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Abstract

To determine if the functional compensation in diffusing capac-
ity of the remaining lung following pneumonectomy is due to
structural growth, we performed morphometric analysis of the
right lung in three adult foxhounds - 2 yr after left pneumonec-
tomy (removal of 42% of lung) and compared the results to
those in normal adult dogs previously studied by the same tech-
niques. Diffusing capacity was calculated by an established mor-
phometric model and compared to physiologic estimates at
peak exercise in the same dogs after pneumonectomy. The ma-
jor structural changes after left pneumonectomy are hyperinfla-
tion of the right lung, alveolar enlargement, and thinning of the
alveolar-capillary tissue barrier. These changes confer signifi-
cant functional compensation for gas exchange by reducing the
overall resistance to 02 diffusion. The magnitude of compensa-
tion in diffusing capacity estimated either morphometrically or
physiologically is similar. In spite of morphometric and physio-
logic evidence of functional compensation, there is no evidence
of significant growth of structural components. After pneumo-
nectomy, morphometric estimates of diffusing capacity are on
average 23% higher than physiologic estimates in the same
dogs at peak exercise. Weconclude that the previously re-
ported large differences between morphometric and physio-
logic estimates of diffusing capacity reflects the presence of
large physiologic reserves available for recruitment. (J. Clin.
Invest. 1993. 92:758-764.) Key words: morphometry * re-
breathing * lung resection * exercise * recruitment

Introduction

Left pneumonectomy removes 42% of the pulmonary gas ex-
change units ( 1, 2) and thus would be expected to significantly
reduce maximal oxygen uptake. This is particularly important
in dogs that appear to have a small amount of redundancy in
their gas exchanger for meeting oxygen demands at heavy exer-
cise (3). However, in previous studies on dogs, we have oW
served that exercise performance is not significantly impaired
by left pneumonectomy (4). Diffusing capacity for carbon
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monoxide (DLco)' measured physiologically at peak exercise
is reduced by only 23% after left pneumonectomy compared
with before, suggesting that DLco of the remaining lung must
have increased by some 30%above that of the same lung before
pneumonectomy (5). Two general sources of compensation
are available to the remaining lung that could have accounted
for the increase in DLcO after pneumonectomy: (a) greater
utilization of existing physiological reserves of DLcO; and (b)
growth of new gas exchange tissue.

Diffusing capacity of the lung may be estimated physiologi-
cally by the rate of disappearance of carbon monoxide from the
inspired gas by the single breath or the rebreathing technique.
Large reserves of diffusing capacity normally exist in the lung
and can be used during exercise as pulmonary blood flow and
lung volume increase (5). The anatomical basis of recruitment
of diffusing capacity has not been fully defined, but is pre-
sumed to be due to the unfolding of alveolar-capillary mem-
brane (6), opening and/or the distention of pulmonary capil-
laries (7), and an increase in hematocrit (8). Diffusing capac-
ity of the lung may also be estimated from morphometric
measurements of the total alveolar-capillary surface area, the
effective thickness of the diffusion barrier, and the pulmonary
capillary red cell volume in the lung. Assuming that these diffu-
sion barriers are arranged in series, these anatomical data have
been used to give an estimate of diffusing capacity for 02
(DL02) and for carbon monoxide (DLco) (9). The question
arises whether postpneumonectomy functional compensation
is solely due to physiological adjustments or whether it also
involves structural adaptation; the latter may include altered
characteristics of existing lung tissue or the addition of new
lung tissue. The objective of our report is to determine whether
and to what extent functional compensation of diffusing capac-
ity in adult dogs after left pneumonectomy has been achieved
by structural adjustments in the remaining lung. If the normal
reserves of diffusing capacity in one lung is fully recruited after
pneumonectomy, physiological estimates of DLcO at peak ex-
ercise should approximate morphometric estimate in the same
animal. The extent of postpneumonectomy compensation esti-
mated by either technique should be similar.

Methods

Animals. Extensive physiologic studies were performed in three
adult male foxhounds (body wt 22-24 kg) before and after left pneu-
monectomy. These results have been reported in detail previously (4,

1. Abbreviations used in this paper: DLco, diffusing capacity for car-

bon monoxide; DLO2, diffusing capacity for oxygen; V,,, pulmonary
capillary blood volume; V1, tissue volume; Vv(a, s), volume density of
alveoli in septum; Vv(c, s), volume density of capillaries in septum;
Vv(cp, L), volume density of coarse parenchyma in lung; Vv (fp, cp),
volume density of fine parenchyma in coarse parenchyma; Vv(s, fp),
volume density of alveolar septa in fine parenchyma.
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5, 10-13). Dogs were trained to run on a treadmill up to maximal
voluntary effort. Exercise training began before pneumonectomy, re-
sumed 14 d after left pneumonectomy, and continued until killing.
Physiologic studies at exercise were carried out before pneumonectomy
and beginning at 4-6 mo after surgery; these consisted of measure-
ments of ventilation, gas exchange including ventilation-perfusion re-
lations, hemodynamics, and dynamic work of breathing at various lev-
els of steady state exercise. DLco was measured at different intensities
of steady state exercise by the rebreathing technique described previ-
ously in detail ( 5, 10). After the completion of physiologic studies ( - 2
yr after pneumonectomy), the animals were killed and morphologic
analysis of the remaining right lungs was carried out.

Lung fixation. The animal was deeply anesthetized with pentobar-
bital (25 mg/kg intravenously), intubated via a tracheostomy, and
placed in the supine position. The abdomen was opened through a
midline incision and a small rent made in the diaphragm to collapse the
right lung. An overdose of pentobarbital was given and the lung imme-
diately reinflated within the intact thorax by intratracheal instillation
of 2.5% glutaraldehyde buffered with potassium phosphate to pH 7.40
and osmolarity 350 mOsmat a constant hydrostatic pressure of 25 cm
H20 above the highest point of the sternum ( 14). After the flow of
fixatives into the lung had stopped, the endotracheal tube was tightly
clamped. After 60 min of fixation in situ, the thorax was opened; the
lung and heart were removed en bloc and completely submerged in
10% buffered formaldehyde.

Sampling procedures. The previously established four-level strati-
fied sampling scheme (15) was used: (I) gross, (II) low power light
microscopic, (III) high power light microscopic, and (IV) electron mi-
croscopic analysis. The lungs were stratified according to lobe. Volume
of each lobe was measured by water displacement. Each lobe was ex-
haustively sliced at 2-cm intervals. Each slice was photographed using
35-mm Ektachrome color film to estimate the volume density of coarse
parenchyma in lung, Vv(cp,L), by quantifying all structures measur-
ing > 1 mm(level I). Six blocks of tissue were taken from each lobe by
a systematic, volume-weighted sampling procedure with a random
start ( 15 ). Samples from each block were embedded in methacrylate
for thick sections (5 gm) stained with hematoxylin and eosin to esti-
mate the volume density of fine parenchyma in coarse parenchyma,
Vv(fp,cp), by quantifying all structures measuring between 20,um and
1 mm(level II, X200). Additional samples from each block were em-
bedded in Epon. These were used for preparation of semi-thin sections
(1 jIm) to estimate the volume density of alveolar septa in fine paren-
chyma by light microscopy, Vv(s, fp), by quantifying structures mea-
suring < 20 ,m (level III, X400), and to estimate volume and surface
densities of alveolar structures in septum, e.g., capillaries Vv(c,s), al-
veoli Vv(a,s), as well as harmonic mean thicknesses of plasma and
tissue diffusion barriers by electron microscopy (level IV, x- 1 1,000).
Detail of the methods have been described previously ( 15 ).

Morphometric analysis. Slides at each level were placed under stan-
dard counting grids. Volume density of alveolar structures were deter-
mined by point counting. Surface density of alveoli and capillaries were
determined by intersection counting. All morphometric data were cal-
culated for each lobe separately; a volume-weighted average for the
entire lung was then calculated. Absolute volume and surface area of
individual alveolar structures were obtained by relating the respective
volume and surface densities at each level back through the cascade of
levels to the measured volume of the lobe ( 15 ).

Morphometric diffusing capacity for 02 (DL02). DL02 was esti-
mated by the model previously described (9). The model describes the
gas diffusion path from alveolar air to the binding sites on hemoglobin
as three serially linked conductance steps through the tissue (DtO2), the
plasma (Dp02), and the erythrocyte (DeO2):

DL02- = DtO2 1
+ Dp021 + DeO2

where

(S+S2S)Dt02=Kt02*(2 .rht)

(Eq. 1)

DPo2 = KP02 SC

Thp

De02 = 0)02.V

(Eq. 3)

(Eq. 4)

SA and S, are the measured total alveolar and capillary sur-
face area, and VC the measured total capillary blood volume. Tht
and Thp are the harmonic mean thicknesses of the tissue and
plasma barriers, respectively. Kt02 and Kpo2 are the Krogh
diffusion coefficients for 02 in tissue and plasma, respectively;
these were taken from literature and were the same as used
previously ( 14). 002 is the reaction rate of whole blood with 02
(in ml - (ml * mmHg* s)f'). For the purpose of comparison, we
used the same value of 002 as used by Weibel et al. ( 14) in
normal dogs, calculated from the equation:

002 = K6C(%) f(T) * (0-0587 * aO2)*( I - S02)
X (0.01333.[Hb]) (Eq. 5)

where K', %)is the red cell reaction velocity at 60% saturation.
The value of K'w%)measured by Holland et al. (16) is 220
mM' * s'; however, more recent data have shown that the
presence of an unstirred layer of plasma surrounding the red
cell in the stop-flow technique may cause underestimation of
the initial reaction rate by a factor of - 2 (17, 18). Therefore,
we used a value of K' 60%) = 440 mM * s-l to take into ac-
count this effect. f(T) is the temperature factor derived from
the Arrhenius equation that corrects Kc from the standard
370C to the core temperature measured at peak exercise work-
load. aO2 is the solubility of 02 at the core temperature during
peak exercise workload. S02 is the initial fractional saturation
of 02. [Hb] is the hemoglobin concentration in g/dl of blood.

Morphometric diffusingcapacityfor CO(DLco). DLCowas
calculated using the same model described above (Eqs. 1-4)
substituting COfor 02. Again, for the purpose of comparison
with previous data, we used the same 0co as in the study by
Weibel et al. (19), calculated from the equation given by Hol-
land (20, 21) for dog blood at 40'C, the core temperature ex-
pected of exercising dogs:

l = (0.929 + OoO379P~o2) [14.4
0co

= (0.929 + 0.00379PA02) [Hb
(Eq. 6)

"CO has the units of [ml.(ml-mmHg min)f'. PA02 is the
mean alveolar 02 tension taken to be 100 mmHg. [Hb] is taken
to be 15 g/dl.

Data analysis. Since physiologic studies were performed
before and after pneumonectomy on the same dogs, no simulta-
neous controls were available for morphometric measure-
ments. Therefore, we compared morphometric results with
published data by Weibel et al. ( 14) in three normal mongrel
dogs using the same sampling and morphometric techniques
by one-tailed unpaired t test. Physiologic-morphometric com-
parison of DLco was similarly related to those of Weibel et al.
( 19) in different species of normal canids. A P value of < 0.05
was considered significant.

Results

Morphometric measurements are shown in Table I. Volume
compensation was essentially complete; the volume of one

(Eq. 2) lung after pneumonectomy equaled that of two lungs in nor-
mal dogs. Morphometric hematocrit was significantly lower in
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Table I. Comparison of Morphometric Data in Right Lung of Dogs after Left Pneumonectomy with That in Both Lungs of Normal Dogs

P values

Dogs after left Normal Unpaired
pneumonectomy dogs t test

Number 3 3
Body mass (kg) 23.8±0.6 28.2±0.7 0.004*
Total lung volume (ml * kg-') 53.4±4.4 56.3±1.9 0.29
Right lung volume (ml - kg-') 53.4±4.4 32.7±1.1 0.005*
Morphometric hematocrit (%) 43.5±3.3 55.0± 1.5 0.02*
Volume density

Parenchyma in lung Vv(fp,L) 0.850±0.001 0.819±0.002 0.0001 *
Septa in parenchyma Vv(s,fp) 0.106±0.005 0.157±0.008 0.0009*
Capillaries in lung Vv(c,L) 0.058±0.005 0.074±0.002 0.02*
Tissue in lung Vv(t,L) 0.032±0.0003 0.054±0.002 0.0001*

Surface density
Alveoli in lung Sv(a,L) cm-' 343.8±2.3 488.5±10.4 0.0001*
Capillaries in lung Sv(c,L) cm-' 292.7±22.7 385.0±6.6 0.009*

Arithmetic mean thickness (l0-' cm)
Tissue barrier 1.02±0.04 1.24±0.02 0.005*
Septum 2.61±0.13 2.63±0.05 0.45

Harmonic mean thickness (1 0-4 cm)
Tissue barrier (Tht) 0.34 1±0.014 0.509±0.019 0.00 *
Plasma barrier (Thp) 0.155±0.004 0.117±0.001 0.005*

Volumes (ml * kg-')
Capillaries Total 3.08±0.29 4.18±0.18 0.02*

Right lung 3.08±0.29 2.43±0.10 0.05
Septum Total 4.791±0.425 7.238±0.351 0.005*

Right lung 4.791±0.425 4.198±0.203 0.14
Tissue Total 1.711±0.159 3.055±0.179 0.003*

Right lung 1.711±0.159 1.772±0.104 0.38
Surface area (M2 . kg-')

Alveoli Total 1.836±0.142 2.756±0.145 0.005*
Right lung 1.836±0.142 1.598±0.084 0.11

Capillaries Total 1.564±0.174 2.167±0.069 0.02*
Right lung 1.564±0.174 1.257±0.040 0.08

Results are mean±SEM. * Significant at 0.05 level.

pneumonectomized dogs. Volume densities of all septal struc-
tures were significantly lower in pneumonectomized animals
than in controls, indicating alveolar hyperinflation, stretching
and thinning of the alveolar septum which is evident under low
power magnification (Fig. 1). Surface densities of alveoli and
capillaries were significantly lower than normal. Arithmetic
mean thickness of the tissue barrier was significantly lower in
pneumonectomized dogs but the mean thickness of the septum
was similar to that in controls. The harmonic mean thickness
of the tissue barrier was also lower in pneumonectomized ani-
mals than in controls. Harmonic mean thickness of the plasma
barrier was greater in pneumonectomized animals owing to the
lower hematocrit. In pneumonectomized dogs, total volumes
of the capillary blood and the septum were significantly re-
duced to 74 and 66%of normal, respectively; total septal tissue
volume was reduced to 56% of normal. Total surface area of
the alveoli and capillaries were also significantly reduced to 66
and 72% of normal, respectively. There were no significant
differences in morphometric parameters among lobes.

Estimations of DL02 and DLco are shown in Table II. In the
pneumonectomized group, DtO2 and DM02 were not signifi-

cantly different (88%) from that of two lungs in normal dogs.
De02 was significantly lower due to a lower Vc. DL02 was lower
(81%) than normal at a borderline significance (P = 0.07).
Similar changes are seen in the components of DLco.

The right lung in the dog constitutes on average 58%of total
lung volume and weight, and receives a similar percentage of
total ventilation and blood flow ( 1, 2, 22, 23). Our results in
the right lung of dogs after pneumonectomy may be compared
to that in the right lung of normal dogs by multiplying results in
normal dogs by a factor of 0.58. This comparison is shown in
Fig. 2. Compared with the expected value in the normal right
lung, morphometric parameters (Fig. 2 a) including surface
area of the alveoli and capillaries, and volumes of capillaries
and septum, were on average 15-26% higher after pneumonec-
tomy and reached borderline statistical significance (Table I).
Tissue volume (Vt) was not different from that in the normal
right lung. Similar comparisons of components of diffusing
capacity of the right lung showed that DeO2, DMO2, and DLO2
were significantly higher in postpneumonectomy dogs (Fig. 2
b); Deco, Dmco, and DLco were also significantly higher in
postpneumonectomy dogs (Fig. 2 c).
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Figure 1 . Photomicrograph ( x 100) of lung parenchyma in normnal dog (left panel ) and in a dog after left pneumonectomy ( right panel) .

Physiologic DLco measured by the rebreathing technique
in these dogs before and after left pneumonectomy have been
previously published (5, 12). A linear relationship between
DLo and 02 uptake and between DLco and pulmonary blood

Table II. Components of Diffusing Capacity Calculated from
Morphometric Measurements in the Right Lung of Dogs after Left
Pneumonectomy and in Both Lungs of Normal Dogs

P value

Dogs after left Normal Unpaired
pneumonectomy dogs t test

Partial conductances for 02
[mI 02 * (S * mmHg* kg)-']

Tissue (DtO2)* 0.280±0.037 0.267±0.021 0.39
Plasma (Dpo2)* 0.568±0.072 1.030±0.072 0.005t
Membrane (DM02) 0.187±0.024 0.212±0.014 0.21
Erythrocyte (DeO2) 0.197±0.019 0.268±0.011 0.02*
Lung (DL02) 0.095±0.011 0.118±0.007 0.07

Partial conductances for CO
[ml CO* (s- mmHg-kg)-'

Tissue (Dtco)"I 0.225±0.030 0.217±0.017 0.41
Plasma (Dpco)II 0.454±0.058 0.837±0.058 0.005*
Membrane (Dmco) 0.150±0.019 0.172±0.011 0.20
Erythrocyte (Deco)' 0.041±0.004 0.056±0.002 0.02*
Lung (DLco) 0.032±0.003 0.042±0.002 0.03*

Results are mean±SEM. * KtO2 and Kp02 = 5.5 x lO-10
cm * s * mmHg. * Significant at 0.05 level. §002 = 0.0641
ml - (ml * mmHg-s)-'. 1. Ktco and Kpco = 4.467 x l0-'°
cm . s . mmHg'. 'Oco = 0.0 133 ml * (ml - mmHg.s)'.

flow is evident in each dog. The highest DLo obtained in each
dog at exercise before and after pneumonectomy are shown in
Fig. 3 in comparison with morphometric estimates from nor-
mal canids ( 14, 19). In the present dogs, the ratio of physio-
logic DLco after pneumonectomy to that in the same right lung
before pneumonectomy is 1.28, 1.21, and 1.30 in each of the
three dogs, with an average ratio of 1.27. The ratio of morpho-
metric DLco in postpneumonectomy dogs to that in the right
lung of normal dogs is also 1.27. Fig. 4 shows the DLco esti-
mated postpneumonectomy by rebreathing at exercise and by
morphometry postmortem in each of the three dogs. On the
average, morphometric estimates are 23% higher than physio-
logic estimates in the same dog.

Discussion

Summary of findings. This is the first study correlating
morphometric compensation with physiologic compensation
at heavy exercise in the same dogs after extensive lung resec-
tion. At two years after left pneumonectomy, equivalent to the
removal of about 42% of lung, the major morphological
changes are hyperinflation of the remaining lung, enlargement
of the alveolar air spaces, and thinning of the alveolar-capillary
tissue barrier. These changes confer significant functional com-
pensation for gas exchange by reducing the overall resistance
for 02 diffusion. Postpneumonectomy compensatory increase
in diffusing capacity was the same (27%) when estimated by
physiologic and morphometric techniques. In spite of signifi-
cant morphometric and physiologic evidence for functional
compensation, there is no evidence of significant growth of
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before (prepnx, dark squares) and after pneumonectomy (postpnx,
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gives an estimate of the true structural framework of the lung
DeO2 DpO2 DtO2 DmO2 DLO2 unaffected by any mechanical instability (6). Tracheal instilla-

tion also fixes the red cells in perfused capillaries and allows
direct estimation of the harmonic mean thickness of the entire
diffusion path, including the plasma barrier which cannot be

FC] measured after perfusion fixation. Since physiologic measure-
ments were obtained in these foxhounds both before and after

.111I11 left pneumonectomy, no simultaneous control animals were
available for morphometric analysis. However, the published
control data used (14) were obtained using the same tech-
niques of fixation, sampling, and analysis as in the present
report. In different species of canids, Weibel et al. (14, 19)
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Figure 2. Comparison of morphometric estimate in the right lung of
dogs after pneumonectomy expressed as a fraction of expected normal
value in the right lung of normal dogs. (A) Sa, Sc, surface area of
alveoli and capillaries, respectively. Vc, Vs, Vt, volume of capillaries,
septum, and tissue, respectively. (B) Components of diffusing capac-
ity for 02. (C) Components of diffusing capacity for CO. *Signifi-
cantly different from unity.
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found that differences in morphometric estimates are directly
related to body weight. Thus comparisons between foxhounds
and mongrel dogs should be valid when results are normalized
by body weight, particularly since differences in body weight
between these two species are small. The true value of 0 re-
mains controversial. 0 for COhas been measured by several
independent methods, yielding similar values in man and dog
(21, 24-26). Thus variability in measurements of %co is small.
On the other hand, the in vitro measurement of 0I for 02 iS
more susceptible to artifact than 0co because reaction veloci-
ties for 02 are faster. However, errors in the estimation of 002
does not affect the interpretation of our data since the same
value of 002 was used in the two groups. After completion of
measurements of diffusing capacity, these dogs underwent im-
plantation of a left atrial catheter for the measurement of respi-
ratory muscle blood flow 6 wk before killing ( 13 ). Anemia
developed as a result of chronic catheter implantation; arterial
hematocrit at rest was 43.8±1.4% before and 37.3±1.8%
(mean±SE) after catheter implantation. This anemia contrib-
uted to a slightly lower plasma component of diffusing capacity
(DPO2 and Dpco). However, all physiologic measurements of
diffusing capacity were expressed at a uniform hemoglobin
concentration of 14.9 g/dl, close to that used in morphometric
calculations.

Compensatory lung growth in adult dogs after pneumonec-
tomy. Significant compensatory growth of gas exchange struc-
tures should result in higher surface areas of alveoli and capillar-
ies, as well as higher volumes of septum, tissue, and capillaries
than in the normal right lung. As shown in Fig. 2 in our dogs
after pneumonectomy, these parameters are in general slightly
higher than normal, reaching borderline statistical significance.
There is no increase in lung tissue volume. The modest in-
crease in surface area and volume of capillaries is consistent
with either opening or distention of existing capillary bed by
the diversion of the entire cardiac output through the remain-
ing lung after pneumonectomy, but could also reflect the for-
mation of new capillary loops when the septa become ex-
panded. Thus the present study supports the conclusion from
previous studies of a limited structural compensation in dogs
after left pneumonectomy as adults (27, 28). In addition, we
demonstrate the functional consequence of passive structural
adaptation to lung resection. Enlargement of existing alveolar
spaces and thinning of the alveolar septa result in a lower har-
monic mean thickness of the tissue barrier (Tht) and a signifi-
cant increase in the gas conductance of the tissue barrier (DtO2)
and of the membrane barrier (DM02) . Opening or distention
of the pulmonary capillaries results in a significant increase in
gas conductance of the erythrocyte component (DeO2). Hence
the apparent morphometric diffusing capacity of the remaining
lung is increased by an average of 27%, a value similar to the
average compensatory increase obtained by physiologic meth-
ods at peak exercise in the same animals.

Comparison of morphometric and physiologic DLco. Wei-
bel et al. ( 19), using airway instillation of fixatives, compared
DLco estimated by morphometry and by the single breath
method at rest in various species of canids; morphometric
DLco was found to be approximately twice that of physiologic
DLco in the same animal. Crapo et al. (29), also using airway
instillation of fixative, compared DLco by morphometry and
by the rebreathing technique at rest in the same dogs; morpho-
metric estimates are nearly three times higher than physiologic
estimates. The large difference between techniques persists in

lungs fixed by the perfusion technique (24), and appears to be
due to a difference in the estimate of membrane diffusing capac-
ity (Dmco) which is nearly 10 times larger by morphometry
than by the rebreathing method. By morphometric technique,
Dmco has been estimated to be 10-fold larger than Dmco
estimated by the Roughton-Forster method in the dog at rest
(29, 30). Estimates of pulmonary capillary blood volume (Vc)
by the two techniques at rest are about the same. In contrast,
when we studied the present foxhounds before pneumonec-
tomy, physiologic DLco increased by more than threefold from
rest to peak exercise and reached the normal range of morpho-
metric estimates (Fig. 3). After pneumonectomy, DLco by
morphometry is on average only 23% higher than that esti-
mated physiologically in the same animal, a closer agreement
than any previous comparison.

One possible explanation for the discrepancy in compari-
sons of DLco and Dmcoby these techniques is the existence of
physiological reserves of diffusing capacity that are not nor-
mally used at rest, but may be mobilized for 02 transport upon
exercise and after pneumonectomy. Morphometric estimates
using intratracheal instillation of fixatives causes the unfolding
of alveolar-capillary membranes (6); all capillaries, including
those devoid of red cells, are included in the calculation of
diffusing capacity. Hence morphometric estimates more
closely reflect the structural capacity where all alveoli and capil-
laries are available for gas exchange. On the other hand, in vivo
videomicroscopic observations by Wagner and colleagues (7)
indicate that there is a progressive increase in the number of
perfused capillary segments as pulmonary pressure is in-
creased. Wagner's data suggest that capillaries are not fully re-
cruited under normal resting conditions. After pneumonec-
tomy, physiologic reserves of diffusing capacity in the remain-
ing lung must be used since the entire cardiac output must now
flow through one lung at any given work load. Thus the limit of
structural capacity for gas exchange in the remaining lung may
be more readily approached during heavy exercise. In previous
publications (5) we showed that physiologic diffusing capacity
increases two- to threefold from rest to heavy exercise, a change
similar in magnitude to the difference between morphometric
and resting physiologic measurements. Our interpretation is
that morphometric DLco reflects the maximum structural ca-
pacity for gas exchange, a limit not physiologically approached
except perhaps during very heavy exercise (3, 5). Hence the
difference between morphometric DLco and physiologic DLco
at rest represents functional reserves potentially available for
recruitment upon exercise. After pneumonectomy, DLco con-
tinues to increase beyond that achieved before pneumonec-
tomy as a result of a higher pulmonary blood flow through the
remaining lung at any given workload. Although no clear
plateau in the linear rise of DLco is observed up to peak exer-
cise equivalent to a cardiac output of 35 liters. min-' through
two lungs, functional reserves in the remaining lung are insuffi-
cient to meet the demands for 02 transport, evidenced by arte-
rial 02 desaturation due to diffusion limitation at moderate
and heavy workloads after pneumonectomy (4). Furthermore,
the pattern of decline in arterial 02 saturation after pneumon-
ectoiny could be predicted from physiologically measured
DLco ( 12). The severity of arterial 02 desaturation is mitigated
by a concomitant reduction in maximal cardiac output. Under
these conditions, a closer agreement between physiological and
morphometric estimates of DLcOcan be expected.

An alternative explanation is that the morphometric model
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may overestimate true Dmco. So called resistance of the mem-
brane to COuptake (1 /Dmco) may be conceptualized as the
sum of multiple resistances in series, i.e., resistances of the gas
phase, the surfactant layer, the tissue, and plasma. The present
morphometric model includes only the last two components;
physiologic measurements include all. If diffusion resistance in
the gas phase is significant, overexpansion of the lung after
pneumonectomy should increase gas phase resistance and par-
tially offset the apparent compensatory increase in DLodue to
thinning of the tissue barrier and to capillary recruitment. In
addition, the gas diffusion coefficients of compressed or homog-
enized lung used to estimate morphometric Dmco(31 ) maybe
significantly greater than those of in vivo alveolar membranes
in which surfactant monolayers remain intact; surfactant
monolayers at an air-surface interface maypotentially increase
the resistance to gas permeation. The present study was not
designed to clarify the contribution of these opposing influ-
ences.

In conclusion, we report that in adult dogs after left pneu-
monectomy, compensation by tissue growth is quite limited.
However, adjustments in existing structures of the remaining
lung, including hyperinflation, thinning of the tissue barrier,
and capillary recruitment after pneumonectomy result in a sig-
nificant compensatory increase in diffusing capacity which con-
tributes significantly to the overall functional compensation.
The degree of functional compensation estimated by either
morphometric or physiologic technique is similar. Wefound a
closer agreement between estimates of DLco by morphometric
and by physiologic methods than previously reported, possibly
because our physiological measurements were performed dur-
ing heavy exercise when nearly all of existing functional re-
serves are exploited. The large discrepancy between these tech-
niques reported in earlier studies is at least partly due to the
failure to take into account the existence of functional reserves
in diffusing capacity.
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