystate of the control group than of the asthma group
to suggest that physical activity could have influenced HR
differently in asthmatic and nonasthmatic children [2].
Even though regressions slopes for HR and VO2 have
been documented to alter with pulmonary disease [27],
applying explanations like those to the present asthmatic
PAC reductions would involve laboratory replication.

Although the present results have been generated from
relatively small sample sizes, initial precautions were taken to
power the study adequately. The longitudinal design served
to demonstrate consistency of the results for PAC. While
these data cannot ascertain causal associations between phys-
ical activity and PAC, they are nonetheless consistent with
findings of others for both physical activity [19] and PAC
[8, 9]. The reduced aerobic capacity of the asthmatic study
group, consistent across observation times, may further add
to the biological credibility of the current study hypothesis.

The extent to which the present asthmatic study popu-
lation reported limitations from pulmonary symptoms dis-
agreed with other asthmatic child populations studied [26].
Colleagues [26] investigated a large sample size and could
report results of VO2max from subgroups of sedentary and
active (up to 2 hs/week) children that seemed comparable
with the present results. The current sample, however, was
not sufficiently sized to accommodate subgroup divisions.
The frequent and largely untreated pulmonary symptoms
reported to accompany physical activity by the asthmatic
group could be a further explanation for the low asthmatic
PAC that I found. Ultimately, the results may have been influ-
enced by other known or unknown residual confounding
factors that were not accounted for in this work.

BMI was higher than expected for the asthmatic group,
which possibly indicated that the weight matching was
not complete for the study population. VO2 was derived
from established data on VO2 and running speed. Although



8 Pulmonary Medicine

baseline running speed showed no group differences, it
cannot be excluded that the asthmatic children weighing
slightly more than controls may have produced slower
running speeds than controls at any one point during the ten
months of observation time.

More recently, high BMI of asthmatic children and its
relations with poor physical conditioning have been well
acknowledged. Hence, the results suggested that rather than
attempting to match participants on weight, future studies of
asthmatic children might indeed generate important infor-
mation from weight associations. In the light of the global
weight burden with young people, the weight matching
design may not be warranted when asthmatic children are
under study.

In summary, the current results indicated that physical
activity could be a risk factor for low PAC in the asthmatic
children investigated. Although the results cannot necessarily
be extrapolated to the global scene of asthmatic child popu-
lations, they underlined that joint monitoring of pulmonary
symptoms and cardiopulmonary fitness of asthmatics may
supply important information for prevention and treatment
of those young suffering pulmonary symptoms by physical
activity.

At a time when objective and individualised criteria to
standardise exercise tests of asthmatic children are requested
[3, 28], and where those that do exist have not been routinely
implemented in paediatric asthma clinics, the public health
implication of the current study is to target standardised
monitoring of pulmonary function as well as cardiopul-
monary fitness of asthmatic young; hence, to capture the
variations of this burdening pulmonary childhood disease;
the recommendations apply equally to Scandinavian and
comparable populations of asthmatic children.

5. Conclusions

This study showed that the asthmatic children had consis-
tently low PAC when observed across time. Physical activity
was positively associated with PAC in the asthmatics.
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The Steep Ramp Anaerobic Test (SRAT) was developed as a clinical test of anaerobic leg muscle function for use in determining
anaerobic power and in prescribing high-intensity interval exercise in patients with chronic heart failure and Chronic Obstructive
Pulmonary Disease (COPD); however, neither the test-retest reliability nor the physiological qualities of this test have been
reported. We therefore, assessed test-retest reliability of the SRAT and the physiological characteristics associated with the test
in patients with COPD. 11 COPD patients (mean FEV1 43% predicted) performed a cardiopulmonary exercise test (CPET) on
Day 1, and an SRAT and a 30-second Wingate anaerobic test (WAT) on each of Days 2 and 3. The SRAT showed a high degree
of test-retest reliability (ICC = 0.99; CV = 3.8%, and bias 4.5 W, error −15.3–24.4 W). Power output on the SRAT was 157 W
compared to 66 W on the CPET and 231 W on the WAT. Despite the differences in workload, patients exhibited similar metabolic
and ventilatory responses between the three tests. Measures of ventilatory constraint correlated more strongly with the CPET than
the WAT; however, physiological variables correlated more strongly with the WAT. The SRAT is a highly reliable test that better
reflects physiological performance on a WAT power test despite a similar level of ventilatory constraint compared to CPET.

1. Introduction

Individuals with Chronic Obstructive Pulmonary Disease
(COPD) are often prescribed aerobic exercise to enhance
function and reduce shortness of breath during activities of
daily living. General guidelines for this exercise prescription
suggest patients should exercise continuously at moderate
intensities [1–3]. There is evidence, however, to suggest that
exercise at higher intensities may be more beneficial for this
population [4].

Traditionally, results from cardiopulmonary exercise test-
ing (CPET) involving an incremental, graded exercise test
(GXT) of 8–12 minutes in duration, have been used to
prescribe exercise for individuals with COPD and are widely
considered to be the gold standard for measurement of
cardiopulmonary function and aerobic performance [5].
CPET, however, may underestimate the workload required
for optimal physiological benefit from exercise training due

to ventilatory limitations causing early test cessation and a
blunted peak work rate [6, 7]. High-intensity interval exer-
cise intensity may be prescribed for healthy individuals based
on tests of anaerobic power and capacity, such as a 30-second
Wingate Anaerobic Test (WAT), which is considered to be the
gold standard measure of anaerobic capacity [8]; however,
these types of tests have not been widely used, nor would
be appropriate in typical clinical use for individuals with
COPD. However, the steep ramp anaerobic test (SRAT) has
been proposed as a clinical test that may more accurately
reflect leg muscle capabilities and better set interval training
intensities for individuals with chronic heart failure [7, 9, 10]
and COPD [11].

The SRAT was developed by Meyer et al. [7] for use by
patients with heart failure to specifically challenge the mus-
cles maximally before patients reached a cardiovascular limit.
Unlike the WAT, in which subjects must pedal as fast as
possible against a fixed resistance for 30 seconds, the SRAT



2 Pulmonary Medicine

is an incremental GXT where the workload increases by
25 watts every 10 seconds until patient exhaustion [7, 10].
Much higher work rates are typically achieved with the SRAT
compared to the incremental CPET, and a percentage of
the peak work rate (PWR) from the SRAT can be used to
prescribe intervals for training in this population [10]. The
SRAT has also been used in COPD patients to prescribe
intensity for high intensity interval exercise [11]. The SRAT
may be better tolerated for use in populations that become
short of breath quickly during exercise because, and rather
than being a timed test like the WAT, it is patient-limited.
The test-retest reliability and the physiological responses of
the SRAT in this population remain unknown.

The purposes of this study were to determine (a) the
test-retest reliability of the SRAT in patients with COPD and
(b) the physiologic, ventilatory, and perceptual parameters
obtained on the SRAT compared with performance on a
traditional CPET or WAT in COPD patients.

2. Materials and Methods

2.1. Subjects. 11 patients (7 males and 4 females) with mod-
erate and severe COPD (11) were recruited through the
Saskatoon Pulmonary Rehabilitation Program and through
the Division of Respirology, Critical Care and Sleep Medi-
cine, University of Saskatchewan. Subjects had a respirologist
confirmed diagnosis of COPD [12], did not require the
use of supplemental oxygen at rest or during exercise, and
had not been in hospital with an acute exacerbation within
the previous 6 weeks. Subjects were excluded if they had
cardiovascular or musculoskeletal disease that would prevent
them from completing heavy exercise.

This research was approved by the University of Saskat-
chewan Biomedical Ethics Committee. All subjects signed a
consent form and were advised that they could freely with-
draw from the study at any time.

2.2. Research Design. A randomized cross-over design was
used to assess subjects’ physiological, ventilatory, and per-
ceptual responses to the SRAT as compared to the CPET and
WAT. The subjects attended 3 sessions for testing, within a 3
week period, with at least 48 hours separating sessions. An
initial baseline assessment session included screening, assess-
ment of criteria for study admission, pulmonary function
tests, and an incremental CPET. The following 2 visits each
included a 30-second WAT and a SR test separated by one
hour. The second of these 2 visits was included in order to
establish the test-retest reliability of these measures. The
order of the tests was constant between visits but randomized
between subjects.

2.3. Pulmonary Function Testing and CPET. Resting pul-
monary function testing (FEV1, FVC, RV, TLC, DLCO) was
performed according to established standards [13] (V6200C
Autobox and Vmax 229D gas analyzer, SensorMedics Corp.,
Yorba Linda, California, USA). CPET was performed using
established protocols [5] with a workrate increment of
5–15 W/min on a mechanically braked cycle ergometer

(800 S, SensorMedics). The test was terminated when the
subject indicated voluntary exhaustion, or the revolutions
per minute fell below 60 and could not be increased with
encouragement. Peak work rate (CPETpeak), and all physi-
ologic, ventilatory, and perceptual measures were collected
and used in the analysis.

2.4. 30-Second Wingate Anaerobic Test (WAT). The WAT was
performed as per established protocol [8]. Subjects com-
pleted a self-paced 5 minute warm-up on the cycle ergometer
(Monark 894 E, Ergomedic). Subjects were given two prac-
tice trials where they were asked to pedal as fast as possible,
and one half the brake weight used for the actual WAT was
applied to the flywheel for two seconds. This protocol was
repeated for a second practice trial. After a two minute
rest, the WAT was performed. Patients were instructed to
maintain the maximal velocity for 30 seconds against the full
break weight (females: 35 g/kg [14] and males: 45 g/kg [15]).
Continual standardized encouragement was given to the
patient throughout the entire test. The average power output
(WATavg) over the 30 seconds (which reflects anaerobic
capacity), and all physiologic, ventilatory, and perceptual
measures were collected and used in the analysis.

2.5. The Steep Ramp Anaerobic Test (SRAT). The SRAT was
performed as described by Meyer et al. [7]. Testing was
performed using the same equipment, with monitoring of
the same parameters as for the CPET and WAT. After a 2
minute unloaded warm-up, the intensity increased by 25
watts every 10 seconds. The test was terminated when the
subject indicated they could no longer continue or if the
revolutions per minute fell below 60 rpm. Continual stan-
dardized encouragement was given to the patient throughout
the entire test. The peak work rate (SRATpeak), and all phys-
iologic, ventilatory, and perceptual measures were collected
and used in the analysis.

2.6. Physiologic, Ventilatory, and Perceptual Measures. For all
three exercise tests, physiologic measurements (blood pres-
sure, heart rate (HR) and rhythm (3-lead ECG), oxygen sat-
uration (SpO2) (N-395, Nellcor)), and perceptual measures
(ratings of perceived exertion (RPE) for dyspnea and fatigue
(0–10 modified Borg scale)), were obtained at baseline, dur-
ing exercise, and end-exercise. Measurements including oxy-
gen consumption (VO2 ), carbon dioxide production (VCO2 ),
tidal volume (VT), minute ventilation (VE), and respiratory
rate (RR) were recorded on a breath-by-breath basis and were
averaged in 10 second increments. Inspiratory capacity (IC)
maneuvers [16] were performed at baseline, during exercise,
and end-exercise. From these maneuvers, operational lung
volumes (end-expiratory lung volume (EELV) and end-
inspiratory lung volume (EILV)) were calculated at each time
point. EELV was estimated as the difference between TLC
and IC, whereas EILV was estimated as the EELV plus VT .
The degree of ventilatory constraint at peak exercise was
evaluated by the inspiratory reserve volume (IRV; equals
TLC−EILV) and by the VT /IC ratio.
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Figure 1: (a) Bland-Altman plot of reliability of Wingate average power measurements (Wavg) between both sessions. Y-axis: The difference
between Wavg from one day to the next. X-axis: The average of Wavg between both days. (b) Bland-Altman plot of reliability of the steep
ramp peak power measurements (SRpeak) between both sessions. Y-axis: The difference between SRpeak from one day to the next. X-axis: The
average of SRpeak between both days.

Table 1: Subject characteristics.

Subject characteristics (n = 11)

Male : Female, (n) 7 : 4

Age, years 71±3

Weight, kg 84.6± 21.0

BMI, kg/m2 29.3± 5.9

TLC, L (% predicted) 6.56± 1.21 (108 ± 10)

RV, L (% predicted) 3.42± 0.91 (151 ± 32)

FEV1, (L) (% predicted) 1.08± 0.26 (43 ± 15)

FVC (L), (% predicted) 2.73± 0.68 (83 ± 15)

FEV1/FVC, % 41 ± 10

Mean ± standard deviation. Abbreviations: TLC: total lung capacity, RV:
residual volume, FEV1: forced expiratory volume in 1 second, FVC: forced
vital capacity, pred = predicted.

2.7. Statistical Analysis. Test-retest reliability of the SRAT and
the WAT was analyzed using Intraclass correlations (ICC),
coefficient of variation (CV), and Bland-Altman plots. The
analysis of the data comparing the CPETpeak, SRATpeak,
and the Wavg, as well as the ventilatory, physiological, and
perceptual measures for each of the three tests included
repeated measures analysis of variance (ANOVA). Tukey’s
post hoc analysis was performed where significant differences
were found. Pearson r correlations for the work rate,
ventilatory, physiological, and perceptual measures of each of
the three tests were also performed to determine significant
relationships between measures. All statistical analyses were
performed using a significance level of P < 0.05.

3. Results

Subject characteristics are presented in Table 1. Both the
WAT and the SRAT demonstrated a high degree of test-retest
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Figure 2: Comparison of the cardiopulmonary exercise test peak
power (CPET), the steep ramp test (SRAT) peak power, and the
average power in the 30-second Wingate anaerobic test (WAT) in
watts. Results are presented as mean ±0.95 confidence interval. ∗ =
P < 0.05 versus SRAT.

reliability. ICC was 0.99 and 0.98, and the CV was 3.8%
and 8.6% for the SRAT and WAT, respectively. Bland-Altman
plots demonstrated a small degree of bias and error between
the 2 sessions for the SRAT (4.5 W; −15.3–24.4 W, resp.) and
the WAT (12.0 W;−49.5–73.5 W, resp.) (See Figures 1(a) and
1(b)).

Between-test physiological, ventilatory, and perceptual
data are presented in Table 2. In addition, Figure 2 shows
the mean work rates for the 3 tests. There were significant
differences between CPETpeak, SRATpeak, and Wavg (65.9 ±
35.6, 156.8 ± 67.9, and 231.2 ± 113.4 W, resp.). There were
no differences between VO2 , RR, SpO2, HR, VE, IC, IRV,
EELV, and VT /IC measurements at peak exercise in each of
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Table 2: End-exercise measures for cardiopulmonary exercise test (CPET), steep ramp test (SR), and Wingate anaerobic test (WAT)
presented with means and standard deviations.

End-exercise measures
Tests

CPET SRAT WAT

PWR (CPET & SR) Wavg (WAT) 65.9± 35.9 156.8± 67.9∗† 231.2± 113.4∗

VO2 (L/min) 1.11± 0.46 1.07± 0.41 0.99± 0.45

VCO2 (L/min) 1.13± 0.52 0.97± 0.40 0.90± 0.42∗

VE (L/min) 40.436± 13.33 38.94± 13.01 39.73± 14.73

RER 1.00± 0.13 0.90± 0.07∗ 0.89± 0.08∗

VT (L) 1.19± 0.31 1.12± 0.24 1.09± 0.33

VT /IC (%) 76.5± 13.0 70.1± 12.0∗ 70.4± 13.8

IC/TLC (%) 24.1± 4.7 25.1± 5.5 23.5± 4.0

EELV/TLC (%) 75.9± 4.7 74.9± 5.5 76.5± 4.0

EILV/TLC (%) 94.0± 4.7 92.0± 5.1 92.9± 4.2

IRV/TLC (%) 6.0± 4.7 8.0± 5.1 7.1± 4.2

RR (breaths per minute) 34 ± 6 35 ± 8 37 ± 8

SpO2 (%) 91.5± 3.0 92.3± 1.5 93.3± 3.9

HR (beats per minute) 111.9± 20.9 109.8± 19.7 116.9± 22.0

HR (%pred) 75.3± 14.7 73.7± 13.0 78.5± 14.5

Dyspnea 5.6± 1.8 5.5± 2.1† 6.8± 2.3

Leg Fatigue 5.7± 1.7 5.6± 1.8 6.2± 1.9

Mean ± standard deviation. ∗: P < 0.05. †indicates significance from WAT. PWR: peak work rate, VO2 : oxygen consumption, VCO2 : carbon dioxide
elimination, VE : minute ventilation, RER: respiratory exchange ratio, VT : tidal volume, IC: inspiratory capacity, TLC: total lung capacity, EELV: end expiratory
lung volume, EILV: end inspiratory lung volume, IRV: inspiratory reserve volume, RR: respiratory rate, SpO2: oxygen saturation, HR: heart rate.

the 3 tests. VCO2 at peak exercise (VCO2peak ) in the CPET was
higher than VCO2peak in the WAT. VCO2peak in the SRAT was not
significantly different from the other 2 tests. The respiratory
exchange ratio (RER) at end exercise in the CPET was higher
than both the SRAT and the WAT; however, the RER was
not significantly different between the SRAT and the WAT.
Dyspnea was significantly lower in the SRAT compared to the
WAT; however, no difference in RPE in regards to leg fatigue
between the tests.

Table 3 shows the correlation coefficients for the SRAT
test data with respect to the corresponding data on each of
the CPET and WAT tests. SRATpeak correlated strongly with
both the CPETpeak and the Wavg. Most ventilatory and phys-
iological parameters for the SRAT were found to correlate
significantly with those on the CPET and WAT. Physiologic
exercise performance variables tended to correlate better
with the WAT, whereas ventilatory parameters tended to
correlate better with the CPET.

4. Discussion

The primary purpose of this study was to determine the test-
retest reliability of the SRAT. Our data demonstrate excellent
retest consistency. All subjects but one obtained the same
peak score on the SRAT between both test sessions. The
reliability of the WAT was similarly assessed to determine
the appropriateness of this test to be used as a criterion
measure of anaerobic capacity in patients with COPD.
Although reliability analysis of this test was not part of the
purposes of this study, we demonstrated that the WAT was

Table 3: Pearson’s r correlation coefficients between end-exercise
measures during the SRAT and the cardiopulmonary exercise test
(CPET) and Wingate anaerobic test (WAT).

End-exercise measures
Tests

CPET WAT

PWR (CPET & SR) Wavg

(WAT)
0.887∗ 0.887∗

VO2 (L/min) 0.891∗ 0.939∗

VCO2 (L/min) 0.837∗ 0.926∗

VE (L/min) 0.800∗ 0.930∗

RER 0.549 0.615∗

VT (L) 0.907∗ 0.954∗

VT /IC (%) 0.838∗ 0.806∗

IC/TLC (%) 0.905∗ 0.873∗

EELV/TLC (%) 0.905∗ 0.873∗

EILV/TLC (%) 0.916∗ 0.880∗

IRV/TLC (%) 0.916∗ 0.880∗

RR (breaths per minute) 0.559 0.877∗

SpO2 (%) 0.499 −0.017

HR (bpm) 0.684∗ 0.955∗
∗

indicates significant correlation (P < 0.05).

also a reliable measure. Reliability of the WAT has been
previously established in health individuals [17] and patients
with COPD using an abbreviated WAT [8]. Although the
reliability of the SRAT has not yet been reported, incremental
exercise tests of a smaller increment have demonstrated



Pulmonary Medicine 5

excellent reliability [18]; therefore, it is not surprising that
the SRAT would also do so. The SRAT has been used in
previous studies examining the effects of exercise training [9–
11]; therefore, the results of the present study lend credibility
to the use of the SRAT as an outcome measure in these
previous, and future studies.

The secondary purpose of the present study was to
compare the exercise responses and performance variables
on the SRAT with those on the CPET and WAT. We demon-
strated that the SRAT results in higher peak power output
than the aerobic-based CPET, but lower than the anaerobic-
based WAT. Despite these work load disparities, there were
no differences in end-test oxygen consumption, heart rate,
ventilation, and levels of ventilatory constraint between
the tests. These findings complement those of Miyahara
et al. [19] who demonstrated that, during CPET, higher
ramp increments resulted in higher power outputs than
lower ramp increments, despite similar cardiorespiratory
responses; however, the ramp increment used in the SRAT
was much higher than that used previously. As has been
observed in patients with COPD during a CPET, limitations
on the ability of patients to increase ventilation during
exercise constrain performance, and consequently, oxygen
consumption and heart rate [20]. Our study supports this
assertion because we also found that mean values for peak
heart rate were not maximal at end-exercise. The similar
levels of metabolic demand and ventilatory limitation found
in the present study suggest subjects performing any of the
three tests are primarily limited by the inability to increase
ventilation, rather than by a physiologically maximal oxygen
consumption. Due to the short amount of time to complete
the SRAT (67± 27 seconds) [21] and the high power output
compared to the CPET, however, the SRAT elicits a greater
degree of leg muscle anaerobic power than the CPET. In
addition, the SRAT peak power was also strongly correlated
with WAT average power output. These factors combined
suggest that the SRAT may be a practical test of anaerobic
power, even in the setting of ventilatory limitation.

Ventilatory constraint at end-exercise is suggested by
an inability to further increase tidal volume due in part
to dynamic hyperinflation [20] and by nearing predicted
maximal ventilation. With dynamic hyperinflation, EELV
increases, IRV decreases, and therefore VT during exercise
occupies a large percentage of IC [20]. In the present study, it
was assumed that the patients would be limited by ventilatory
factors during the CPET, in part due to reliance upon aerobic
metabolism and the requirement to ventilate in proportion
to aerobic demands. Therefore, it was also assumed that
patients would hyperinflate less, demonstrate less ventilatory
constraint (i.e., increased ventilatory reserve), and be limited
more by peripheral muscle performance during tests lasting
only 30–90 seconds (i.e., the SRAT). Despite the varying
exercise durations, however, the similar level of ventilatory
restriction observed at the end of the 3 tests suggests this may
be a shared limiting factor in all of the tests. This common
limitation may help to explain the high degree of correlation
between the three tests.

The WATavg was significantly larger than the SRATpeak,
and this may be partially related to the protocol design of the

tests. The anaerobic metabolism present at the beginning of
the WAT encourages high work rates without immediately
driving ventilation. The patients gave maximal effort across
the 30 seconds without realizing the degree of dyspnea they
would incur due to the requirement for acid buffering, which
was often near the end, or after cessation, of the WAT.
Although not objectively measured in our study protocol,
posttesting dyspnea scores were often reported to increase
beyond the end-test values during immediate recovery from
the WAT. In contrast, the SRAT, although also at a very
high power output, builds incrementally to a patient-limited
maximum. Patients were better able to control the amount
of work performed prior to the development of disabling
dyspnea, and the posttest increase observed in the WAT did
not occur in the SRAT. For this reason, the SRAT seems to be
an appropriate compromise between the low peak work rate
of the CPET and the high work rate, but demanding recovery,
of the WAT. The power output on the SRAT, albeit statistically
lower than the WATavg, combined with the short duration of
the SRAT suggest that the SRAT reflects performance on an
anaerobic power test (WAT), while allowing the patients to
appropriately and safely manage their symptoms.

Since ventilation may have been a common limiting
factor between the 3 tests, stratifying the population into
categories of disease severity may have elicited different
results in this study. Similarly, stratifying according to gender
may have shown some differences. These options may be
available in a study with a larger sample size.

This study demonstrates that the SRAT is a highly reliable
measure of high-intensity muscle performance. In addition,
it supports the assertion that leg power is often markedly
underestimated in the traditional incremental design of the
CPET, and that exercise is frequently terminated before a
maximal muscular response has been achieved because of
ventilatory limitations [6, 7, 22, 23]. Performance on the
SRAT resulted in peak work rates 238% higher than that
of the CPET. This is comparable to the findings of both
Meyer et al. [10] and Puhan et al. [11], where SRATpeak was
approximately double the CPETpeak in chronic heart failure
and COPD patients, respectively. Although further research
is required, it is likely the SRAT would be more useful than
the CPET in assessing and establishing intensities for exercise
training that are sufficiently high to elicit clinical gains in leg
muscle power and high-intensity performance.

5. Conclusions

The SRAT is a highly reliable, feasible, high-power test in
patients with COPD and may be useful in estimating leg
muscle power. CPET underestimates the capabilities of the
leg muscles to perform high levels of work, due to the
attainment of ventilatory limitations in COPD patients.
Despite similar degrees of ventilatory constraint, the SRAT
demonstrates markedly greater work rates and better reflects
anaerobic performance in this population. The SRAT may
thus be more suitable for prescribing high-intensity interval
exercise in order to increase the potential for training benefit
in COPD patients.
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There has been an increase in lung transplantation in the USA. Lung allocation is guided by the lung allocation score (LAS), which
takes into account one measure of exercise capacity, the 6-minute walk test (6MWT). There is a paucity of data regarding the role
and value of cardiopulmonary stress test (CPET) in the evaluation of lung transplant recipients while on the transplant waiting list
and after lung transplantation. While clearly there is a need for further prospective investigation, the available literature strongly
suggests a potential role for CPET in the setting of lung transplant.

1. Introduction

1.1. Lung Transplantation in the United States. There are
approximately 1,700 patients listed for and awaiting lung
transplantation in the United States [1]. Patients with
underlying idiopathic pulmonary fibrosis (IPF), chronic
obstructive pulmonary disease (COPD), cystic fibrosis,
alpha-1-antitrypsin deficiency, and pulmonary hypertension
comprise the majority of those awaiting transplant [2].

Since the first successful human lung transplant in 1983
[3], there have been significant efforts to improve morbidity
and mortality associated with the procedure, particularly as
the number of annual lung transplants continues to rise from
837 lung transplants in 1998 to 1,458 in 2007 [4]. One-year
survival rates have modestly improved from 73.4% to 80.4%
over that time, yet they lag behind those of other solid organ
transplant recipients [4].

Donor lungs in the United States are allocated for
use by the lung allocation score (LAS) system, which
was instituted in May 2005, in an effort to reduce time
and mortality on the transplant waitlist. LAS takes into
account a number of factors (Table 1), including diagnosis,
functional status, presence of diabetes, assisted ventilation,
amount of supplemental oxygen, percent predicted forced

vital capacity (FVC), systolic and mean pulmonary artery
pressures, mean pulmonary capillary wedge pressure, pCO2

levels, six-minute walk distance, and serum creatinine [5, 6].
As recently reviewed by Eberlein et al., the LAS score places
twice as much weight on the waitlist urgency measure, which
is an estimate of the number of days expected to live on the
waitlist, as opposed to the posttransplant survival measure,
which estimates the number of days expected to live in
the first year after transplant [7, 8]. The LAS system has
met its initial goals of decreasing mortality while on the
waitlist for transplant, as well as making lung transplant
an option for those at greatest need. However, there has
been no clear posttransplant benefit in terms of changes in
morbidity or mortality, though longer-term data are pending
[2, 9]. Further, the usage of the LAS resulted in increased
use of resources, morbidity, and mortality in the subgroup
of patients with very high LAS [9]. Further insight into
other parameters, beyond those in the LAS score, and how
they could predict posttransplant outcomes are therefore
absolutely necessary to guide future improvements in the
field of lung transplantation medicine.

The role of exercise testing in decisions surrounding
appropriateness of listing patients, as well as counsel-
ing those undergoing transplant regarding life expectancy,
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Table 1: Components of the Lung Allocation Score.

Date of birth

Height

Weight

Lung diagnosis

Functional status

Performs activities of daily living

Some assistance

Total assistance

No assistance

Diabetes

Dependency unknown

Not diabetic

Insulin dependent

Not insulin dependent

Mechanical ventilation

BiPAP

CPAP

Continuous mechanical

Intermittent mechanical

No assisted ventilation

Supplemental O2 requirements

At rest

At night

With exercise

Not needed

Amount (liters)FiO2 (%)

Forced vital capacity (%predicted)

Pulmonary artery systolic pressure (mmHg)

Mean pulmonary artery pressure

Pulmonary capillary wedge pressure

Current pCO2

Highest pCO2

Lowest pCO2

Change in pCO2 (%)

Six minute walk distance (feet)

Serum creatinine (mg/dL)

performance status, and posttransplant outcomes, has not
yet been fully explored. Exercise testing could provide very
useful information that may not be otherwise captured by
the LAS.

We performed a National Library of Medicine (Pubmed)
search of the English language literature using the following
queries “lung transplantation” and “exercise” or “cardiopul-
monary stress testing” or “six-minute walk test.” Additional
search words were later used for specific topics (e.g., “lung
transplantation” and “anemia” or “myopathy”). Manuscripts
were included if directly addressed the subject of this
review and offered differing points of view or additional
explanations.

1.2. Six-Minute Walk Test. The LAS takes into account six
minute walk test (6-MWT) performance, one measurement

of exercise capacity. The 6-MWT has been used in a
number of disease states, including conditions for which
patients undergo lung transplantation, such as COPD or
IPF, to assess functional status and therapeutic response
and define prognosis [18, 19]. One of the first evaluations
of the performance of 6-MWT as an assessment in those
undergoing lung transplantation was completed in the
late 1990s [20]. Results of this retrospective study of 145
patients demonstrated that a pretransplant 6-minute walk
distance of less than 400 meters predicted mortality with a
sensitivity, specificity, positive predictive value, and negative
predictive value of 0.8, 0.27, 0.27, and 0.91, respectively.
The authors’ conclusion was that the 6-MWT could be
useful as a tool to help assess the timing of listing for
lung transplantation. In addition, a subsequent retrospective
study of 454 patients demonstrated that 6-MWT results—
both distance but also presence of desaturation—could be
independently associated with mortality for IPF patients
awaiting transplant, and, importantly, the test performance
was a better predictor of 6-month mortality than spirometry
[21]. This demonstrated the relevance of measures of exercise
capacity, beyond the data provided by standard pulmonary
function tests.

Despite its incorporation in the LAS, until recently, the 6-
MWT has not been evaluated in lung transplant recipients.
In their retrospective chart review of 49 patients who had
completed 6-MWT six months following transplant, Seoane
and colleagues defined normative values for this population
and assessed whether test performance predicted mortality
[22]. At the 6-month mark, distance walked on the 6-MWT
had a normal distribution, with a mean (±SD) of 426 ±
84.5 m (range 240–711 m). At 12 months, for the patients in
whom data was available for both 6 months and 12 months,
a significant improvement from 348 ± 15 m to 478 ± 14 m
was seen (P = .0001), with 77% of patients demonstrating
an improved walk distance. Despite these improvements, 6-
month performance was not a predictor of survival (OR =
1.002).

To date and to our knowledge, there have not been any
studies comparing pre- and post-transplant 6-MWT, so it is
not known how pretransplant 6-MWT performance relates
to posttransplant functional status and whether there is
any significant prognostic information in that relationship.
Furthermore, utility of 6-MWT as a marker of functional
status, morbidity, or other parameters has not been fully
explored. One retrospective study evaluating pretransplant
6-MWT performance of 130 patients concluded that the
distance covered was not useful as a marker to predict long-
term mortality in the posttransplant setting, as there was no
statistically significant difference in survival curves based on
distance covered.

The 6-MWT is the most commonly used test for the
assessment of exercise and functional capacity, in part, no
doubt, due to the relative ease of administration. Addition-
ally, when compared to other measures of exercise capacity,
such as the 2-minute walk test, 12-minute walk test, self-
paced walk test, and shuttle walk test, the 6-MWT has
been established as well tolerated by patients and more
reflective of the activities of daily living [23]. However,
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performance on a 6-MWT is not a reliable surrogate marker
of more traditional indices of exercise capacity—such as cycle
ergometry—though some studies have demonstrated utility
in some populations, such as COPD patients, who may not
be able to complete a CPET [24]. The 6-MWT has several
limitation [25]; for instance, it does not determine peak
oxygen uptake, and therefore an objective determination
of functional capacity and impairment cannot be made,
nor can the relative contributing factors that limit exercise
be elicited. In addition, the 6-MWT is limited by the so-
called “ceiling effect” leaving patients who walked most at
baseline with little room for improvement without jogging
[26]. Moreover, there is a learning effect when the 6-
MWT is administered repeatedly which occurs after the
first administration and is maintained for 2 months and
occurs to a lesser extent with repeated administration [27].
Though in some clinical situations, the 6-MWT may clearly
provide helpful information in terms of functional status.
Given these limitations, the American Thoracic Society
(ATS) recommendation outlines that 6-MWT data should be
complementary to cardiopulmonary exercise testing, and not
a substitute [28].

1.3. Cardiopulmonary Exercise Test (CPET). Guidelines re-
garding routine use of CPET pre- and post-transplant are
lacking, which reflects the absence of significant data on
how to apply CPET results for optimization of timing of
transplant and predicting outcomes. Several studies from the
1990s, described below, have attempted to evaluate the role
of CPET in the lung transplant population. Most of these
studies (Table 2), however, are limited by small sample sizes,
evaluation of a specific respiratory pathology, as well as type
of transplant (i.e., single versus bilateral sequential). The lack
of generalizability thus makes real-life application of these
study results in the clinical setting challenging.

1.3.1. In the Evaluation Phase for Lung Transplantation.
The utility of CPET has been evaluated in some specific
lung diseases but has not been evaluated on a broader
scale in a heterogeneous population. The clinical course
of disease progression can be difficult to predict for many
chronic respiratory disorders, thereby making selection of
the optimal time of transplantation challenging.

(i) Interstitial Lung Disease (ILD). In ILD, there are conflict-
ing reports on the value of different variables on CPET in
predicting mortality [10]. In one study of 117 patients with
IPF, a peak VO2 of less than 8.3 mL/min/kg was associated
with an increased risk of subsequent mortality. On adjusted
multivariate analysis, VO2 max threshold was a more robust
predictor of survival than resting PaO2 or desaturation below
88% during 6-MWT [10]. However, in this study only 8
patients (6.83%) were below the threshold, but about 46% of
patients died. This strongly suggests that while the threshold
is informative, it does not help to predict a large part of
the mortality in IPF. Surprisingly, not all patients below the
threshold peak VO2 desaturated below 88% during the 6-
MWT, suggesting perhaps that “self pace” allowed patients

Table 2: CPET indicators that correlate with outcome.

Disease CPET outcome variable Reference

Idiopathic
pulmonary fibrosis

VO2 ≤ 8.3 mL/min/kg [10]

PaO2 slope ≤ −60 mmHg/L/min [11]

Chronic
obstructive
pulmonary disease

VO2 max (<15 mL/min/kg) [12]

VO2 max < 60% predicted [12]

VO2 max [13]

PaO2 slope ≤ −80 mmHg/L/min [14]

Pulmonary
vascular disease

peak SBP ≤ 120 mm or less and [15]

peak VO2 ≤ 10.4 mL/kg/min

Cystic fibrosis
VO2 max,VE/VO2, peak work [16]

VO2 of 45 mL/min/kg [17]

to trade oxygen saturation for distance walked and perhaps
the importance of the composite score distance-saturation
product as a more accurate predictor of survival [29].

In a retrospective study of 41 patients, Miki, et al.,
found that PaO2-slope (ΔPaO2/ΔVO2) was the most useful
predictor of survival, independent of age [11]. A PaO2-
slope equal or less than −60 mmHg/L/min was predictive of
decreased survival with a median survival of 1.6 versus 4.5
years. The important aspects of this paper are first that PaO2-
slope could not be correlated to diffusion capacity of carbon
monoxide (DLCO) at rest; second that it suggests potential
benefits for pulmonary rehabilitation in IPF (supplemental
O2, suppressing shallow breathing, etc..). Pulmonary reha-
bilitation was subsequently shown to improve 6-MWD and
fatigue in subjects with IPF [30].

(ii) Chronic Obstructive Pulmonary Disease (COPD). Pul-
monary function tests (PFTs) can correlate poorly with exer-
cise performance on CPET for COPD patients, with some
patients exceeding exercise limits despite severe impairment
on PFTs and others with more surprising limitations than
suggested by PFTs. Ortega et al. [12], in their study of 78
stable patients with COPD, showed that the definition of
impairment would vary greatly whether an absolute cut-
off value for VO2 max is used (15 mL/kg/min) or a percent
predicted VO2 max less than 60%. The absolute number
has better specificity (79.5 versus 66.6), and the percent
predicted has better sensitivity (64.1% versus 41%) [12].
In a prospective study of 150 male patients with COPD,
a multivariate analysis showed that peak VO2 expressed as
a continuous variable negatively correlated with survival
(0.994; 0.992–0.996 P < 0.0001). Age was positively corre-
lated with outcome albeit to a lesser degree than VO2 max
(1.077; 1.010–1.149 P = 0.024) [13]. However, this study
excluded patients with comorbidities, which are known to
play a key role in the outcome of patients with COPD. The
same group that examined PaO2-slope in IPF [11] conducted
a retrospective study of 195 patients and found that PaO2-
slope correlated to survival more than PFT parameters [14].
A measurement of functional capacity, beyond resting PFTs
and 6-MWT, clearly adds valuable information to the care of
patients with COPD, allowing improved prognostication and
perhaps better timing for transplant listing.
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(iii) Pulmonary Vascular Disease. In pulmonary hyperten-
sion, CPET may be helpful to risk stratify patients into high-
risk versus medium- or low-risk [15]. Specifically, in one
study of 86 patients with primary pulmonary hypertension,
a peak SBP of 120 mm or less and a peak VO2 equal to or
less than 10.4 mL/kg/min have been established as a powerful
predictor of survival threshold. Use of exercise data such as
SBP and peak VO2 adds additional prognostic information
regarding overall survival outcomes, above resting hemody-
namics such as right heart catheterization, or imaging such as
echocardiogram. Even therapy did not predict survival in this
series, strongly suggesting a key role for CPET in the manage-
ment of patients with pulmonary vascular disease. In a recent
review Arena et al. described potential roles for CPET in
diagnosed and undiagnosed pulmonary hypertension [31].
Unfortunately, most of the studies included involved small
cohorts. Nevertheless, these small studies have consistently
observed a relationship between peak VO2, VE/VCO2 slope,
and PETCO2 and survival [31].

(iv) Cystic Fibrosis. Data suggest that CPET may predict
mortality in patients with cystic fibrosis. Specifically, VO2

max, VE/VO2, and peak work were found to be significant
predictors of mortality in a 5-year study of 92 adult patients
with cystic fibrosis however FEV1 values appeared to be a
better predictor of mortality than peak VO2 [16].

In striking contrast, an earlier prospective study of
109 patients with cystic fibrosis found that peak VO2 was
a significant predictor of mortality, without independent
contribution of FEV1. Those with higher levels of aerobic
fitness were more than three times likely to survive as
compared with those patients with lower levels of fitness,
even after adjustment for other risk factors [32]. It remains
therefore unclear whether aerobic conditioning or resting
lung function is the biggest predictors of outcome in cystic
fibrosis. Recent evidence suggesting that muscle function is
intrinsically abnormal in cystic fibrosis may perhaps be the
link to explain that apparent contradiction [33].

In one series of twenty-eight pediatric patients with cystic
fibrosis, rate of decline in peak VO2 and peak VO2 of less than
32 mL/min/kg was associated with increased mortality; peak
VO2 of 45 mL/min/kg appeared to be associated with survival
[17].

1.3.2. In Posttransplant. In the early 1990s, CPET per-
formance was evaluated in patients who had undergone
single and bilateral lung transplantation to evaluate peak
VO2 [34]. Despite resolution of pretransplant respiratory
symptoms and essentially normal pulmonary function in the
six bilateral lung transplant recipients—with mild restrictive
abnormalities seen in the six patients with single lung
transplants—the maximum VO2 was markedly reduced
one year after transplant. In bilateral lung recipients, VO2

maximum was 48.5% of predicted and only 44.2% predicted
in single lung recipients. All subjects in this series had
significant respiratory reserve, indicating that there was no
evidence of ventilatory limitation to exercise in either group.

Results of this study have been confirmed by subsequent
studies, one of which further demonstrated that CPET results
were unchanged at 2 years after transplant in a cohort of 13
subjects, [35] suggesting that additional improvement does
not occur. The peak VO2 has been reported at 6 months,
with decreases between 9 and 12 months after transplant in
a group of eight bilateral transplant recipients as compared
to controls [36]. However, other studies suggest that peak
VO2 may be at 12 or even 24 months [37]. In bilateral
lung recipients, peak VO2 has been reported as low as
31% of predicted, [38] and as high as 60% [39]. Heart
rate and minute ventilation did not appear to be limiting
exercise [40]. Interestingly, gains in VO2, typically a doubling
to about 50% predicted VO2, may not be uniform across
underlying disease pathologies. One series of 153 subjects
evaluated prior to and following transplantation suggested
that the most benefit was derived in patients with COPD,
emphysema, or alpha-1-antitrypsin, while patients who had
interstitial lung disease may have more modest improve-
ments [41]. This may reflect differences in pretransplant level
of functioning however, the absolute VO2 after transplant
again appeared fairly fixed after transplant at 50% predicted
VO2, regardless of pretransplant capacity. This same series
also failed to find a primary pulmonary or cardiac limit to
exercise tolerance, with leg fatigue cited as overwhelmingly
as reason for termination of exercise. CPET may therefore
be useful in identifying causes of poor exercise tolerance in
subjects following lung transplant despite improvement of
PFT indices.

(i) Anemia. Anemia is common subsequent to transplanta-
tion of solid organs, with much of the data coming from the
renal transplant population. Despite preexisting renal disease
in some patients and medication effects on renal function,
posttransplantation anemia does not appear to be solely
mediated by renal dysfunction [42]. Losses during surgery,
medication effects, immune-mediated factors, and different
forms of hemolysis can all additionally contribute [43].
Several studies have shown that the percentage drop in VO2

max is 2/3 of the percentage drop in hemoglobin [44, 45].
The effect of anemia, even mild anemia, may therefore be
profound when considered in conjunction with conditions
(discussed below) that might affect tissue oxygen extraction.
Understanding the effects of anemia on exercise capacity
is important, since transfusion guidelines are increasingly
stringent [46], and so other causes of declining functional
status in the presence of stable PFTs can be explored.

(ii) Chronic Muscle Deconditioning and Skeletal Muscle
Abnormalities. Long-term pretransplant debilitation has
been felt to play a role in posttransplant exercise perfor-
mance. However, even in the highest functioning pretrans-
plant group, after transplant, peak VO2 reflects pretransplant
performance in the 153 patients followed by Bartels prior to
and subsequent to transplantation [41]. Underlying disease
state does not appear to play a role in absolute peak
VO2 achieved in another series of fourteen single and
eleven bilateral lung transplant recipients [47]. Subgroups
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of patients, particularly those with COPD, showed greater
improvements in VO2 max than those patients with IPF [41].
Despite the younger age of patients with cystic fibrosis, age
does not appear to play a role in posttransplant peak VO2

[41]. This may reflect skeletal muscle abnormalities inherent
to CF patients, rather than a posttransplant effect [48].

Suggesting that there may be other factors at play in other
populations, Miyoshi’s study following six single and six
bilateral lung transplant recipients suggested that peak VO2 is
not significantly different after lung transplant as compared
to heart-lung recipients [34]. Indeed, consistent findings
clearly show that in posttransplant patients, peak VO2 is not
limited by ventilatory reserve, but instead, systemic oxygen
extraction is abnormal [49, 50]. Specifically, peak cardiac
output is normal, as much as 89% of predicted; there is
even evidence of beneficial right heart remodeling seen after
bilateral lung transplantation based on a prospective study
following twenty subjects before and after transplantation
[37]. Despite this, however, arterial-mixed venous oxygen
content difference at peak exercise was only half of expected,
primarily due to inability of venous oxygen saturation to
decline normally.

In one series comparing exercise capacity of nine lung
transplant recipients with that of eight healthy volunteers,
ventilation, oxygen saturation, and mild anemia did not
appear to account for decreased peak VO2 as compared
to healthy volunteers. Instead, quadriceps muscle pH and
phosphorylation potential appeared to be reduced following
transplant, suggesting that abnormalities of skeletal muscle
oxidative capacity may be playing a role in decreased peak
VO2 after transplant [51]. Indeed, another study of twenty-
five subjects confirmed a correlation between quadriceps
muscle force after transplant and exercise capacity [52].
The importance of posttransplant exercise and pulmonary
rehabilitation cannot be overstated, with multiple studies
showing positive effects of rehabilitation on skeletal muscle
function and respiratory status, immediately after transplant
and in long-term survivors of lung transplant, without clear
benefit for inpatient or outpatient rehabilitation [53–55].

(iii) Medications. Proximal myopathy due to corticos-
teroids and peripheral skeletal muscle abnormalities due
to cyclosporine have all been proposed likely contributing
factors to reduced exercise capacity [56]. In particular, even
a short course of 5 days of corticosteroids, as used for
acute rejection, may have profound effects on respiratory
and skeletal muscle, with up to 45% of patients developing
acute generalized weakness as measured in one series of
thirteen subjects after lung transplantation [57]. Another
study evaluating muscle size and strength in six COPD
patients compared to six patients who had undergone single-
lung transplantation for COPD found that despite similar
strength and muscle size, muscle endurance was lower
in the transplant population, pointing towards a possible
effect of immunosuppressant medications, as suggested by
animal data [58, 59]. The calcineurin signaling pathway
may play a role in signaling transition from fast-to-slow
skeletal muscle fiber-type transition [60]. Inhibition of this
pathway, therefore, could have important implications in

terms of peak work and exercise endurance in the post-
transplant setting. This is of important clinical implications,
particularly in patients whose lung function improves after
transplant but their exercise tolerance does not correlate with
the improvement in lung function.

(iv) Effects of Native Lung in COPD. CPET has also been
evaluated in patients who have undergone single lung
transplantation for COPD [61]. VO2 max in six single
lung recipients with underlying COPD was similar to that
of six single lung recipients with underlying IPF, without
evidence of ventilatory limitations to exercise. These findings
alleviate concerns over the hyperinflated native lung causing
decreased tidal volume, leading to ventilation perfusion
mismatch and impaired gas exchange. This is of critical
importance, since it should alleviate concerns over single
lung transplant in subjects with COPD [62] and should lead
clinicians to focus on other causes of lack of symptomatic
improvement of subjects with COPD following lung trans-
plant.

2. Summary

There clearly is a need for further prospective systematic
investigation of the role of CPET in the pre- and post- lung
transplant period. The above findings suggest that CPET
may provide useful information prior to transplantation
in various disease states, including risk stratification and
prediction of mortality, in some cases beyond that of
pulmonary function tests and the 6-MWT. Additionally,
usage of CPET after transplant has repeatedly demonstrated
that despite improvement in lung function, the primary
limitation to exercise appears to be at the level of oxygen
extraction. If these contributing factors are better elucidated,
further improvements in outcomes may occur, either by
further optimizing factors in pretransplant setting or better
stratifying risk after transplant.
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Background. Oxygen uptake efficiency slope (OUES) is a reproducible, objective marker of cardiopulmonary function. OUES is
reported as being relatively independent of exercise intensity. Practical guidance and criteria for reporting OUES from submaximal
tests has not been established. Objective. Evaluate the use of respiratory exchange ratio (RER) as a secondary criterion for reporting
OUES. Design. 100 healthy volunteers (53 women) completed a ramped treadmill protocol to exhaustive exercise. OUES was
calculated from data truncated to RER levels from 0.85 to 1.2 and compared to values generated from full test data. Results. Mean
(sd) OUES from full test data and data truncated to RER 1.0 and RER 0.9 was 2814 (718), 2895 (730), and 2810 (789) mL/min
per 10-fold increase in VE, respectively. Full test OUES was highly correlated with OUES from RER 1.0 (r = 0.9) and moderately
correlated with OUES from RER 0.9 (r = 0.79). Conclusion. OUES values peaked in association with an RER level of 1.0. Sub-
maximal OUES values are not independent of exercise intensity. There is a significant increase in OUES value as exercise moves
from low to moderate intensity. RER can be used as a secondary criterion to define this transition.

1. Introduction

Exercise testing allows quantification of cardiopulmonary
function providing valuable diagnostic and prognostic data.
Peak and maximal cardiopulmonary exercise testing are gold
standard modalities [1]. However, in clinical practice and
field research reporting peak exercise parameters can be com-
promised by compliance and feasibility. There are a num-
ber of extrinsic factors, including financial restraints and
risk mitigation protocols that can restrict exercise testing to
submaximal intensities. Exercise testing in large-scale pop-
ulation studies has to ensure high participant turnover and
maintain safety in often nonclinical, potentially resource-
depleted environments. To maintain safety and efficiency,
termination criteria are within the moderate, nonmaximal
exercise intensity range. Tests stopped within 80–90% of
maximal heart rate or when respiratory exchange ratio (RER)

reaches 0.9–1.0 [2, 3]. Terminating exercise within RER ran-
ges of 0.9–1.0 places significant restrictions on the reporting
of gas exchange data.

In clinical practice, the most frequently reported sub-
maximal parameter is the ventilatory anaerobic threshold
(VAT). However, reporting VAT is not without limitations,
with potential for observer error or technical difficulties
when defining values [4, 5]. These challenges are even more
pronounced when using exercise tests with termination cri-
teria of RER 0.9-1.0. Shorter test durations restrict the
number of data points and intensity may not progress far
enough beyond VAT to confidently report results using the
recognised V-slope methods [6]. Under these conditions, it
may also be more difficult to accommodate irregularities in
breathing patterns. For example, hyperventilation that might
be expected to settle as exercise progresses may compromise
the reporting of graphical submaximal data points. These
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practical limitations provide an incentive to establish objec-
tive, reproducible submaximal gas exchange parameters with
functional and prognostic value.

There are a number of potential parameters that can be
reported from submaximal gas exchange data ranging from
regressions of ventilation versus carbon dioxide exhalation
to measures derived from oxygen uptake [7, 8]. The oxygen
uptake efficiency slope (OUES) is a regression-derived
parameter from the relationship between log-transformed
minute ventilation (VE) and oxygen uptake (VO2), with the
coefficient “a” from the regression VO2 = a logVE + b being
defined as the OUES. The coefficient “a” represents the rate
of change in VO2 in response to VE [9]. If an individual
achieves a higher VO2 with only a small increase in VE, this
will produce a higher OUES and this is taken to represent
more efficient oxygen uptake. OUES is regarded as an
objective, reproducible marker of cardiopulmonary function
calculated from sequential data points. Using sequential data
points as opposed to time or intensity defined values has led
to the suggestion that OUES represents a composite value
for cardiopulmonary function inclusive of the physiological
transition from low to vigorous intensity [9, 10].

In the context of maximal testing, OUES provides a
similar marker of function and prognosis as Peak VO2 [11–
13]. However, the evidence that OUES remains relatively
stable across moderate-to-high intensity exercise has pro-
moted acceptance of OUES as a valid submaximal measure
of function and disease prognosis [10]. Baba and coworkers
were first to report the use of OUES in cardiovascular
populations and identify the relative stability of OUES in
the final quartile of a maximal test [9]. Hollenberg et al.
then confirmed these results; OUES reported from 75% of
the completed test differed by less than 2% of the OUES
calculated from the full test [12]. These seminal papers
provided the template to establish reporting criterion for
submaximal OUES values and facilitate expansion into clin-
ical practice. However, translation into the clinical domain
has been slow despite the literature continuing to grow in
support of OUES as a functional and prognostic parameter
during peak and maximal tests [13, 14]. The majority of
studies continue to report OUES defined by percentage data
acknowledging that there is a strong correlation between
submaximal and full test results [15]. Lending support to
the statement that OUES is relatively independent of exercise
intensity but not defining reporting criterion. Pogliahgi et
al. explored defining submaximal OUES with regards to
percentages of predicted heart rate reserve [16]. Heart rate
is commonly used in noninvasive exercise testing to define
intensity but the variance and potential error, especially in
the clinical sitting, is well established [17]. Overall, there
has been minimal progression in the literature on defining
how to practically use OUES with reference to submaximal
testing. This is potentially limiting the expansion of OUES in
both the clinical and research domains.

Clinically, there is rarely the luxury of collecting peak
exercise data, and in the context of submaximal tests, it is dif-
ficult to define percentage efforts. The same limitation holds
for researchers working with large populations where field
testing is limited by feasibility to submaximal tests. In both of

these contexts OUES could be an ideal parameter to report.
The objective of the current study is to report the reliability of
using RER as a reporting criterion for OUES, exploring the
question of whether there is a submaximal threshold below
which OUES is not valid or incurs significant error when
compared to true maximal data.

2. Methods

2.1. Participants. A total of 100 participants were recruited
from the Cambridge area (UK). Participants were free from
cardiopulmonary and metabolic diseases. Ethical approval
for the study was obtained from the local research ethics
committee. All participants provided written, informed
consent.

2.2. Study Procedure. Participants were asked to refrain from
eating, drinking (except water), smoking, and vigorous exer-
cise for at least 2 hours before they arrived at the laboratory.
Height and weight of participants in light clothing were
recorded using a rigid stadiometer and calibrated scales,
respectively.

2.3. Treadmill Test. A Jaeger Oxycon Pro system was con-
figured to control a motorized treadmill (HP Cosmo Pulsar
4.0). The treadmill protocol was a nonindividualised ramp
protocol adapted from an original epidemiological study
protocol [18]. The original protocol was extended to include
a 4th phase to ensure participants exercised to an exhaustive
intensity. Phase 1 (level walking) involved level walking with
increasing speed (3 min at 3.2 km/h and then accelerating at
0.33 km·h−1 per min for the next 6 min), phase 2 (graded
walking) consisted of brisk walking (5.2–5.8 km/h) with
increasing gradient (at a rate of 1.7% increased gradient/min
for 6 min), phase 3 (level running) involved level running
with speed increasing from 9 to 12.5 km/h for 4.5 min
(average acceleration of 0.78 km·h−1 per min), and phase 4
(uphill running) in which the gradient increased by 0.5%
and the speed increased by 0.25 km·hr−1 every 15 seconds
until exhaustion. Transition between phases 2 and 3 was first
a change in gradient by −10.2% over 30 seconds (now level),
followed by a change in speed by 3.2 km/h over 30 seconds.

Continuous recording of respiratory gas exchange para-
meters was taken during the treadmill test and for 2 minutes
during recovery after exercise test termination. Participants
were asked to exercise until maximal exertion. Clinical indi-
cators for terminating the treadmill test were onset of angi-
na or angina-like symptoms or signs of poor perfusion
including light-headedness, confusion, ataxia, pallor, cyano-
sis, nausea, or cold and clammy skin. In addition, tests
were stopped following physical or verbal manifestations of
severe fatigue, the volunteer requesting to stop despite verbal
encouragement.

2.4. Respiratory Gas Analysis. Gas exchange data were ac-
quired breath by breath and averaged over 20-second inter-
vals for generation of graphic data and regression analysis
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for OUES and VE/VCO2 [7]. Peak VO2 and peak respiratory
exchange ratio was expressed as the highest averaged values
over sequential 30-second periods obtained from complete
exercise data [11, 19]. Breath by breath averaging was ex-
panded to 30 seconds in an attempt to reduce the effect of
transient fluctuations in RER when calculating RER trun-
cated OUES. RER data for each individual test was plotted
against time to review trend. The VAT was determined by the
V-slope method [6].

2.5. Determination of Oxygen Uptake Efficiency across Exercise
Duration. OUES was calculated from complete and trun-
cated gas exchange data according to a series of criteria.

(1) Defined as percentile of the complete test. OUES
calculated from data taken from the first 25%, 50%,
and 75% of time defined test data.

(2) Defined according to Ventilatory Anaerobic Thresh-
old (VAT). Calculating OUES using data from start of
test until time of VAT.

(3) Defined according to increasing Respiratory Exchan-
ge Ratio (RER). OUES values were calculated from
test data limited to RER ≤ 0.85, RER ≤ 0.90, RER ≤
0.95, RER ≤ 1.00, RER ≤ 1.10, and RER ≤ 1.20.

2.6. Gas Exchange Reference Values. Mean Peak VO2, OUES,
and VEVCO2 results were compared with predicted reference
ranges accounting for age, weight, height, and sex [7, 11, 19].

Peak VO2 prediction equation:

Men: VO2max = [50.2 − (0.394 (age (yrs))],

Women: VO2max = [42.83 − (0.371 (age (yrs))].

OUES prediction equations:

Men: OUES [L/min/log(L/min)] = [−0.61 − 0.032
(age (yrs)) + 0.023(height (cm)) + 0.008 (weight
(kg))],

Women: OUES [L/min/log(L/min)] = [−1.178 −
0.032 (age (yrs)) + 0.023 (height (cm)) + 0.008
(weight (kg))].

VE/VCO2 prediction equations:

Men: VE/VCO2 slope = 34.5 + 0.1 (age (yrs)) − 0.05
(height) (cm),

Women: VE/VCO2 slope = 35.5 + 0.1(age (yrs)) −
0.05(height) (cm).

2.7. Statistics. Statistical analysis was performed using Sta-
taIC 11 (Stata Corp LP, TX).

Summary statistics for continuous variables are ex-
pressed as means with standard deviation (+SD). Relative
and absolute agreement between the different measures of
OUES were reported via correlation and Bland-Altman
agreement analysis (including root mean square error).
When displayed graphically, mean values are presented with
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Figure 1: Mean OUES values between 50th percentile and full test
defined by submaximal criteria. VAT Ventilatory Anaerobic Thre-
shold, RER respiratory exchange ratio. Percentage of test defined by
time to complete full test.

standard error bars. Subgroup analysis was performed using
Student t-test and regression analysis.

3. Results

One hundred participants (53 women) underwent cardio-
pulmonary exercise testing (CPET) recording Peak VO2,
VAT, OUES, and VE/VCO2 slope values. The group were
healthy volunteers. The mean age was 41.4 yrs (range 22 to
65 yrs). Mean weight was 70.3 kg (range 44 to 109 kg) and
mean height was 170.5 cm (range 144 to 195 cm).

Mean test duration was 1228 seconds (sd 152 s). Mean
time to VAT was 821 seconds associated with an RER of 0.92
(sd 0.07). Only one individual passed the anaerobic threshold
prior to 600 seconds. No participants were limited by clinical
symptoms. Mean Peak VO2 was 39.8 (sd 8.8) mL/kg/min;
mean Peak RER was 1.19 (sd 0.11). Mean OUES using all
available test data was 2814 (sd 718) (mL/min/logVE); mean
VE/VCO2 slope using all test data was 30.2 (sd 4.15). Exercise
characteristics from the complete test are shown in Table 1.
The results are consistent with high cardiovascular fitness
within this sample; measured Peak VO2 was 131.5% of the
expected value.

3.1. OUES Values during Cardiopulmonary Exercise Testing.
OUES values from complete test data were strongly corre-
lated with Peak VO2 (r = 0.86, P < 0.0001). OUES values
were not independent of exercise intensity. The exercise test
had to progress beyond 50% of the max duration and
the ventilatory anaerobic threshold before OUES values ap-
proached that generated from full test data. Compared to
full test data, the correlation increased and the error reduced
for OUES values in association with increasing RER [Figures
2(a)–2(c)]. Using root mean squared error as a relative
indicator of accuracy when reporting submaximal OUES,
there is over 40% improvement reporting values from in-
tensity corresponding with RER 1.0, compared with RER
0.85 (Figure 1). In the current study, OUES values peak in
association with an RER of 1.0 (Table 2, Figure 1).
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4. Discussion

Using peak and maximal exercise tests, OUES has been
shown to be a valid, reproducible parameter of cardiopulmo-
nary function and prognosis [10]. It is believed that OUES
parameterises the relationship between peripheral oxygen
demand and the associated increases in cardiac output and
alveolar ventilation. In a noninvasive setting, it provides a
composite value for the efficiency of the cardiopulmonary
system to oxygenate and perfuse peripheral tissues and sub-
sequent oxygen utilisation [10].

Recent OUES literature explores the test-retest validity
and functional outcomes in new clinical cohorts reporting
favourable results [20, 21]. This is supporting a potential
transition in preoperative and respiratory clinical practice to
use OUES in preference to the ventilatory anaerobic thre-
shold. However, the use of OUES largely remains confined to
the research field. This may change if the value and reliabili-
ty of OUES as a submaximal measure is reported in the con-
text of secondary reporting criterion. In noninvasive exercise
testing, clinicians and physiologists commonly use predeter-
mined criteria including heart rate percentages, RER, and
visual analogy scores to validate the test. However, there are

no established criteria for reporting OUES from submaximal
tests.

The stability of OUES in submaximal ranges has been
noted since it was first introduced in the literature [9]. This
understanding has expanded to recognise that OUES from
50% of a completed test is comparable to the full test OUES
in both healthy and noncyanotic disease groups [22]. Davies
et al. were the first to report that OUES from the first
50% of a modified Bruce protocol exercise test could be
used as a prognostic indicator in heart failure [13]. This
was subsequently confirmed by Arena et al. [14]. In these
studies the difference between OUES from the first 50%
of a maximal test and full test OUES was 1% and 2.6%,
respectively. In the current study, the difference was 7.5%
between full test OUES and OUES from 50% of a complete
test. Not surprisingly, the difference between OUES and
submaximal measures increased with increasing truncation
of data. OUES values reported using data from the first
quarter of the test could be as much as 35% lower than the
highest values and correlation with full test values was low
(r = 0.35) (Figure 3).

The current study has presented the characteristics of
OUES in relation to RER values. Using RER criteria, the
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Table 1: Gas exchange parameters using the complete test to exhaustion data (peak exercise test data).

Variable Mean Standard deviation

Peak RER 1.19 0.11

Peak VO2 mL/min 2796 783

Peak VO2 mL/kg/min 39.8 8.8

Peak VO2 as percentage of predicted VO2max 131.5 20.4

VAT mL/kg/min 23.6 4.5

OUES mL/min per 10-fold ventilation increase 2814 718

OUES mL/min/kg per 10-fold ventilation increase 40.1 8.2

% Predicted OUES 130.7 34.2

VE/VCO2 slope 30.2 4.15

Predicted VE/VCO2 slope 30.6 1.56

Predicted values for VO2max, OUES, and VE/VCO2 slope generated from prediction equations. Abbreviations: RER, respiratory exchange ratio; VO2, oxygen
consumption; VE, minute ventilation; VCO2, carbon dioxide production; VAT, ventilatory anaerobic threshold; OUES oxygen uptake efficiency slope.

Table 2: OUES values generated from restricting data points by percentile, respiratory exchange ratio, and ventilatory anaerobic threshold.

Submax criterion Mean OUES Standard deviation

Percentile of test data

0–25% 1875 545

0–50% 2604 750

0–75% 2832 667

Respiratory exchange ratio

<0.85 2687 860

<0.90 2810 789

<0.95 2871 759

<1.0 2895 730

<1.10 2863 719

<1.20 2824 734

Up to ventilatory anaerobic threshold 2672 687

Complete test data 2814 718
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Figure 3: Correlation between submaximal and full test OUES val-
ues reported from percentiles of test data.

OUES has been identified to peak at submaximal intensities.
The highest mean OUES value occurs in association with an
RER of 1.0.

This is consistent with the reported patterns of oxygen
uptake efficiency using other parameters. Sun et al. identified
that the highest values for the ratio of minute ventilation
to oxygen uptake (VE/VO2) occurred in submaximal ranges
[11].

Using RER criteria, there is less than a 3% difference bet-
ween OUES values reported from full test data and data from
start of test to RER 1.0 (Table 2). Bland-Altman plots help

to visualise the relationship between complete data OUES
and results from RER 0.9, 0.95, and 1.1 (Figure 4). Mean
difference between OUES from complete data and data up
till RER 0.9 was less than 0.2% (3.86) with a correlation r
value of 0.79. However, it should be noted that the limits of
agreements contracted by over 50% when reporting OUES
from RER 1.1 (limits −505 to 407) compared to using RER
0.9 (limits −961 to 969). Similar findings were reported
by Van Laethem et al. when considering submaximal per-
centile data. Van Laethem also identified that test-retest
reliability increased when OUES was calculated from peak
exercise compared to submaximal [15]. Therefore, there are
thresholds of reliability and reproducibility for reporting
submaximal OUES values. In the current study, reporting
OUES as RER increases above 0.9 provides values more
reflective of the full test value.

4.1. The Validity of RER as Secondary Criterion for Reporting
OUES. At rest and low intensity exercise, there are multiple
extrinsic determinants of the RER ranging from dietary
intake to previous exercise load. However, the determinants
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Figure 4: Bland Altman plots comparing full test data and data truncated using RER 0.9, 0.95, and 1.1 as cutoff criteria.

of RER become intrinsic to exercise-induced metabolism as
intensity increases between 25% and 70% of peak work rate
[23].

In the current study, phase 1 exercise (level walking)
generated a mean RER of 0.85 at a relative intensity of 40%
of peak exercise (mean VO2 16.0 mL/kg/min sd 2.4), while
phase 3 (level jogging/running) generated a mean RER of
0.94 reaching a relative intensity of 71% peak VO2 (mean
VO2 28.4 mL/kg/min sd 3.5). These results are comparable
to those of Goedecke who reported RER values of 0.86 (sd
0.037) and 0.976 (sd 0.043) during steady state 25% and 70%
peak work rate (41% and 80% VO2 Peak) [23]. This would
suggest that provided exercise intensity progresses beyond
40% of the predicted peak value of VO2 that RER can be used
as valid criterion for identifying moderate intensity exercise.

RER is commonly used as a secondary criterion for sa-
tisfying the attainment of Peak VO2. This has recently been
challenged with reports that there could be as much as a
27% difference in the Peak VO2 values recorded between an
RER of 1.1 and maximal data [24]. The current study would
suggest that the same concerns do not exist for reporting
OUES. There is less than a 3% difference in comparison
of the mean values across the RER range from 0.9 to 1.2
(Figure 2(a)).

In the current study, four individuals (4%) had peak RER
less than 1.0 and there were a total of 16 individuals with
peak RER values less than 1.1. It could be argued that these 16
individuals did not achieve true peak exercise. This prompted
a review of the exercise characteristics of this group. Mean
test duration completed by the group was 1087 seconds
(sd 149). Although this test duration is lower than the full
study group, all these low peak RER individuals continued
to exercise beyond the start of phase 3 and 5 individuals en-
tered the final stage of the protocol. The mean VAT of the
group was 1516 mL/min (sd 509); this was not significantly
different from the group with peak RER > 1.1. From the
graphical data, 7 of the 16 individuals in this lower peak
RER group attained a plateau in the VO2 curve including
the individual with the lowest peak RER. The exercise
characteristics of this subgroup do not raise immediate con-
cern about the validity of these test results. They represent
the normal distribution of peak RER identified by Goedecke
et al. [23] and highlight the difficulties of defining maximal
tests under noninvasive conditions.

As a sub-analysis the study group was divided into three
groups dependent on the peak RER: group 1 peak RER less
than 1.1 (n = 16), group 2 peak RER 1.1 to 1.2 (n = 42),
and group 3 peak RER > 1.2 (n = 42). Statistical analysis of
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Figure 5: Subgroup analysis of 84 individuals with Peak RER > 1.1. (a) Mean OUES from exercise data limited by RER criteria. Group data
for 84 individuals with peak RER > 1.1. (b) Correlation between OUES defined by RER criteria. Group data for 84 individuals with peak
RER > 1.1.

the group OUES values identified no significant differences
between the group means. Group 1 mean OUES 2711 (sd
970), Group 2 mean OUES 2742 (sd 688), and Group 3 mean
OUES 2926 (sd 636). Combining groups 2 and 3 to represent
a maximal group (peak RER > 1.1), a further sensitivity
analysis was performed identifying the same patterns as
Figures 2(a) and 2(b) with regards to change in mean OUES
with RER. OUES peaks in association with RER 1.0 (mean
2939 sd 682) with an associated r value of 0.89 compared to
full test results, reflecting the pattern from the whole group
(Figures 5(a) and 5(b)).

These subanalyses show that maximal OUES values do
not vary significantly with the normal distribution of peak
RER in a fit healthy cohort. There are not the same concerns
about reporting OUES using RER criteria as there is a report-
ing peak VO2. The normal distribution of RER may raise
concern that low peak RER individuals would be excluded if
applying threshold exclusion criteria. However, in the present
study only one individual had a peak RER less than 0.97. Fur-
ther research is required to explore the characteristics and
determinants of peak OUES at submaximal intensities; the
highest value in this study occurred at RER 1.0 not with
maximal data. The clinical relevance of using the highest
value of OUES has not been explored. One of the rationales
for using OUES is that it provides a composite value of
cardiopulmonary fitness from across the spectrum of exer-
cise intensity. Therefore, the assumption is that OUES re-
ported from full test data would remain superior as a pro-
gnostic marker. These considerations require further formal
investigation using invasive physiological measures.

4.2. Limitations. This study explored the validity of reporting
submaximal values for OUES in healthy adults. It provides an
indication of the variability in submaximal reporting, but it
is limited by not being inclusive of a disease population. The
relatively high peak VO2 suggests that the sample is biased
towards inclusion of fitter individuals. It could be argued
that using RER as reporting criterion with submaximal data
would need a prospective validation within a disease popula-
tion.

The RER levels defining the submaximal criteria were
arbitrarily selected. Mean RER in the first 25% of the test

was not below 0.85. To accurately define the cascade of phys-
iological events in association with OUES, invasive monitor-
ing and sampling would be required.

When combined with a rest test, the treadmill test pro-
tocol was designed to be representative of the intensity spec-
trum of physical activity encountered in daily living. The
rise in intensity (ramp slope) is slower in comparison to
other established protocols. This may affect the validity of the
results; however, gas exchange patterns on the Wasserman
plots were consistent with protocols of shorter test duration
[8].

5. Conclusion

Cardiopulmonary exercise testing is a valuable research and
clinical tool. Sub-maximal exercise testing produces a dis-
crete set of limitations on the parameters that can be relia-
bly reported. The ventilatory anaerobic threshold is often
the preferred submaximal parameter. However, using VAT
introduces potential observational error and can be time
consuming to validate. The oxygen uptake efficiency slopes
are validated as a prognostic indicator of cardiopulmonary
disease that has the advantage of being objectively derived.

Previous studies reported that OUES can be regarded
as independent of exercise intensity. This study identifies
that there are certain caveats to that statement. OUES val-
ues change significantly during the transition from low to
moderate intensity. There are definable reliability thresholds
above 40% of peak exercise intensity, above 50% of time
defined test, and in proximity of the VAT. During a ramp
exercise protocol using RER as a reporting criterion, the
current results predict higher confidence and reliability in an
OUES value reported above an RER threshold of 1.0
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Introduction. The relation between minute ventilation (VE) and carbon dioxide production (VCO2) can be characterised by the
instantaneous ratio of ventilation to carbon dioxide production, the ventilatory equivalent for CO2 (VEqCO2). We hypothesised
that the time taken to achieve the lowest VEqCO2 (time to VEqCO2 nadir) may be a prognostic marker in patients with chronic
heart failure (CHF). Methods. Patients and healthy controls underwent a symptom-limited, cardiopulmonary exercise test (CPET)
on a treadmill to volitional exhaustion. Results. 423 patients with CHF (mean age 63 ± 12 years; 80% males) and 78 healthy
controls (62% males; age 61± 11 years) were recruited. Time to VEqCO2 nadir was shorter in patients than controls (327± 204 s
versus 514± 187 s; P = 0.0001). Univariable predictors of all-cause mortality included peak oxygen uptake (X2 = 53.0), VEqCO2

nadir (X2 = 47.9), and time to VEqCO2 nadir (X2 = 24.0). In an adjusted Cox multivariable proportional hazards model, peak
oxygen uptake (X2 = 16.7) and VEqCO2 nadir (X2 = 17.9) were the most significant independent predictors of all-cause mortality.
Conclusion. The time to VEqCO2 nadir was shorter in patients with CHF than in normal subjects and was a predictor of subsequent
mortality.

1. Introduction

Cardiopulmonary exercise testing (CPET) is used to stratify
risk in patients with cardiorespiratory disease [1]. In patients
with chronic heart failure (CHF), the normal linear relation
between ventilation (VE) and carbon dioxide production
(VCO2) is maintained, but the slope of the relation is
greater than normal, so that, for a given volume of carbon
dioxide production, the ventilatory response is greater [2–6].
Another way of characterising the relation between minute
ventilation and carbon dioxide production is the instanta-
neous ratio of ventilation to carbon dioxide production, the
ventilatory equivalent for CO2 (VEqCO2). Recently, we have
shown that the lowest VEqCO2 (VEqCO2 nadir) provides
greater prognostic value than other CPET-derived variables
in patients with suspected CHF [7]. Other studies have
reported that the lowest VEqCO2 has similar prognostic

power to the VE/VCO2 slope derived from the whole of
exercise [8].

During an incremental CPET, as exercise intensity
increases, both VCO2 and VE increase linearly. However,
VEqCO2 falls at the onset of exercise, possibly due to a
reduction in dead space ventilation. Beyond the ventilatory
compensation point (VCP), lactic acid production causes an
increase in ventilation relative to carbon dioxide production,
and thus the VEqCO2 rises. Although patients with CHF
have the same pattern of VEqCO2 during exercise as normal
subjects, with more severe heart failure, the increase in
VEqCO2 towards the end of exercise becomes more marked
[9]. In the most severely affected patients, VEqCO2 increases
from the start of exercise [9]. We hypothesised that the time
taken to reach VEqCO2 nadir would be shorter in patients
with CHF compared to healthy controls and thus may be an
important prognostic indicator.
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2. Methods

The Hull and East Riding Ethics Committee approved
the study, and all patients provided informed consent.
We recruited consecutive patients referred to a commu-
nity heart failure clinic with symptoms of breathlessness
(NYHA functional class II-III) who were found to have
left ventricular systolic dysfunction on investigation. Clinical
information obtained included past medical history and
drug and smoking history. Clinical examination included
assessment of body mass index (BMI), heart rate, rhythm,
and blood pressure. Patients were excluded if they were
unable to exercise because of noncardiac limitations (such as
osteoarthritis) or had significant respiratory disease (defined
as a predicted FEV1 < 70%).

Heart failure was defined as the presence of current
symptoms of HF, or a history of symptoms controlled
by ongoing therapy, and impaired left ventricular systolic
function. Left ventricular function was determined from 2D
echocardiography which was carried out by one of three
trained operators. Left ventricular function was assessed by
estimation on a scale of normal, mild, mild-to-moderate,
moderate, moderate-to-severe, and severe impairment and
was assessed by a second operator blind to the assessment
of the first; where there was disagreement on the severity of
left ventricular (LV) dysfunction, the echocardiogram was
reviewed jointly with the third operator and a consensus
reached. Where possible, left ventricular ejection fraction
(LVEF) was calculated using the Simpson’s formula from
measurements of end-diastolic and end-systolic volumes on
apical 2D views, following the guidelines of Schiller and
colleagues [10], and LVSD was diagnosed if LVEF was≤45%.
When LVEF could not be calculated, LVSD was diagnosed
if LVEF ≤45 or there was at least “mild-to-moderate”
impairment.

Patients underwent a symptom-limited, maximal CPET
on a treadmill using the Bruce protocol modified by the
addition of a Stage 0 (2.74 km·h−1 and 0% gradient) at the
onset of exercise. Metabolic gas exchange was measured with
an Oxycon Delta metabolic cart (VIASYS Healthcare Inc.,
Philadelphia, PA, USA). Peak oxygen uptake (pVO2) was
calculated as the average VO2 for the final 30 s of exercise.
The ventilatory anaerobic threshold (AT) was calculated by
the V-slope method [11]. The gradient of the relationship
between VE and VCO2 (VE/VCO2 slope) was calculated by
linear regression analysis using data acquired from the whole
test. The VEqCO2 relation was plotted from start to the
finish of exercise. Each consecutive 30-second reading was
averaged, and the lowest point was defined as the VEqCO2

nadir [7]. The time taken to reach the VEqCO2 nadir was
reported in seconds (s). The peak respiratory exchange ratio
(pRER) was calculated as the mean VCO2/VO2 ratio for
the final 30 s of exercise. For comparative purposes, we also
included a healthy control group who had no evidence of
cardiac, respiratory, or musculoskeletal limitation. Healthy
controls were randomly invited to participate from two local
GP practices.

2.1. Statistical Analysis. We used SPSS (version 17.0) for
statistical analysis. Continuous variables are presented as

mean ± SD, and categorical data are presented as per-
centages. Continuous variables were assessed for normality
by the Kolmogorov-Smirnov test. An arbitrary level of 5%
statistical significance was used throughout (two tailed).
An independent t-test was used to measure differences
between CHF patients and healthy controls. All survivors
were followed for a minimum of 12 months, and we therefore
give the probability of 12-month survival. Receiver operator
characteristic (ROC) curves were used to identify the value
of the strongest predictor variables of survival to 12 months.
We reported the area under the curve (AUC) with 95%
confidence intervals (CI), sensitivity, specificity, and optimal
cut-points in our ROC analysis. To define the optimal cut-
point, we used the point closest to the upper left corner of
the ROC curve, often known as the (0, 1) criterion.

All baseline variables (Table 1) were entered as potential
univariable predictors of mortality using Cox analysis, and
we adjusted for age, sex, BMI, aetiology of heart failure,
and severity of LV dysfunction (none, trivial, mild, mild-
to-moderate, moderate, moderate-to-severe, severe). Model
building was based on backward elimination (P value for
entry was <0.05; P value for removal >0.1). A multivari-
able Cox proportional hazards model using the backward
likelihood ratio method was used to identify independent
predictors of all-cause mortality from all significant candi-
date predictor variables. The outcome measure was all-cause
mortality. Kaplan-Meier survival curves were plotted for the
strongest candidate predictors; data were dichotomised by
optimal cut-points.

3. Results

423 patients with CHF (mean age 63 ± 12 years; 80%
males; LVEF 36± 6%; peak VO2 22.3 ± 8.1 mL·kg−1·min−1;
VE/VCO2 slope 34± 8) were included in the study. Of these,
75% were taking ACE inhibitors, 77% beta blockers, and 67%
loop diuretics. Seventy eight healthy subjects (62% males;
age 61 ± 11 years) were recruited as a control group. The
healthy controls had a higher peak oxygen uptake, lower
VE/VCO2 slope, and lower VEqCO2 nadir (Table 1). Time
to VEqCO2 nadir was shorter in patients than controls (327
± 204 s versus 514 ± 187 s; P = 0.0001) but was similar as a
percentage of the total exercise duration in both groups (55±
23% versus 60±17%; P = 0.077). We performed a subgroup
analysis in 62 NYHA class III patients and found that the
time to VEqCO2 nadir was significantly lower (199 ± 59 s)
compared to other less symptomatic patients (344 ± 202 s;
P < 0.0001). We also performed a subgroup analysis by sex
and found that the time to VEqCO2 nadir was very similar
between males (327±209 s) and females (328±94 s; P > 0.05;
n = 85).

In patients, time to VEqCO2 nadir correlated with age
(r = −0.17; P = 0.0001) and LVEF (r = 0.24; P = 0.0001)
but was not associated with BMI (r = 0.001; P = 0.98). Time
to VEqCO2 nadir correlated with peak oxygen uptake (r =
0.59; P = 0.001) and showed an inverse association with both
VE/VCO2 slope (r = −0.55; P = 0.001) and VEqCO2 nadir
(r = −0.56; P = 0.001). Scatter plots showing the association
between time to VEqCO2 nadir, peak oxygen uptake, and
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Table 1: Baseline clinical characteristics between CHF patients and
healthy controls.

Variable
(mean ± SD)

CHF
patients

Healthy
controls

P value∗

N 423 78 —

Males (%) 80 62 0.0001∗

Age (years) 63 (12) 61 (11) 0.529

BMI (kg·m−2) 28 (5) 26 (3) 0.001∗

LVEF (%) 36 (6) 60 (6) 0.0001∗

pVO2 (mL·kg−1·min−1) 22.3 (8.1) 36.2 (8.8) 0.0001∗

VE/VCO2 slope (full) 33.8 (7.7) 27.7 (3.0) 0.0001∗

VEqCO2 nadir 32.4 (6.2) 26.5 (3.0) 0.0001∗

Time to VEqCO2

nadir(s)
327 (514) 514 (187) 0.0001∗

AT (mL·kg−1·min−1) 15.2 (5.7) 23.4 (6.6) 0.0001∗

Peak RER 1.07 (0.10) 1.08 (0.06) 0.223

Exercise duration (s) 564 (250) 881 (256) 0.0001∗

Heart rate (rest)
(beats·min−1)

76 (15) 72 (12) 0.079

Heart rate (peak)
(beats·min−1)

136 (30) 165 (20) 0.0001∗

Systolic BP (rest)
(mmHg)

137 (25) 148 (20) 0.0001∗

Systolic BP (peak)
(mmHg)

172 (36) 199 (22) 0.0001∗

Diastolic BP (rest)
(mmHg)

84 (15) 90 (9) 0.0001∗

Diastolic BP (peak)
(mmHg)

93 (22) 101 (21) 0.003∗

Loop diuretic (%) 67 — —

ACE-I (%) 75 — —

Beta-blocker (%) 77 — —

BMI: body mass index; LVEF: left ventricular ejection fraction; pVO2: peak
oxygen uptake; ACE-I: ACE inhibitor; peak RER: peak respiratory exchange
ratio; AT: anaerobic threshold; BP: blood pressure; ∗differences between
CHF and healthy controls, P < 0.05.

VE/VCO2 slope in patients and controls are shown in
Figures 1 and 2.

One hundred and eighteen patients (28%) died during
followup. The median followup in survivors was 8.6 ±
2.1 years. Univariable predictors of outcome derived from
CPET are shown in Table 2. With the exception of resting
heart rate, all candidate variables were significant univariable
predictors. The strongest univariable predictors of all-cause
mortality were peak oxygen uptake (χ2 = 53.0), VEqCO2

nadir (χ2 = 47.9), VE/VCO2 slope (χ2 = 31.7), and time
to VEqCO2 nadir (χ2 = 24.0). In a Cox multivariable
proportional hazards model adjusted for age, sex, BMI, and
severity of LV dysfunction, peak oxygen uptake (χ2 = 16.7;
HR = 0.91; 95% CI 0.88–0.95; P = 0.0001) and VEqCO2

nadir (χ2 = 17.9; HR = 1.12; 95% CI 1.04–1.20; P =
0.0001) were the most significant independent predictors of
mortality.
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Figure 1: Relation between time to VEqCO2 nadir and peak oxygen
uptake in patients with CHF and controls.
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Figure 2: Relation between time to VEqCO2 nadir and VE/VCO2

slope in patients with CHF and controls.

ROC curve analysis of the relation between time to
VEqCO2 nadir (and both VEqCO2 nadir and peak VO2)
and all-cause mortality at 12 months is shown in Figure 3.
Time to VEqCO2 nadir (AUC = 0.75; P < 0.0001; 95% CI
= 0.67–0.84; sensitivity = 81; specificity = 62; optimal cut-
point = 250 s); VEqCO2 nadir (AUC = 0.81; P < 0.0001;
95% CI = 0.74–0.89; sensitivity = 86; specificity = 62;
optimal cut-point = 33); peak VO2 (AUC = 0.76; P <
0.0001; 95% CI = 0.67–0.85; sensitivity = 86; specificity =
57; optimal cut-point = 20 mL·kg−1·min−1) were similar in
their relation to all-cause mortality at 12 months. Optimal
cut-points determined from ROC analysis were used to
construct Kaplan-Meier survival curves for time to VEqCO2

nadir (Figure 4), VEqCO2 nadir (Figure 5), and peak VO2

(Figure 6).
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Table 2: Unadjusted univariable predictors of outcome (in order of Chi-square value).

Variables P value HR 95% CI Chi-square

Peak oxygen uptake 0.0001 0.891 0.862 0.920 53.0

VEqCO2 nadir 0.0001 1.095 1.068 1.122 47.9

VE/VCO2 slope 0.0001 1.060 1.041 1.079 31.7

Time to VEqCO2 nadir∗ 0.0001 0.705 0.523 0.905 24.0

Heart rate at peak exercise 0.0001 0.995 0.978 0.992 18.5

Systolic blood pressure (rest) 0.001 0.986 0.978 0.994 12.0

Diastolic blood pressure (rest) 0.02 0.977 0.963 0.991 9.3

Heart rate (rest) 0.744 1.002 0.990 1.014 0.1

HR: hazard ratio; 95% CI: 95% confidence intervals; ∗adjusted HR associated with 10 s increase in time to VEqCO2 nadir.
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Figure 3: Receiver operating characteristic curve showing value of
VEqCO2 nadir, time to VEqCO2 nadir, and peak oxygen uptake for
predicting all-cause mortality at 12 months. VEqCO2 nadir: AUC =
0.81; P < 0.0001; 95% CI = 0.74–0.89; sensitivity = 86; specificity =
62; optimal cut-point = 33; time to VEqCO2 nadir: AUC = 0.75;
P < 0.0001; 95% CI = 0.67–0.84; sensitivity = 81; specificity = 62;
optimal cut-point = 250 s; peak VO2: AUC = 0.76; P < 0.0001; 95%
CI = 0.67–0.85; sensitivity = 86; specificity = 57; optimal cut-point
= 20 mL·kg−1·min−1.

4. Discussion

We have shown that the time to VEqCO2 nadir is significantly
lower in patients with CHF compared to controls. To our
knowledge, no previous study has evaluated the prognostic
value of time to VEqCO2 nadir. Sun and colleagues [12]
showed that the lowest VEqCO2 (VEqCO2 nadir) was the
most stable marker of ventilatory inefficiency in healthy
controls. During maximal exercise testing, the VEqCO2 nadir
was achieved at around the ventilatory anaerobic threshold
and occurred during “moderate” exercise intensity. Both
VE and VCO2 are linearly related up to the ventilatory
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Figure 4: Kaplan-Meier survival curve showing time to VEqCO2

nadir-data dichotomised by optimal cut-points (<250 s; n = 170,
event free survival 61%;≥250 s n = 254 patients, event free survival
80%).

compensation point (VCP). Beyond this point (during heavy
to maximal exertion), an increase in VE relative to VCO2 is
dependent upon the fall in pH and PaCO2 [12].

The exaggerated ventilatory response of patients with
CHF is seen at the outset of exercise; that is, the VE/VCO2

slope is abnormal from the moment exercise starts. A wide
variety of factors has been proposed as the reason for
the increase in VE/VCO2 slope including an increased
dead space and resultant “wasted” ventilation [13–15], early
metabolic acidosis [16], and overactivation of chemorecep-
tors and ergoreceptors [17, 18]. The fall in the VEqCO2 at
the onset of exercise is at least in part due to the reduction
in fixed anatomical dead space ventilation as a proportion of
total ventilation at the onset of exercise, but the increase after
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Figure 5: Kaplan-Meier survival curve showing VEqCO2 nadir-
data dichotomised by optimal cut-points (<33 n = 252 patients,
event free survival 85%; ≥33 n = 171 patients, event free survival
54%).

the plateau phase is due to a non-CO2 stimulus to ventilation,
wheather lactate production or an alternative stimulus to
ventilation, such as the ergoreflex [9, 19]. The shorter time to
VEqCO2 nadir reflects the earlier onset (and more important
influence of) the non-CO2 stimulus to ventilation in patients
with CHF.

We found a strong relation between the time to VEqCO2

nadir and mortality. The time to VEqCO2 nadir was
an important univariable predictor of all-cause mortality
although it was outperformed by peak oxygen uptake and
VEqCO2 nadir in a multivariable survival model. We have
previously shown that peak oxygen uptake [20] and VEqCO2

nadir [7] are independent predictors of all-cause mortality
in patients with CHF. Other investigators have also reported
similar findings [8, 21].

A limitation of our study is that we do not have test-retest
CPET data for individual patients/controls; therefore, we
cannot determine the reproducibility of the time to VEqCO2

nadir in either healthy or diseased populations.
Cardiopulmonary exercise testing provides two broad

types of prognostic variable: a measure of exercise capacity,
such as peak VO2, reflecting the complex relation between
pump, ventilator, and muscle extraction; and a measure of
the ventilatory response to exercise, such as the VE/Vco2

slope or time to VEqCO2 nadir, reflecting the abnormal
stimulus to ventilation in CHF. The time to VEqCO2 nadir
following maximal CPET was shorter in patients with CHF
than in normal subjects and is a predictor of subsequent
mortality.
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Figure 6: Kaplan-Meier survival curve showing peak VO2-data
dichotomised by optimal cut-points (<20 mL·kg−1·min−1 n = 184
patients, event free survival 60%; ≥ 20 mL·kg−1·min−1 n = 239
patients, event free survival 82%).

5. Clinical Messages

(i) Cardiopulmonary exercise testing is becoming
increasingly important for prescribing appropriate
exercise training volumes in patients with
cardiovascular disease including CHF.

(ii) The ventilatory response to exercise is abnormal
in patients with CHF compared to age-matched
controls.

(iii) Metabolic responses to exercise are important predic-
tors of risk and should be monitored prior to and
following a program of rehabilitation in patients with
CHF.
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