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ABSTRACT: Chronic obstructive pulmonary disease patients, especially those with
emphysema, show steep slopes of the alveolar plateau (S). This study tested the
hypothesis that continued gas exchange between poorly and well-ventilated lung units
by means of collateral ventilation would contribute to S in these patients.

Nine young volunteers, nine older volunteers and 11 patients with macroscopic
emphysema performed wash-out tests with helium (He) and sulphur hexafluoride
(SF6). S was determined for breaths 1±5 (range 1), and for breaths between 95% and
98% of complete wash-out (range 2). An unequal ventilation index (UVI) was defined
as the ratio between the estimated mean alveolar pressure and the end tidal pressure
(PET) of each tracer gas, calculated over range 2. Over the same range, a phase III
ratio was calculated by dividing PET by the estimated pressure at Fowler dead space.

In all groups of subjects, the S for He and SF6 were greater for range 2 than for
range 1 (p#0.012). In the emphysema patients, the correlations between S and UVI
were 0.72 for He (p=0.012) and 0.81 for SF6 (p=0.002), while the mean phase III ratios
were 1.7 for He and 2.4 for SF6, much less than their theoretical maxima.

It was concluded that in patients collateral ventilation may account for only a small
part of the increase in the alveolar plateau slope between ranges 1 and 2, and that this
increase was mainly caused by unequal ventilation in combination with sequential
emptying of lung units. The degree of sequential emptying, however, was modest
compared with its full potential.
Eur Respir J 1999; 14: 166±171.

Depts of *Pulmonology and +Radiology,
University Hospital Maastricht, Maast-
richt, the Netherlands.

Correspondence: C.P.M. van der Grinten
University Hospital Maastricht
Dept of Pulmonology
P.O. Box 5800
6202 AZ Maastricht
The Netherlands
Fax: 31 433875051

Keywords: Alveolar plateau
emphysema
inert gas
pulmonary gas exchange
pulmonary ventilation
respiratory function tests

Received: October 29 1997
Accepted after revision February 19 1999

During multiple breath wash-outs of inert tracer gases
such as helium and sulphur hexafluoride, unequal ventila-
tion of lung units causes differences in tracer gas concen-
trations across the lung. These differences, in combination
with sequential emptying of lung units, may explain the
steep slopes of the alveolar plateaus (S) that are found for
these gases in patients with chronic obstructive pulmonary
disease (COPD). This is a well-known hypothesis [1] that
dates from 1956, which assumes that the contribution to
the expirate of lung units that are poorly ventilated and,
therefore, contain relatively high tracer gas concentra-
tions, increases in the course of each expiration. In later
studies, however, it was shown that convective/diffusive
interdependence of gas mixing at the acinar level and
continued gas exchange across the alveolocapillary mem-
brane for gases that are washed out from mixed venous
blood are major determinants of the S in healthy subjects
[2±6]. In patients with emphysema, the contribution of
convective/diffusive interdependence of gas mixing to S
may be enhanced due to the enlarged peripheral airways
and airspaces that are characteristic of this disease. Fur-
ther, there is the possible contribution to S from continued
gas exchange between (very) poorly and well-ventilated
lung units by means of collateral ventilation. The effect of
this special type of continued gas exchange on S will be

similar to that of continued gas exchange across the
alveolocapillary membrane, mentioned above. For these
reasons, this study evaluated the contributions of conti-
nued gas exchange and diffusion-limited gas mixing in
the lung to the steep S which are found in patients with
COPD. In addition, the relationship between S and the
degree of unequal ventilation, and the role of sequential
emptying of lung units were evaluated. For this purpose, a
new index for unequal ventilation (UVI) was developed.
The experiments were performed on patients with emphy-
sema and on healthy subjects for comparison.

Continued gas exchange by means of collateral venti-
lation between poorly and well-ventilated lung units is
most likely to occur in patients with severe emphysema [7,
8]. For the present study, a group of patients with macro-
scopic emphysema, as determined by high-resolution
computed tomography (HRCT), was selected.

Materials and methods

The study was performed on nine young and nine older
healthy male subjects and 11 male patients with macro-
scopic emphysema. The patients (mean age 67 yrs) were
selected from the outpatient clinic. All patients had a
history of heavy smoking. The young subjects (two smo-
kers, two exsmokers, five nonsmokers) had a mean age of
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33 yrs; the older subjects (six smokers and three non-
smokers) had a mean age of 64 yrs. None of the healthy
subjects had pulmonary complaints.

For all subjects, the inspiratory vital capacity (IVC), for-
ced expiratory volume in one second (FEV1) and diffusion
capacity for carbon monoxide (DL,CO) were determined.
Spirometry and DL,CO determination were carried out
using MasterLabequipment, (Jaeger, WuÈrzburg,Germany).

The HRCT scores of the patients were determined from
HRCT scans of five thin sections of lung tissue (Somatom
Plus; Siemens, Erlangen, Germany) obtained at full inspir-
ation with the patient in the supine position: two sections of
the upper zones at 3 and 6 cm above the carina, two
sections of the lower zones at 3 and 6 cm below the carina
and one at the level of the carina. Scanning parameters
were 1.0-mm collimation, 137 kVp, 220 mA, 1.0 s scan-
ning time and a high-resolution reconstruction algorithm.
Hard copy images were photographed using a window
setting appropriate for viewing lung parenchyma (level
-800 HU; width 1,600 HU).

Using the direct observational method developed by
SAKAI et al. [9], a visual score was determined for each
section by two experienced radiologists who were un-
aware of clinical findings and of each others' scores. The
method of SAKAI et al. [9] is based on two aspects of
emphysema: severity and extent. Severity was graded on
a 4-point scale: 0=no emphysema, 1=low attenuation
areas <5 mm in diameter, 2=circumscribed low attenu-
ation areas >5 mm in addition to those <5 mm, and
3=diffuse low attenuation areas without normal interven-
ing lung tissue. The extent of emphysema was also deter-
mined using a 4-point scale: 1=<25% of parenchyma
involved, 2=25±50% involved, 3=50±75% involved, and
4=75±100% involved. For each hemisection, the score for
severity was multiplied by that for extent. The 10 scores
(two for each of the five sections) were summed to yield
the patient's HRCT score. The scores of the two observers
were averaged. The lowest possible HRCT score is 0 (no
emphysema) and the highest 120. Patients were con-
sidered to have no emphysema if their HRCT score was
<30, and to have severe emphysema if the score was $60.

Experimental procedure

During the experiments the subjects breathed spontan-
eously and were seated on a chair. Using a T-piece, they
breathed from a bias flow containing a mixture of ~1% He
and 0.5% SF6 in warm (25±288C) humidified air for 12
min. This combination of tracer gases was chosen for their
large difference in diffusivity in residual gas. A Fleisch No.
2 pneumotachograph (Godart, Bilthoven, the Netherlands)
situated between the subject and the T-piece was used to
assess ventilatory flow as a function of time (V '(t)). He,
SF6 and CO2 concentrations were measured using a mass
spectrometer (QMG 511; Balzers, Liechtenstein). The sam-
pling point of the mass spectrometer was located between
the Fleisch head and the mouthpiece. The sample flow was
30 mL.min-1 and the equipment dead space 65 mL. He,
SF6 and CO2 were measured consecutively, each for 10
ms, yielding an effective sample frequency of 33.3 Hz. The
time constants of the mass spectrometer were 5.5, 5.5 and
9.5 ms for He, CO2 and SF6, respectively. The time delay
of the mass spectrometer was ~100 ms. This represents the

time needed for the gas sample to pass through the inlet
capillary of the mass spectrometer. The data were corrected
for these time constants and this delay. The wash-out was
recorded for 15 min, but was not stopped until the expired
concentrations of He and SF6 were <1% of their initial
values. Data were stored on hard disk for off-line analy-
sis using a sample frequency of 100 Hz.

S (in %.s-1) were determined for breaths 1±5 (range 1)
and for the breaths between 95% and 98% of complete
wash-out (range 2). Breaths with small or large tidal vol-
umes (VT) were excluded, i.e. VT <2.5 Fowler dead space
volume (VFDS) or VT >5.0 VFDS. Slopes are defined as:

S � dPE=dt
P�E

|100% �1�
where dPE/dt represents change in PE per unit time and PE

and PE are the partial pressures of the tracer gas in expired
gas and mixed expired gas, respectively. PE represents
volume averaged PE and was calculated from the measured
data through integration of the product of expiratory flow
(V' (t)) and PE as a function of time (t) divided by
(expiratory) VT:

P�E � 1

VT

�t�tE
t�0

V'�t�|PE�t� dt �2�

and

VT �
�t�tE
t�0

V'�t� dt �3�

where tE is the duration of expiration.
The derivative dPE/dt was computed from the last part

of each expirogram, i.e. between 75 and 100% of expired
VT. For theoretical reasons (see Appendix), it was necessary
to calculate the increase per second in the partial pressure
of the tracer gas in the alveolar space (dPA/dt). During
expiration, PA at time t is reflected by PE at time t+tdelay,
where tdelay corresponds to the time needed for alveolar
gas to pass the dead space (=VFDS). In general, tdelay is not
constant due to varying expiratory flow and, therefore,
dPE/dt and dPA/dt may deviate substantially from one
another. Thus, S was calculated from PE in such a way that
it reflected dPA/dt. The consequences of this correction for
the values of S are explained in the Discussion section.

The UVI was defined as the ratio between the estimated
mean alveolar partial pressure (PA) and the end tidal partial
pressure (PET), calculated from the breaths between 95 and
98% of complete wash-out. This index was determined
separately for each tracer gas. Using the mass balance, the
PA after the nth breath (PA,n) was calculated from

P�A;n � P0 ÿ
Pn
i�1

P�E;i|VE;i

FRC
�4�

where i is the summation index, PE,i is the partial pressure
of the tracer gas of the ith breath in mixed expired gas, VE,i

is total expired volume of the ith breath, P0 is the pressure
of the tracer gas at the beginning of wash-out and FRC is
the functional residual capacity. At complete wash-out,
PA,n=0. FRC can then be calculated as follows: FRC=
SPE,i6 VE,i/P0.
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For the same range (95±98% of complete wash-out), a
phase III ratio (r) was calculated by dividing PET by the
estimated pressure at Fowler dead space (PFDS) [10]. PFDS

was obtained by linear extrapolation of phase III.
The wash-out behaviour of He and SF6 can be char-

acterized by the decay of PA. With regard to the patient
data, the decay of PA was described by a serial two-
compartment model of the lung, i.e. the values of the FRCs
of the two compartments (FRC1 and FRC2), the value of
the alveolar ventilation of compartment "1" (V 'A1) and the
value of the serial ventilation of compartment "2" (V 'serial),
which provided the best fit between experimental and
model data for PA, were computed using the Leven-berg-
Marquardt algorithm. This computation was carried out
separately for each tracer gas. The results for FRC in
healthy subjects and FRC1 in patients were used to
compute the ratios for minute ventilation (V 'E)/FRC and
V 'E/FRC1, respectively. These ratios should correspond to
the contribution of continued gas exchange in the lung
during expiration to the S for breaths of range 2 (see Ap-
pendix). In healthy subjects, this continued gas exchange is
related to gas released by capillary blood. In addition, in
patients, continued gas exchange also takes place between
very poorly and well-ventilated lung units by means of
collateral gas transport.

Prior to the computations of UVI, PA and FRC, the
measured values for PET and PE were corrected for the
small amounts of tracer gas released by capillary blood in
the lung which originates from wash-out of the body
compartments, using the equations:

PET � �PET;measured

ÿ l|Q'
V'A

|eÿt=t|P0�=
�
1ÿ l|Q'

V'A

�
�5�

P�E � �P�E;measured

ÿ l|Q'
V'E

|eÿt=t|P0�=
�
1ÿ l|Q'

V'A

�
�6�

The applied time constant (t) was 715 and 685 s for He
and SF6, respectively, and their partition coefficients (l)
were 0.01 and 0.0073, while effective cardiac output (Q ')
was 1.9 L.min-1 for both gases. These data were deter-
mined from the very last part of the wash-out curves of
young healthy subjects, the behaviour of which is com-

pletely determined by the release of tracer gas from
capillary blood. Alveolar ventilation (in L.min-1) f or each
tracer gas was estimated from:

V'A � V'E ÿ fR|VFDS �7�
where fR is the respiratory frequency. The effect of the
above corrections on the results for FRC for He (FRCHe)
and SF6 (FRCSF6) amounts maximally to 226 mL and 158
mL, respectively.

Statistical analysis was performed using the Mann-Whit-
ney U-test for differences between groups and the paired
Wilcoxon test for differences within groups. A p-value
<0.05 was considered significant, unless multiple compari-
sons were made, in which case a Bonferroni correction was
made (p<0.05/n, where n is the number of tests). Pearson
correlations were calculated after visual control of the
linearity of the relationship between the two variables.

Results

General data, lung function characteristics and HRCT
scores are listed in table 1. In the emphysema group, the
HRCT score ranged 36±115, mean 62.9, suggesting
moderate-to-severe disease. According to the criteria of
the European Community for Steel and Coal [11], the
lung volumes of all healthy subjects were within normal
limits.

The age of the patients (mean 67.3 yrs) did not differ
significantly from that of the older healthy subjects (mean
63.7 yrs), whereas FEV1, FEV1/IVC and DL,CO did (44.1%
versus 106.9%, p<0.001; 33.1% versus 75.3%, p<0.001;
and 51.2% versus 115.7%, p<0.001, respectively). Except
for age, the young subjects did not differ from the older
ones for the measures presented.

Figure 1 shows the S for all three gases and both
ranges. In the emphysema group, all the S were consid-
erably steeper than the corresponding S for the older
healthy subjects (p#0.007). In the healthy groups, the
older subjects showed somewhat steeper S than the young
subjects (not significant). The S for He (SHe) and SF6

(SSF6) increased significantly from range 1 to range 2 for
the emphysema group (p=0.003), whereas for the older
healthy subjects the increase was only significant for SF6

(p=0.008). As expected, the S of CO2 remained unchan-
ged between the two ranges in all groups. In all three

Table 1. ± General data, lung function characteristics and high-resolution computed tomography (HRCT) scores

Healthy subjects Patients with emphysema (n=11)

Young (n=9) Older (n=9)

Mean�SD Range Mean�SD Range Mean�SD Range

Age yrs 33.1�4.3 27±39 63.7�4.1* 58±70 67.3�5.6 58±77
Height m 1.81�0.10 1.73±2.05 1.74�0.03 1.70±1.79 1.67�0.07 1.52±1.81
FEV1 L 4.56�0.66 3.85±5.75 3.39�0.54 2.89±4.72 1.26�0.58 0.58±2.48
FEV1 % pred 106.6�10.2 93±126 106.9�13.0 89±134 44.1�17.0+ 30±80
IVC % pred 108.2�12.6 95±132 105.2�12.3 91±129 100.4�23.8 60±149
FEV1/IVC % 79.9�11.1 59.2±93.1 75.3�6.1 67.4±84.7 33.1�8.0+ 20.0±50.0
DL,CO % pred 108.5�10.4 92±121 115.7�19.7 93±143 51.2�24.6+ 16±85
HRCT score# 62.9�23.9 36±115
#: score range 0±120 (see text). FEV1: forced expiratory volume in one second; IVC: inspiratory vital capacity; DL,CO: diffusing
capacity of the lung for carbon monoxide; HRCT: high-resolution computed tomography. *: significantly different from values for
young subjects; +: significantly different from values for older subjects (p<0.001).
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groups and for both ranges, the mean SSF6 were sig-
nificantly greater than the mean SHe (table 2).

Figure 2 shows that the UVI and r were higher in pa-
tients with emphysema than in the older healthy subjects
(p<0.01). Further, both UVI values appeared to be larger
in the older healthy subjects compared with the young
healthy subjects (p#0.002). Consistent with SSF6 being
>SHe, the UVI for SF6 (UVISF6) was found to be > the
UVI for He (UVIHe) for young healthy subjects (p=
0.012) and emphysema patients (p=0.006). For patients,
the correlation coefficient between S and UVI was 0.72
for He (p=0.012) and 0.81 for SF6 (p=0.002).

Values for specific ventilation (V 'E/FRC in %.s-1) are
listed in table 3. No significant differences between the
three groups were found.

Discussion

The S found in the present study for the group of young
healthy subjects are ~2±3 times steeper than the S reported
by SCHRIKKER et al. [6] for a comparable group of subjects
at rest. This large difference may be attributed, at least in
part, to a difference in the methods applied to compute S

from the recordings. SCHRIKKER et al. [6] normalized S
using mid-tidal PE, whereas the present study used PE

(see Materials and methods). In healthy subjects, mid-
tidal PE is considerably higher than PE. As a conse-
quence, lower values for S are obtained when they are
normalized using mid-tidal PE instead of PE.

In order to be able to estimate the contribution of
continued gas exchange to the S of range 2, dPE/dt should
represent dPA/dt (Materials and methods). The relationship
between these quantities, however, is affected by differ-
ences in transit time of successive gas samples between the
alveolar space and the sampling site of the mass
spectrometer due to the varying expiratory flow. For this
reason, this difference in transit time of successive gas
samples was corrected for through a transformation of the
time axis for PE (Materials and methods). This correction
was not performed by SCHRIKKER et al. [6]. In general, the
flow reaches a maximum in early expiration and then
declines until the end of expiration. Thus, the S was
computed from the part of expiration (between 75 and
100% of total expired volume) in which the flow de-
clined. As a consequence, during this part of expiration,
the separation in time of the two gas samples increases
during the passage of the dead space, and, as a result,
dPA/dt is reflected in a smaller dPE/dt. Hence, the applied
correction for the difference in transit time of successive
gas samples in the dead space enhanced the results for S,
and this too contributed to the higher values for S found
in the present study compared to those reported by
SCHRIKKER et al. [6].

Table 2. ± Slopes of the alveolar plateaus (S) for helium
and sulphur hexafluoride

S %.s-1

Subjects Range He SF6 p-value

Young 1 3�6 9�4 0.008
2 12�15 23�17 0.012

Older 1 8�7 17�13 0.011
2 21�17 33�18 0.008

Emphysema 1 33�17*** 56�32*** 0.003
2 56�33** 90�46*** 0.003

Data are presented as mean�SD. Range 1 encompasses breaths 1-
5, and range 2 includes those breaths that correspond to 95±98%
of complete wash-out. The p-values refer to the differences
between the slopes for He and SF6. **, ***: p<0.01, p<0.001
compared to older subjects.
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scopic emphysema (u), obtained from the early and late parts of wash-out
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p<0.02.

Table 3. ± Specific ventilation (V 'E/FRC) of helium and
sulphur hexafluoride in young and older healthy subjects
and in patients with emphysema

V 'E/FRC %.s-1

Subjects He SF6

Young 5.1�1.8 4.9�1.5
Older 6.3�3.1 6.4�3.1
Emphysema 5.5�1.6 4.9�1.5

Data are presented as mean�SD. V 'E: minute ventilation; FRC:
functional residual capacity.
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Continued gas exchange and the sloping alveolar plat-
eau

The contribution of continued gas exchange to S may be
estimated from V 'E/FRC (Appendix). The mean results for
V 'E/FRC are ~5.5%.s-1 for all groups of subjects (table 3).
This can account for approximately a half of the increase
in S between early (range 1) and late (range 2) wash-out
in healthy subjects (table 2). In patients, the mean in-
crease in S between early and late wash-out amounts to
22%.s-1 and 34%.s-1 for He and SF6, respectively (table
2). These results are considerably higher than V 'E/FRC1

(table 3), which suggests that, in this group of subjects,
the contribution of the continued gas exchange to S is of
minor importance. CRAWFORD et al. [12] attributed the
increase in S found in healthy human subjects to in-
homogeneities of tracer gas concentrations that develop
during wash-out as a result of unequal ventilation. This
assumption, however, has not been verified experimen-
tally. In a later study, SCHRIKKER et al. [6] concluded that
continued gas exchange across the alveolocapillary mem-
brane alone can account for the increase in S between
early and late wash-out. These authors, however, did not
correct for the differences between dPE/dt and dPA/dt.
The present data show that continued gas exchange can
account for only a smaller fraction of the increase in S
between range 1 and range 2.

The results from the present study for V 'E/FRC and V 'E/
FRC1 (table 3) mean that the absolute contribution of
continued gas exchange across the alveolocapillary mem-
brane and collateral ventilation to S in late wash-out are
virtually equal for the three test groups. Since these
groups (healthy subjects and patients with macroscopic
emphysema) constitute the extremes of the whole spec-
trum of subjects with unequal ventilation, it is expected
that other patients with obstructive lung disease, e.g.
asthma or chronic bronchitis, will show similar results for
V 'E/FRC and V 'E/FRC1. This means that the relative
contribution of continued gas transport to S in late wash-
out is inversely related to S. As a consequence, it is
expected that, for other categories of patients with
obstructive lung disease, this relative contribution to S
will be inbetween those found in this study for healthy
subjects and patients with emphysema. Other possible
mechanisms causing an increase in S will be discussed
below.

Unequal ventilation, gas mixing and the sloping alveo-
lar plateau

The UVI is equal to PA/PET in late wash-out (see
Materials and methods). In an ideal lung, PET is equal to
PA, and, as a consequence, the UVI=1. In both healthy and
diseased lungs, however, unequal ventilation in combin-
ation with sequential emptying of lung units may cause PA

to be higher or lower than PET.
At the onset of wash-out, i.e. after complete wash-in of

the tracer gases, PET=PA. During wash-out, PA/PET for He
increased on average from 1 to 1.23 in young healthy
subjects, from 1 to 1.57 in older healthy subjects, and from
1 to 2.65 in the emphysema group (fig. 2). This difference
in increase in PA/PET may be attributed to a much more

severe degree of unequal ventilation in the patient group,
which resulted in larger relative differences in gas con-
centration in their lungs in late wash-out, i.e. a much more
pronounced inhomogeneity of tracer gas concentrations.
In all groups, UVI was >1, which means that PA is >PET.
This suggests that end-tidal gas originated mainly from
the better-ventilated parts of their lungs, otherwise UVI
would have been <1.

In patients and young healthy subjects, UVIHe was
<UVISF6, which means that the degree of unequal ven-
tilation is inversely related to the diffusivity of the tracer
gas in alveolar gas. The large, relative differences between
the slopes for SF6 and He (SSF6 being >SHe, table 2) show
that, at least for SF6, limited gas mixing by diffusion is a
major determinant of the sloping alveolar plateau. Gas
mixing by diffusion takes place mainly in the small
airways and air spaces of the acini. For healthy subjects,
the contribution of limited gas mixing to S has been
ascribed to convective/diffusive interdependence of intra-
acinar gas mixing, in which S increases with increasing
flow [4, 5]. In COPD, the flow to diseased parts of the
lung is diminished. Therefore, it is unlikely that the high
values of S found in the present patients are due to
convective/diffusive interdependence of intra-acinar gas
mixing. The correlation coefficient between S and UVI
for patients with emphysema was 0.72 for He and 0.81 for
SF6. These high values suggest that the sloping alveolar
plateau in patients with emphysema is mainly due to un-
equal ventilation in combination with sequential empty-
ing of lung units.

A further consequence of the difference in diffusivity
between He and SF6 is that the alveolar ventilation of lung
units for He is larger than that for SF6. This difference will
be enhanced for diseased parts of the lung with enlarged
airways and airspaces in which mixing by diffusion is less
efficient. This may explain why the differences between
the SSF6 and SHe are largest in the patient group (table 2).

Sequential emptying and the sloping alveolar plateau

The maximum value of r that can be reached by se-
quential emptying is equal to Pmax/Pmin, where Pmax and
Pmin are the partial pressures of the tracer gas in the poorest
and best ventilated lung units, respectively. For maximum
r, the best ventilated units should determine the expirate in
early phase III and the poorest ventilated lung units the
expirate in late phase III. Pmax/Pmin can be written as:

Pmax

Pmin
� Pmax

P�A
|

P�A

PET
|

PET

PFDS
|

PFDS

Pmin
�8�

where PFDS is the extrapolated value of phase III at V E =
VFDS. Substitution of UVI and r in this expression results
in

Pmax

Pmin
� Pmax

P�A
|UVI|r|

PFDS

Pmin
�9�

The two unknown terms, Pmax/PA and PFDS/Pmin, are
both >1. Therefore, Pmax /Pmin is >UVI6r. In the emphy-
sema group, UVIHe was 2.65. This implies that the meas-
ured r is only a smaller fraction of the maximum r (= Pmax/
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Pmin). Thus, the degree of sequential emptying of lung
units in patients with emphysema constitutes only a modest
part of its full potential.

In conclusion, in patients with macroscopic emphysema,
continued gas exchange by means of collateral ventilation
and transport across the alveolo-capillary membrane does
not play an important role in the genesis of the sloping
alveolar plateau during tidal breathing. This slope is caused
mainly by unequal ventilation in combination with sequen-
tial emptying, where the degree of unequal ventilation is
inversely related to the diffusivity of the tracer gas in the
residual gas. The degree of sequential emptying of lung
units in patients with emphysema constitutes only a modest
part of its full potential.

Appendix

During wash-in, small fractions of the tracer gases cross
the alveolocapillary membrane and are subsequently dis-
solved in capillary blood. From there, the tracer gases are
transported to the body compartments by the circulating
blood. During wash-out, this process is reversed causing a
continuous supply of tracer gases to the lung. The wash-out
of He and SF6 from the body compartments proceeds for a
long time (see Materials and methods). As a consequence,
in late wash-out, nearly all the tracer gas that is still present
in the lung originates from the body compartments. For
this situation, DE VRIES et al. [13] and SCHRIKKER et al. [6]
have shown that the contribution of the continued gas
exchange across the alveolocapillary membrane to the S
can be estimated from the V 'A/FRC ratio. This result
follows from the equation:

P'A
�PA
� V'A

FRC
�10�

where P 'A represents the increase in the partial pressure
of the tracer gas in the alveolar space per unit time re-
sulting from the continued exchange of tracer gas across
the alveolocapillary membrane during expiration, and PA

represents the mean partial pressure of the tracer gas in
expired alveolar gas.

For healthy subjects, PA and V 'A can be determined
from experimental data. SCHRIKKER et al. [6] estimated PA

from mid-tidal PE while V 'A was computed from the first
20 breaths of wash-out. For this reason, these authors
normalized S with regard to mid-tidal PE. For patients,
however, neither V 'A nor PA can be accurately estimated
from the data. The current study replaced, therefore, V 'A
with V 'E and PA with PE, based on the following con-
sideration. The amount of tracer gas that is expired per
unit time is equal to both V 'A6PA/(R6T) and V 'E6PE/
(R6T), where R is the gas constant and T is tem-

perature. Thus, V 'A6PA = V 'E6PE. Substitution into
the above equation results in

P'A
P�E
� V'E

FRC
�11�

V 'E and PE can be accurately determined for all cat-
egories of subjects without the need for making
disputable assumptions. This also explains why, in the
present study, the slopes of the alveolar plateaus (in %.s-1)
were nor-malized with regard to PE.
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