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Abstract The ventilatory equivalent for CO, defines
ventilatory efficiency largely independent of metabolism.
An impairment of ventilatory efficiency may be caused
by an increase in either anatomical or physiological dead
space, the latter being the most important mechanism in
the hyperpnoea of heart failure, pulmonary embolism,
pulmonary hypertension and the former in restrictive
lung disease. However, normal values for ventilatory
efficiency have not yet been established. We investigated
101 (56 men) healthy volunteers, aged 16-75 years,
measuring ventilation and gas exchange at rest (n = 64)
and on exercise (modified Naughton protocol,n = 101).
Age and sex dependent normal values for ventilatory
efficiency at rest defined as the ratio ventilation:carbon
dioxide output (¥£:VCO,), exercise ventilatory efficien-
cy during exercise, defined as the slope of the linear re-
lationship between ventilation and carbon dioxide out-
put (Vg vs V'CO; slope), oxygen uptake at the anaerobic
threshold and at maximum (VOjat, V' Oomax, respective-
ly) and breathing reserve were established. Ventilatory
efficiency at rest was largely independent of age, but was
smaller in the men than in the women [Vg:VCO, 50.5
(SD 8.8) vs 57.6 (SD 12.6) P < 0.05]. Ventilatory effi-
ciency during exercise declined significantly with age and
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was smaller in the men than in the women (men: (VE Vs
V' CO, slope = 0.13 x age + 19.9; women: Ve vs VCO,
slope = 0.12 x age + 24.4). The VOoat and VOomax
were 23 (SD 5) and 39 (SD 7) ml O, - kg - min™" in the
men and 18 (SD 4) and 32 (SD 7) in the women, res-
pectively, and declined significantly with age. The V'Oaar
was reached at 58 (SD 9)% V' Ojmax. Breathing reserve at
the end of exercise was 41% and was independent of sex
and age. It was concluded from this study that ventila-
tory efficiency as well as peak oxygen uptake are age and
sex dependent in adults.

Key words Ventilation - Exercise physiology -
Ventilatory efficiency - Normal values - Oxygen
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Introduction

The matching of ventilation and perfusion in the lungs is
the primary determinant of ventilatory efficiency. This
has been defined as the slope of the relationship between
ventilation (VE) and carbon dioxide output (VCO,)
during exercise (Reindl and Kleber 1996) and the
Vi : VCO, ratio at rest. Its impairment has been recog-
nized to contribute importantly to hyperpnoea and
dyspnoea (Kleber et al. 1995; Reindl and Kleber 1996).
The V& versus VCO,; slope has been measured during
cardiopulmonary exercise tests, yielding in addition val-
ues for oxygen uptake at the anaerobic threshold
(VOsa1) and at maximal exercise (Weber et al. 1986)
further to characterize patients with cardiac or pulmo-
nary impairment of exercise capacity (Sullivan et al.
1988; Buller and Poole-Wilson 1990; Sullivan and Cobb
1990).

The interpretation of the results of exercise tests re-
quires knowledge of the normal response (see Wasser-
man et al. 1986). Hitherto data reported have referred to
the Vg:VCO,; ratio at rest (White et al. 1983; MacGo-
wan et al. 1995), at peak exercise (Davies et al. 1991;
Hayashida et al. 1993), or at different levels of exercise
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(Hansen et al. 1984; Clark et al. 1992; Treese et al. 1994).
Normal values of the Vg versus VCO, slope have been
reported from only a few healthy volunteers from se-
lected groups. Data using cycle exercise tests have been
reported by Brischetto et al. (1984), Metra et al. (1992)
and Wada et al. (1993), treadmill data have been re-
ported by Lewis et al. (1992), Clark and Coats (1993)
and Clark et al. (1994), and data in children by Cooper
et al. (1987). The aim of our study was to acquire normal
values for ventilatory efficiency and to establish corre-
lations with age and sex.

Methods

Subjects

A group of 101 healthy volunteers aged 1675 [mean 37 (SD 14)]
years performed cardiopulmonary exercise tests. Of the total 45 of
them were women [body mass 60 (SD 8) kg, height 165 (SD 6) cm,
and 56 were men 78 (SD 12) kg and 179 (SD 9) cm]. All the subjects
were free of cardiovascular or pulmonary disease, were normal on
physical examination, and during pulmonary function tests, and
had normal rest and exercise electrocardiograms. This study was
approved by the institution’s Ethics Committee. Written informed
consent was obtained from all the volunteers.

Rest Vs : VCO,

In 64 subjects V5 : VCO, at rest was determined (29 women and 35
men) after 5 min of quiet standing. After reaching a steady-state
with a plateau of 3 min of gas exchange [O, uptake (VO,), VCO,,
partial pressure of end-tidal oxygen, partial pressure of end-tidal
carbon dioxide, and Vg] Vg:VCO, at rest was determined as the
mean of Vg :VCO, over the last of these 3 min.

Exercise tests

In every subject, a symptom-limited cardiopulmonary exercise test
was performed on a treadmill according to the modified Naughton
protocol (see Weber et al. 1982). This is an incremental exercise test
on a treadmill with 2-min stages and increments in both gradient
and velocity simulating increments of about one metabolic equiv-
alent (approximately 3.5 ml O, - kg™ - min™") per stage. A Medi-
cal Graphics cardiopulmonary exercise system (MG CPX/D) was
used, and expired gas was sampled through a Rudolph mask. For
each subject deadspace as specified was adjusted individually. The
expiratory gas was collected and conveyed to a spirometer and to
oxygen and carbon dioxide detectors. The VO,, V'CO,, instanta-
neous expiratory gas concentration throughout the respiratory
cycle and Vg were measured continuously breath-by-breath.

Breathing reserve

Before starting exercise, in all the subjects forced expiratory volume
in 1 s was measured and multiplied by the factor 41 to provide
maximal voluntary ventilation (MVYV, see Miller et al. 1987). The
ratio of maximal ventilation (Vgmax) during exercise and MVV gave
information on the breathing reserve at end of exercise.

Maximal oxygen consumption

Maximal oxygen uptake (VOZmax) was defined as the highest V0,
measured, always occurring well beyond the anaerobic threshold
and mostly at a_constant VO, despite increasing exercise intensity
and increasing V'CO,. The VO, at the anaerobic threshold of gas
exchange (VOsar) was detected by the 7 slope method (see Beaver
et al. 1981; Wasserman et al. 1994), supplemented by the simulta-
neous observation of end-tidal gas concentrations.

Ventilatory efficiency

Ventilatory efficiency during exercise was measured by plotting Ve
against V'CO,. These plots revealed linear relationships (r = 0.98—
0.99). The ventilatory efficiency during exercise was represented by
the slope of all Jg versus V'CO, values for each individual during
incremental exercise. The nonlinear portion of this relationship
after the onset of the acidotic drive to the ventilation (see Kleber
et al. 1995) was excluded.

Statistical analysis

All data are expressed as means and standard deviation unless
otherwise indicated. Differences between both sexes were assessed
using the Mann-Whitney test. Multiple regression analyses, using
linear, logarithmic, and exponential models of the relationships
Ve:VCO; and Vg versus VCO; slope, VOomax, VOoaT, maximal
exercise respiratory rate, breathing reserve and age were performed.
Since the fit was no better using logarithmic compared to expo-
nential models we always used the linear fit. A P value <0.05 was
considered statistically significant.

Results
Vi : VCO, at rest

The rest Vg:7CO, was 50.5 (SD 8.8) in the men versus
57.6 (SD 12.6) in the women (P < 0.05). There was no
influence of age. However, there was more variation
among the younger age groups. No value above 60 was
observed over the age of 35 years in either the men or the
women.

Ventilatory efficiency during exercise

Ventilatory efficiency during exercise was different in the
men as compared to the women (Figs. 1, 2). The Vg
versus V' CO; slope correlated highly significantly with
age. Linear regression equations are shown in Table 1,
and the relationships are displayed in Figs. 1 and 2. The
difference in ventilatory efficiency between the men and
the women was largely caused by a lower intercept (19.9
vs 24.4) of the regression curve, age factors being similar
(0.13 vs 0.12). However, it could not be proved that the
regressions were parallel (F value 0.055; P > 0.8). Dis-

Table 1 Linear regression
equations for the minute venti-
lation (¥%) versus carbon di-

oxide production (V'CO,) slope

Regression equation Standard Correlation Probability
error coefficient

Men ¥4 vs #CO; slope = 0.13 x age + 19.9 2.89 0.43 0.0012

Women Vg vs VCO; slope = 0.12 x age + 24.4 3.25 0.53 0.0004




Fig. 1 Exercise ventilatory effi-
ciency as a function of age in
the men. Vg vs VCO, slope:
slope of the linear relationship
between ventilation and carbon
dioxide output during exercise.
Regression: Vg vs VCO,

slope = 0.13 age + 19.9;

r = 0.43; P = 0.001. Straight
lines 95% prediction limit, cur-
vilinear lines 95% confidence
limit, x axis age in years, y axis
Ve vs VCO; slope in 1/1CO,

Fig. 2 Exercise ventilatory effi-
ciency as a function of age in
the women for abbreviations
see Fig. 1. Regression: I vs
V'CO, slope = 0.12

age + 24.4;r = 0.53,

P < 0.001. x axis age in years,
y axis Vg vs VCO; slope in
1/1CO,

Fig. 3 Oxygen uptake at an-
aerobic threshold VOt

(ml - min™" - kg™") as a function
of age in men. Regression:
VOzAT = -0.17 age + 286,

r = -041; P < 0.01; x axis
age in years, y axis VOyat in
ml - kg™ - min~
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regarding the influences of age, the men had a Ve vs VO, during exercise
V' CO, slope of 24.5 (SD 3.6) and the women of 28.7 (SD

3.3) (difference P < 0.001).

All 101 volunteers exercised until exhaustion. The
VOsat and VOjpmax max revealed a significant age de-
pendency (in the men r = —0.41 and —0.59 respectively,
P <0.01 and 0.001 respectively; in the women
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r = —0.52 and —0.67 respectively, P < 0.001 in both).
Detailed results are given in Figs. 3-6 and average val-
ues for all age groups are shown in Table 2. Regression
curves of the men and women were significantly different
(P < 0.001). Exponential regression curves did not fit

Fig. 4 Oxygen uptake at Osat VO, AT
as a function of age in women, 30

significantly better than the linear ones. Anaerobic
threshold was reached at 58 (SD 9)% of V'Ojnax and this
did not vary with age (r = —0.21; n.s.) or sex [men 59
(SD 10)%; women 57 (SD 8)%].

for abbreviations see Fig. 3.
Regression: VOsa1 = —0.16
age + 24.2.r = —0.52;

P < 0.001; x axis age

in years, y axis VO]2AT

inml - kg™' - min

Fig. 5 Maximal oxygen uptake VO, inax

20 30 40 50 60 70 20

AGE (years)

as a function of age in men. 60
70O, maximal oxygen uptake

ml - kg™ min™". Regression:

VOomax = —0.36 age + 51.5.
r = -0.59, P < 0.001. x axis
age in years, y axis VOymax I
ml - kg™ - min~

Fig. 6 Maximal oxygen uptake VO, max

AGE (years)

VOomax as a function of age in 60
women, for abbreviations see
Fig. 5 Regression:

VOomax = —0.34 age + 44.6;
r = —0.67; P < 0.001 x axis
age in years, y axis VOpmax I
ml - kg™' - min~

AGE (years)



Table 2 Oygen uptake at anaerobic threshold (VOsa7) in men and
women V' Oymax maximal O, uptake

VOsar (ml - kg™' - min™") VOomax (ml - kg™ - min™")

mean SD mean SD
Women 18.0 4.2 32.2 7.4
Men 22.8 5.0 38.8 7.2
Ventilation

The VEmax:MVV was uninfluenced by age or sex [0.58
(SD 0.132) in the men vs 0.593 (SD 0.108) in the wom-
en], leaving a breathing reserve of roughly 0.40 at the
end of exercise. The respiratory rate at maximal exercise
showed a wide range of 25-60 breaths - min~'. There
was no age or sex dependency [men 35 (SD 6) vs women
38 (SD 9) breaths - min™'].

Discussion

It has been demonstrated that J% is mainly driven by
partial pressure of carbon dioxide in arterial blood
(P,CO,, Wasserman et al. 1986). After the onset of an-
aerobic metabolism, the additional CO, derived from
the buffering of lactate by bicarbonate ions leads to
stimulation of Vg keeping P,CO; close to normal limits.
The efficiency of /& independent of aerobic/anaerobic
metabolism is therefore best measured as the Jg: VCO,
or their slope during incremental exercise. This rela-
tionship remains particularly close until the occurrence
of metabolic acidosis, which further stimulates Vg by
decreasing the P,CO, setpoint.

The impairment of ventilatory efficiency is caused by
an increase in either anatomical or physiological dead
space or by a decrease in the P,CO, setpoint. Anatom-
ical deadspace is raised particularly by increases in
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respiratory rate as in diseases with low tidal volumes and
restrictive lung diseases. An increased physiological
deadspace is the most important feature of the hyper-
pnoea in heart failure, pulmonary embolism and pul-
monary hypertension. A decrease in the P,CO, setpoint
has been found in metabolic acidosis as a compensatory
mechanism, and indirectly in cyanotic heart disease
compensating for the CO, shunt (Wasserman et al.
1986). Given the large differences in ventilatory effi-
ciency between health and disease — up to fivefold in-
creases in Vg:VCO, have been described (Metra et al.
1992; Kleber et al. 1995) — it is important to establish
normal values in a larger group of healthy volunteers.

Ventilatory efficiency

Only small numbers of healthy subjects have been inves-
tigated regarding ventilatory efficiency. Sullivan et al.
(1988) have found the V& : V' CO; at rest to be around 36
and to decrease with exercise to 30. Cooper et al. (1987)
have measured /& : VCO; in children and described an age
dependency of the differences (A), A Vg versus A V'CO,
(identical to our Jg vs VCO; slope) with body mass,
height and age, which are interdependent in children.
Hayashida et al. (1993) have described 37 normal sub-
jects, aged 24-67 years, but measured ventilatory equiv-
alents only at peak exercise. At peak exercise a further
ventilatory drive due to acidosis is present and the
Vg : VCO; is influenced by non-pulmonary factors such as
a decrease in the P,CO, setpoint. Hansen et al. (1984)
have reported that in 77 men, mean age 54 years, they
found a 7&:VCO; of 39 + 10 at rest and of 29 + 4 at
anaerobic threshold (AT). Slight differences between our
data and those in the literature might be explained by the
influence of body posture. Our resting }g: VCO, values
were obtained in an upright, standing position, which
would decrease perfusion of the apex of the lungs and thus
render Vg less efficient. Treese et al. (1994) have found in

Fig. 7 V& vs VCO, slope as a
function of age in comparison
with the literature 1984-1995,
for abbreviations see Figs. 1
and 5. x axis age in years, y axis
VOsmax in ml - kg_l - min~
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39 healthy volunteers, aged 33-66 years a /% : VCO» at the
AT of 35 + 8 in men and 39 £+ 5 in women, corre-
sponding well with our values for the Vg versus VCO,
slope for normal middle-aged persons (slope values are
always somewhat smaller than minimal Vg : VCO, values
due to the influence of the intercept of the relationship).

None of these studies has investigated the age de-
pendency of ventilatory efficiency. Brischetto et al.
(1984), however, have compared a group of 10 younger
(22-37 years) and 10 older (76-79 years) persons and
found significantly (P < 0.05) lower Vg versus V'CO;
slopes in the younger, but have not looked at sex dif-
ferences. By plotting the Vg versus V'CO, slopes or ratios
against mean age of the populations investigated in
studies published between 1984 and 1995, we have found
that all data fit nicely with our present data, substanti-
ating the age dependency over a wide range of popula-
tions (see. Fig. 7).

Although a decline in ventilatory efficiency with age
seems obvious, the physiological basis remains unclear
and needs further studies.

Exercise tolerance and age

The correlations between ¥O,, age, and sex have been
identified in earlier large-scale studies both using tread-
mill (Bruce et al. 1973; Niederberger et al. 1974) and cycle
exercise (Wasserman et al 1986; Astrand et al. 1973). The
data presented here confirm these normal values.

We concluded from this study that as with VO,,
ventilatory efficiency is different in men and women and
declines with age in healthy adults. Although age de-
pendency of ventilatory efficiency during exercise is less
prominent than age dependency of ¥O,, normal values
corrected for age and sex should be used in studies
comparing health and disease.
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