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A B S T RA C T To characterize the outcome of lobec-
tomy in infancy and the low expiratory flows which per-
sist after lobectomy for congenital lobar emphysema,
15 subjects with this history were studied at age 8-30
yr. Total lung capacity was normal in all, but higher
values (P < 0.05) were observed in nine subjects with
upper lobectomy than in five subjects with right mid-
dle lobectomy. Ratio of residual volume to total lung
capacity was correlated (P < 0.05) with the amount of
lung missing as estimated from normal relative weights
of the respective lobes. Xe133 radiospirometry in eight
subjects showed that the operated and unoperated
sides had nearly equal volumes at total lung capacity,
but that the operated side was larger than the unop-
erated side at residual volume. Perfusion was equally
distributed between the two sides. Similar findings
were detected radiographically in four other subjects.
Forced expiratory volume in 1 s and maximal midex-
piratory flow rate averaged 72 and 45% of predicted,
respectively. Low values of specific airway conduc-
tance and normal density dependence of maximal flows
in 12 subjects suggested that obstruction was not
limited to peripheral airways. Pathologic observations
at the time of surgery and morphometry of the resected
lobes were not correlated with any test of pulmonary
function.

This study was presented in part at the 89th Annual Meet-
ing of the American Pediatric Association, May 1979, Atlanta,
Ga., and published in abstract form in 1979. Pediatr. Res. 13:
538.

Dr. Jackson's present address is Califomia Primate Respira-
tory Center, University of California in Davis, Davis, Calif.
95616. Dr. Morton's present address is Prince of Wales Chil-
dren's Hospital, University of NewSouth Wales, Sydney, Aus-
tralia, Dr. Zwerdling's new address is La Rabida Children's
Hospital and Research Center, 65th Street at Lake Michigan,
Chicago, Ill. 60649. Dr. Williams' present address is Wads-
worth Hospital, University of California at Los Angeles, Los
Angeles, Calif. 90073.

Received for publication 14 February 1980 and in revised
form 20 June 1980.

962

These data show that lung volume can be completely
recovered after lobectomy for congenital lobar emphy-
sema in infancy. The volume increase occurs on the
operated side, and probably represents tissue growth
rather than simple distension. The response to resec-
tion is influenced by the particular lobe resected and
may be associated with decreased lung recoil near resid-
ual volume. Low expiratory flows in these subjects
could be explained by several mechanisms, among
which a disproportion between airway and parenchy-
mal growth in infancy (dysanaptic growth) is most com-
patible with our data.

INTRODUCTION

Following pneumonectomy or lobectomy, the remain-
ing lung tissue grows and expands so that total lung
volume returns toward normal (1, 2). Animal studies
(2-5) suggest that this response is most vigorous in the
newborn period. Congenital lobar emphysema (CLE)1
is one of the few indications for lobectomy in human
infants. Several studies (6, 7) have found that years after
lobectomy for CLE, total lung capacity approximates
mean predicted value, suggesting that there is a com-
pensatory increase in lung volume after resection in
infancy. Maximal expiratory flows, however, are re-
ported to be abnormally low in these individuals (6, 7).

To document the extent and pattern of compensatory
lung growth after lobectomy in infancy, we studied 15
individuals with a history of CLE. To elucidate the eti-
ology of their decreased maximal flows, we evaluated
lung recoil and the site of airway obstruction, reviewed

1Abbreviations used in this paper: CLE, congenital lobar
emphysema; FEV, forced expiratory volume; MEFV, Maxi-
mumexpiratory flow-volume; MMFR, Maximal mid-expira-
tory flow rate; Q, perfusion; RV, residual volume; SGaw, spe-
cific conductance; TLC, total lung capacity; V, regional vol-
ume; V, ventilation; VC, vital capacity; VisoV, volume of
isoflow; AVmax5o, ratio of maximum expiratory flows at 50%
VC on He-02 and room air.
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TABLE I
Clinical Data

Age at Age at
time of time of Lobe Estimated

Subjects Sex surgery study Height resected loss

yr cm %*

1 M I wk 8 131 RMLt 8
2 M 6 mo 12 160 RML 8
3 M 2 mo 14 168 RML 8
4 M 7 mo 16 175 RML 8
5 F 2 wk 17 154 RML 8
6 M 8 mo 25 172 RML 8
7 M I wk 11 151 RUL 15
8 M I wk 11 134 LUL 22
9 M 1 mo 16 165 LUL 22

10 M 2 wk 14 167 RUL 20
11 M 3 yr 19 176 LUL 17
12 M 2 yr 32 178 RUL 20
13 M 6 mo 20 177 RUL, RML 28
14 M 3 mo 16 161 LUL

6 mo RML 30
15 M 2 wk 12 140 LUL

14 wk LLL 45

* Percent of lung weight, based on normal weights of individual lobes (8).
t RML, right middle lobe; RUL, right upper lobe; LUL, left upper lobe; LLL, left
lower lobe.

the pathology, and made morphometric measurements
on sections of the resected lobes.

METHODS
We studied 15 of the 43 individuals operated for CLE at
Children's Hospital Medical Center between 1947 and 1970.
Of the remaining 28, 4 had died, 12 could not be located, 3
were living outside New England, 2 declined to participate,
and 7 were inappropriate for study because of associated ab-
normalities such as congenital heart disease.

All subjects had presented in early childhood with hyperlu-
cent lobe on chest radiograph, displacing the remainder of
the lung. In each case the surgeon described a distended
lobe which did not deflate with expiration when the chest was
opened. In one (patient 6) the lobe appeared to be twisted
1800 on its pedicle. In the others, no extrinsic obstruction was
seen. The estimated amount of lung resected (8) ranged from
8%of total lung tissue for right middle lobectomy to 45% for
left pneumonectomy (Table I). CLE rarely involves lower
lobes (9) and only the subject with pneumonectomy (patient
15) had a lower lobe resection.

At the time of study, the subjects ranged in age from 8 to 32
yr. 11 reported no unusual respiratory symptoms since early
childhood. Two had a history of asthma, one of whom (pa-
tient 1) was taking an oral theophylline preparation. Two
others described mild dyspnea on exertion. None had had an
upper respiratory infection in the 6 wk preceding the tests.

Spirometry was performed with a water-sealed spirometer
(W. E. Collins, Inc., Braintree, Mass.). Forced expiratory vol-
ume in 1 s (FEVy), maximal mid-expiratory flow rate (MMFR),
and vital capacity (VC) were read from the best of three spiro-
graphic tracings.

Total lung capacity (TLC) was measured with a pressure-

compensated, volume-displacement plethysmograph (J. H.
Emerson Co., Cambridge, Mass.) by the method of Dubois et
al. (10). TLC was measured six times and the results averaged.
Residual volume (RV) was calculated by subtracting VC from
TLC. Airway resistance was measured at functional residual
capacity with a modification of the Dubois method (11). The
inertance of the pneumotachometer, shutter, and tubing used
to direct flow back into the plethysmograph caused flow to be
out of phase with volume. To compensate for this phase lag, a
signal proportional to acceleration was added to the flow signal
until flow and volume were in phase. Specific conductance
(SG.,) was calculated from resistance and the average of six
separate determinations recorded. Results of spirometry, lung
volumes, and specific conductance were compared with pub-
lished normal values (12-15).

Maximal expiratory flow-volume (MEFV) curves were ob-
tained on room air and after the subject had been breathing a
mixture of 80% helium and 20% oxygen (He-02) for 3 min.
Expiration was performed into a meteorological balloon
contained in a rigid box. Flow was measured as airflow out of
the box with a 4 Fleisch pneumotachometer (Dynasciences,
Blue Bell, Pa.) and volume with the plethysmograph. In 10
subjects, three curves on each gas mixture were filtered (16),
averaged (17), and printed out by a digital computer (PDP
11-34, Digital Equipment Corp., Marlboro, Mass.). In five
others (patient 2, 5, 8, 11, 14) the curves were displayed on an
oscilloscope, and the best on each gas mixture were photo-
graphed for analysis. With both methods the curves agreed
within 5% for VC. Room air MEFV curves with flow
normalized by each subject's VCwere compared with normal
values (18). Roomair and He-02 curves were matched at TLC
to determine the ratio of maximum flows on He-02 and on air at
50%VC (AVma,cO) and the volume of isoflow (VisoV).

Static lung recoil was measured in six subjects and fre-
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quency dependence of dynamic compliance in four. A 10-cm,
thin-walled latex balloon mounted on a polyethylene (PE 200)
catheter was positioned in the middle third of the esophagus
(19). Transpulmonary pressure measured between mouth-
piece and esophageal balloon was related to plethysmographic
volume during a slow, interrupted expiration from TLC
immediately after three consecutive maximal inspirations. At
least 20 volume-pressure points from three acceptable maneu-
vers were plotted on rectangular coordinates and the best pres-
sure-volume curve fitted by eye.

Dynamic compliance was measured by the method of Mead
et al. (20). Before each study, we synchronized the balloon-
catheter-transducer system with the flow transducer at fre-
quencies up to 15 Hz. Subjects breathed through a large bore
three-way valve and 4 Fleisch pneumotachometer (Dyna-
sciences) with a bias flow of 0.5 liter/s. Following a maximal
inspiration, they returned to functional residual capacity and
breathed either spontaneously or in time with a metronome at
20, 40, 60, and 90 breaths/min. At each frequency, subjects
were able to keep functional residual capacity within 200 ml
and tidal volume within 100 ml of spontaneous breathing values
by observing plethysmographic volume displayed on an oscil-
loscope. Plethysmographic volume, air flow at the mouth, tidal
volume obtained by integrating flow, and transpulmonary
pressure were simultaneously recorded (model 7788a, Hew-
lett-Packard, Palo Alto, Calif.) Inspired tidal volume was di-
vided by the difference in transpulmonary pressure measured
between points of no flow at the beginning and at the end of
inspiration. Dynamic compliance was plotted as a function of
respiratory rate.

Closing volume was determined in five subjects by the
helium bolus technique with an orifice helium analyzer (21).
The concentration of helium was displayed against expired
lung volume measured by a spirometer (Med-Science Elec-
tronics, St. Louis, Mo.). In eight other subjects, closing vol-
ume and slope of the alveolar plateau (slope of phase III)

were measured with the single breath oxygen test (22). Fol-
lowing a maximal inspiration of 100% oxygen from RV, flow
and N2 concentration at the mouth were monitored simultane-
ously during expiration. The computer sampled signals for
flow and N2 concentration simultaneously at 50-ms intervals,
integrated the flow signal for expired volume, and com-
pensated for sampling delay and 90% rising time of the
nitrogen analyzer (Nitrolyzer, Beckman Instruments, Inc.,
Fullerton, Calif.). Plots of N2 concentration against expired
volume for three separate maneuvers were used to calculate
the slope of phase III and the closing volume (23).

An aerosol of isoproterenol was given to all subjects but
two, until pulse rate had increased by 15-20 beats/min.
Spirometry and measurements of lung volume and airway
resistance were then repeated.

Radiospirometry was performed in eight subjects in the
erect position with a gammascintillation camera and on-line
digital computer according to a modification (24) of the tech-
nique of Ball et al. (25). Regional volume (V), ventilation (V),
and perfusion (Q) were calculated for each lung and for the
three zones into which each lung was divided. Relative vol-
umes of the right and left sides, respectively, were determined
after rebreathing at RV as well as at TLC. Inspiratory-expira-
tory film pairs or chest fluoroscopy were obtained in 14 sub-
jects. Radiographs, interpreted by Dr. N. T. Griscom, who was
unaware of individual surgical histories and physiological re-
sults, were rated for the relative volumes of the two sides at
TLC and at RV, for abnormalities of perfusion, for localized
air trapping, and for any other radiographic abnormalities.

Pathologists' reports of the resected lobe at the time of oper-
ation mentioned abnormalities in the quantity or distribution
of bronchial cartilage in six cases (Table II). In one of these
(patient 12) distortion of the bronchial architecture consistent
with congenital bronchiectasis was also found. The bronchial
cartilage was reported to be normal in six other cases, and
was not described in three. Histologic slides or embedded

TABLE II
Morphomnetry, Pathology, and Surgical Observations

Radial alveolar count

Subjects ObservedtSEM PredictedtSD Pathologic and/or surgical observations

1 4.9±0.36 4.4+±0.9 Bronchi unremarkable, interstitial emphysema
2 4.8+0.42 4.4+0.9 Absent cartilage
3 5.7+0.38 5.5±+1.3 Normal cartilage
4 9.7+0.56 6.6± 1.7 Absent cartilage in lobar bronchus
5 8.9+0.27* 5.5±+1.3 Normal cartilage
6 7.7+0.40 6.6±+1.7 Half twist in RMLbronchus
7 7.3+0.51* 4.4+0.9 Decreased bronchial cartilage
8 5.8±0.31 4.4+0.9 Absent cartilage
9 6.5±0.22 4.4+0.9 Normal cartilage

10 11.3+0.83* 5.5+±1.3 Decreased cartilage (surgical observationi)
11 4.9+0.34 7.3+1.4 Normal cartilage
12 6.0+0.58 7.3±+1.4 Absent cartilage, congenital bronchiectasis
13 7.0+0.45 5.5±+1.3 Normal airway caliber
14 6.5+0.45 6.6±+1.7 Normal cartilage, ? small bronchus
15 5.8+0.36 5.5±+1.3 LUL: Absent cartilage

8.3+±0.49 6.6+1.7 LLL: Bronchial obstruction, ? suture granuloma

Observed radial alveolar count and predicted value based on age at operation (26). A lobe was
considered polyalveolar if the 95% confidence intervals of the observed mean (mean+±2 SEM)
and predicted normal values (predicted mean+±2 SD) did not overlap.
* Polyalveolar lobes.
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blocks of tissue from the excised lobes were still available
for all 15 subjects, and were reviewed by Dr. A. J. Williams.
The number of alveoli per acinus was estimated by radial
alveolar count (26). Mean value of at least 20 separate deter-
minations of the number of alveolar walls between respiratory
bronchioli and connective tissue septae was compared to age-
matched normal values (26).

Two-tailed Student's t test and linear regression techniques
were used in data analysis.

RESULTS

On physical examination, the subjects showed no evi-
dence of muscle weakness or other abnormalities
which might interfere with the performance or inter-
pretation of the tests. Heights and weights were normal
for age and evenly distributed about mean expected
values. One subject (patient 14) had alpha-l-antitrypsin
phenotype MS; all others were M.

VCwas in the normal range in 13 of the 15 subjects,
and TLC was normal in the 14 in whom it was meas-
ured (Table III). Nevertheless, the mean values of VC
and TLC (94 and 93% of predicted, respectively) were
smaller than expected (P < 0.05 and P < 0.025). RV/
TLC was elevated only in the subject with left pneumo-
nectomy.

MEFVcurves on air showed that expiratory flows
were >1 SD below mean values for healthy age-
matched individuals (Fig. 1). FEV1, FEVN/VC, MMFR,
and/or SGaw were below the normal range in 14
of the 15 subjects (Table III). FEV1 and MMFRaver-
aged 73 and 45% of mean predicted values, respec-

tively, and SGaw0.11 liter/s per cm H20/liter, whereas
0.14 is the lower limit of the normal range (14). Four
subjects (patient 1, 6, 11, 14) had a component of revers-
ible airway obstruction indicated by an increase of
FEV, > 13%(27) after isoproterenol aerosol inhalation.

Individual values of AVma,,,. (Table IV) were in the
range reported for a healthy population (28). Three sub-
jects who had Avmax5, below the predicted mean of 1.4
also had values of VisoV greater than predicted for age,
consistent with decreased density dependence of maxi-
mal expiratory flows.

Static pressure-volume curves (Fig. 2) were com-
pared with curves of age-matched normal individuals
obtained in this laboratory by the same technique and
to the data of Turner et al. (29). One young subject
(patient 7) had decreased lung recoil at high lung vol-
umes, and one adult (patient 12) decreased recoil at low
lung volumes. Four other subjects had normal pressure-
volume curves. Dynamic compliance, measured in four
subjects, fell as a linear function of breathing rate (r
=-0.76 to -0.80). As compared to static values,
dynamic compliance at 1 Hz fell by 28% in patient 3,
65% in patient 6,35% in patient 7, and 45%in patient 12.

Closing volumes and the slope of phase III were
within the expected range of normal (Table IV).

Radiospirometry showed that at TLC the operated
lung was nearly normal in size compared with the un-
operated lung (Table V). The operated side contributed
a mean of 50%of total counts in six subjects with right-
sided resections, and 46 and 47%, respectively, in two

TABLE III
Lung Volumes, Flows, Airway Resistance, and Isoproterenol Response

A FEV, with
Subjects TLC VC FEV, MMFR SG,,. isoproterenol

liter %P* liter %P* liter %PI %VC liter/min %P§ literlslcm %base line
H20/iter

1 1.69 85 0.92 58 54 27 19 +63
2 3.85 81 3.10 86 2.36 77 76 128 56 0.18
3 4.68 88 3.91 93 2.76 81 71 134 53 0.15 +5
4 5.63 90 4.16 88 2.62 71 63 108 39 0.09 +9
5 3.73 91 3.23 103 2.39 85 74 132 63 0.13 -1
6 5.40 86 4.53 94 2.76 72 61 102 38 0.08 +19
7 4.09 103 3.28 108 2.44 92 74 128 63 0.11 -2
8 2.86 103 2.30 108 1.64 85 71 87 59
9 5.15 99 3.77 95 2.22 68 59 94 34 0.12 +9

10 5.39 100 4.27 104 2.15 61 50 58 29 0.10 +8
11 6.07 92 4.85 93 2.79 67 57 134 62 0.08 +28
12 6.56 98 5.04 101 3.26 81 65 128 50 0.13 +7
13 6.47 98 4.93 97 3.18 78 65 115 52 0.11 +4
14 3.89 80 2.80 76 1.42 46 51 50 21 0.10 +13
15 2.72 87 1.84 77 1.40 63 76 71 42 0.08 +2

* Percent of mean predicted values: reference (12) for ages 1-17 yr, (13) for ages over 17 yr.
$ Percent of mean predicted values: reference (14) for ages 1-17 yr, (13) for ages over 17 yr.
§ Percent of mean predicted values: reference (14) for ages 1-17 yr, (15) for ages over 17 yr.
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FIGURE 1 Maximum expiratory flow volume curves. MEFVcurves on air with flow expressed
as vital capacities per second. Mean values for age-matched healthy males (18) of maximum flow
at 50 and 25% of vital capacity+SD are indicated by bars and shaded areas extrapolated from
these values. Interrupted curve is that of the only female subject.

subjects with left-sided resections. With our technique,
the right side normally contributes 53% of the total
counts detected at TLCand the left side 47%(30). At RV
the operated side was responsible for a greater share of
the total counts than at TLC. Pulmonary blood flow and
ventilation were distributed in proportion to volume on
the right and left sides, as indicated by normal Q/V and
V/V ratios (Table V). Vertical gradients of perfusion and
ventilation were normal on both sides. Two of eight
subjects (patients 10 and 12) had small areas of delayed
washout on the operated side.

Radiographic estimates of the volumes of the two
sides at TLC and RV agreed closely with radiospiro-
metric data. In two of the four subjects who had radio-
graphs but no radiospirometry, relative volume of

TABLE IV
Density Dependence, Closing Volume, and Slope of Phase III

Closing Slope of
Subjects / V.,,,.. VisoV volume phase III

%VC %NJliter

1 1.47 1212
2 1.46 4 0 -
3 1.28 2 6 1.1
4 1.37 6 5 0.8
5 1.39 39 12
6 1.51 12 9 0.7
7 1.47 8 9 0.7
8 1.67 8 -8
9 1.52 8 15 1.7

10 1.47 5 10 0.9
11 1.68 0 6
12 1.19 31 11 1.7
13 1.34 11 0
14 1.27 26 0
15 1.54 7 13 0.8

the operated side was normal or only minimally de-
creased at TLC and was increased at RV. Air trapping
was identified in one (patient 10) of the two subjects
who had delayed washout by radiospirometry and was
confined to a small region of the operated side.

Lung volumes had no correlation with the estimated
amount of lung removed but did depend upon the par-
ticular lobe resected. In nine cases of upper lobectomy,
TLC averaged 96% of mean predicted value. In five
cases of right middle lobectomy, TLC averaged 87%of
mean predicted value, significantly smaller than ex-
pected (P < 0.01) and smaller than the mean TLC ob-
served after upper lobectomy (P < 0.05). Only RV/TLC
correlated (P < 0.05) with the estimated amount of
lung resected (Fig. 3).

No statistical relationship between the age at surgery
and tests of airway function could be established.
Nevertheless, the three subjects with the highest
values of FEVy were operated within the first 2 wk of
life.
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FIGCURE2 Lung pressure-volume curves. Data of three
children and three adults are presented with lung volume ex-
pressed as a percent of observed TLC. Shaded areas represent
range of values for 8 healthy males 10-14 yr of age in our lab-
oratory, and 12 males 20-32 yr of age from the data of Turner
et al. (29).
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TABLE V
Share of Function on Operated Side by Radiospirometry

Volume at TLC Volume at RV

Subjects Predicted Observed Observed Q/V AT TLC V/V AT TLC

2 53 48 1.00 0.98
3 53 53 59 1.06 0.97
7 53 50 55 1.00 0.98
9 47* 46 50 0.98 1.04

10 53 52 57 0.92 0.91
11 47* 47 51 0.94 0.99
12 53 51 57 0.87 0.92
13 53 48 52 1.10 1.17

Mean values 51.5 49.5 54.4 0.98 1.00

* Subjects with left-sided resections.

On the basis of radial alveolar counts (Table II), 3
resected lobes had too many alveoli per acinus (poly-
alveolar lobe), and 12 had a normal number of alveoli
per acinus for the subject's age at surgery. It was not
possible physiologically to distinguish between these
two groups of individuals. Neither was it possible to
correlate lung volumes or tests of airway function with
reported abnormalities of airway cartilage in the re-
sected lobes.

DISCUSSION

Lung volumes. The normal lung volumes in these
individuals indicate that lobectomy in infancy can be
followed by a vigorous compensatory increase in lung
size. Although overestimation of lung volumes by
plethysmography has been observed during asthmatic
attacks (31), such errors, which have been attributed to

0.4r
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0.1

0
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@0
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r-0.80
P' 0.05

0 10 20 30 40 50

PERCENT RESECTED
FIGuRE 3 RV/TLC as function of lung resected. Open circles
represent subjects 6, 11, and 14, who had reversible airways
obstruction.

widespread airway closure, are unlikely in our subjects
who had normal closing volumes. Our subjects did not
differ in race or physical stature from the populations
used for comparisons (12-13).

The magnitude of volume compensation appeared to
depend on the particular lobe resected. The significant
difference between the nearly complete compensa-
tion after upper lobectomy and the absence of compen-
sation after right middle lobectomy could not be ex-
plained by consideration of age at the time of surgery,
clinical presentation, structure of the resected lobes, or
degree of airway obstruction present at the time of
study. Therefore, volume compensation in infancy, al-
though nearly complete after upper lobectomy, may not
be stimulated by removal of the right middle lobe. A
comparable phenomenon has been observed after
experimental surgery in dogs (32), in whom upper
lobectomy was consistently followed by less vigorous
volume compensation than lower lobectomy. Al-
though the particular lobe associated with compensa-
tion was different in dogs than in infants with CLE, it
appears that anatomic factors other than lobe size in-
fluence the compensatory response after resection.

In animal models, the lung remaining after pneumo-
nectomy, lobectomy, or lobar collapse attains the vol-
ume expected for body weight, and DNA, RNA, and
protein contents of the lung increase concomitantly (3,
4, 33, 34). When resection is performed in young rather
than adult animals, the compensatory response is faster
(2, 3, 35) and is associated with a greater increase in
cell number (4), gas exchanging surface area (3, 5) and
alveolar number (5). Webelieve that these differences
reflect a greater potential for lung growth in younger
animals.

After lobectomy in human adults there is a permanent
loss of lung volume and function (36-38). After lobec-
tomy in childhood, Filler (39) observed only modest
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volume compensation, and Cook and Bucci (40) could
find no evidence of compensatory growth. Two groups
of five children were previously studied after surgery in
infancy for CLE (6, 7). In both groups, as in our subjects,
TLC was found to be normal, suggesting that lung vol-
ume is more completely recovered after lobectomy in
infancy than later in life. However, age may not be the
only factor accounting for this difference if the particu-
lar lobe resected influences volume compensation in
childhood. Although the majority of reported subjects
with CLE, and all of our subjects with volume compen-
sation, had lost upper lobes, only two of the nine
studied by Cook and Bucci had had upper lobectomies.

Volume compensation in our subjects resulted from a
unilateral increase in the volume of lobes remaining on
the operated side. Of the factors which may be involved
in determining lung growth (41), only mechanical
stretch seems likely to explain this confinement of com-
pensatory growth to the operated side. Although chemi-
cal mediators (42, 43) may initiate tissue growth and
cellular division after resection, mechanical factors may
modify the response by encouraging growth on the
operated side or by limiting growth on the other side.
There is considerable evidence that decreased
mechanical stretch limits lung growth and alveolar mul-
tiplication (2, 33, 44, 45). Evidence that increased me-
chanical stretch facilitates lung growth is limited. In
children with congenital diaphragmatic hernia, the af-
fected lung, which is small and hypoplastic at birth,
attains normal volume years after repair of the hernia
(46) even though perfusion is permanently reduced
(47). After bilobectomy in rats, both the operated and
unoperated lung participate in compensatory growth
(34). In such animal models, however, the compliant
mediastinum may not allow pleural pressure to be
more negative on the operated than the unoperated
side.

The normal distribution of blood flow between both
lungs in our subjects indicates that pulmonary vascular
resistance was similar on the two sides, and suggests
that the vascular bed of the operated lung had grown
in proportion to the compensatory increase in lung
volume. Therefore, the response to resection appeared
to involve more than simple distension of the operated
side. Previous studies of lung function after lobectomy
in infancy for CLE (6, 7), in spite of reporting normal
TLC, concluded that the volume increase was accom-
plished by distension rather than tissue growth. This
conclusion was based on measurements of diffusing
capacity in the low normal range, and increased RV.
Wedid not measure diffusing capacity, and our subjects
with greater volume compensation had higher values of
RV/TLC (Fig. 3). However, RVwas well within the nor-
mal range in all but one of our subjects, further indicat-
ing that the volume increase of the operated lung in-
volved growth.

Lung elastic recoil. Normal pressure-volume
curves in four of the six subjects studied and normal
closing volumes in all indicate that lung elastic proper-
ties are normal in many subjects with a history of CLE.
Nevertheless, significantly higher values of RV/TLC
in subjects with more extensive resection (Fig. 3) sug-
gest that decreased recoil at low volumes was asso-
ciated with compensatory growth. The consistent fail-
ure of the operated side to empty as completely as the
other side by radiospirometry is evidence that recoil
was lower on the side involved in volume compensa-
tion. Decreased recoil could reflect an abnormal elastin
network (48) or abnormally large airspaces on the oper-
ated side (if volume compensation involved airspace
enlargement). Early airway closure on the operated
side could also explain these observations, but closing
volumes were normal. After contralateral pneumo-
nectomy in the rat, lung recoil is also abnormal
near RV (3).

Airwayfunction. Measurements of maximal expira-
tory flows and airway conductance confirmed persistent
airway obstruction in most individuals operated for
CLE. Four of our subjects had a reversible component
of airway obstruction. In the others there was little
response to isoproterenol, density dependence was
normal, SGawwas reduced, and RV/TLC was not ele-
vated. Therefore, decreased flows could not be at-
tributed to asthma, to obstruction limited to the periph-
eral airways, or to abnormalities of elastic recoil.

The physiologic findings in this study are consistent
with a disproportion between airway size and lung vol-
ume, as could result from unequal growth of airways
and lung parenchyma. Such disproportionate growth,
referred to as dysanapsis (49), has been proposed to ex-
plain the variability of maximal flows among healthy
individuals (49), the abnormally low flows observed
in high altitude natives who have large lungs (50), and
the difference between flows of males and females (51).
Unequal growth of airways and parenchyma has been
documented after bilobectomy in animals (34).

In our subjects, airways could have grown less than
lung parenchyma either during the compensatory re-
sponse after surgery or before surgery, when the
healthy lung was displaced by the emphysematous
lobe. Dysanapsis during compensatory growth, by com-
promising airway function primarily on the operated
side, may have contributed to the frequency de-
pendence of compliance observed in several subjects.
Such compensatory growth is, however, unlikely to
have been the only cause of decreased flows, since sub-
jects with middle lobectomy, who had no evidence of
volume compensation, were as obstructed as other sub-
jects. Dysanapsis could have occurred before surgery
if compression by the large abnormal lobe adversely af-
fected airway growth more than parenchymal growth.
This mechanism would affect airways on both sides and
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would explain the presence of airway obstruction inde-
pendent of the extent of compensatory response, the
amount of lung tissue resected, and the pathologic and
morphometric findings. If airway growth were in-
hibited before surgery, early lobectomy might be asso-
ciated with better residual airway function. In our sub-
jects the distribution of ages at surgery was narrow and
the timing of surgery was not significantly related to any
parameter of airway function. Nevertheless, the three
subjects with the highest FEV1 were operated in the
first few weeks of life.

Morphometry and pathology. The distinct morpho-
metric and pathologic patterns that have been identi-
fied in resected lobes of children with CLE suggest
that this syndrome may not represent a single patho-
physiologic entity. Reid (52) and co-workers have docu-
mented that some such lobes contain a greater than nor-
mal number of alveoli (polyalveolar lobes) or too few al-
veoli (hypoplastic lobes). Still other lobes have normal
alveolar numbers, suggesting that emphysema in these
cases is the result of processes unrelated to alveolar de-
velopment, probably including lobar bronchial ob-
struction as in subject 6.

In designing this study, we hypothesized that if the
congenital defect responsible for the lobar emphysema
were also responsible for the normal lung volumes or
abnonnally low flows later in life, then measurements
of lung function might be related to the structure of the
resected lobes. Histologic slides or embedded blocks
were available for each of the 15 subjects. Because the
lobes had been fixed at various levels of inflation and
because the amount of tissue available was limited,
direct morphometric estimates of alveolar number and
size could not be made. Wechose, therefore, to use the
Emery-Mithal method (26), which allows estimates of
alveolar development unaffected by techniques of
fixation. There was no statistical difference in physio-
logic tests between the 3 subjects with a polyalveolar
lobe and the 12 with normal numbers of alveoli. With
any morphometric technique, however, identifying a
polyalveolar lobe may be imperfect in subjects op-
erated beyond the first months of life; alveoli in a poly-
alveolar lobe may not continue to proliferate after birth,
and a lobe with too many alveoli at birth may have a
normal number of alveoli at the time of surgery.

Campbell (53) has reported abnormalities of airway
cartilage in resected lobes from some infants with CLE,
and has suggested that this abnormality may cause the
airway obstruction responsible for lobar emphysema.
Histologic sections available to us did not include large
airways in sufficient numbers to quantify airway carti-
lage. However, reports from the time of surgery did in-
clude evaluations of airway cartilage based on the
gross examination and dissection of the resected lobe.
No difference in pulmonary function could be esti-
mated between subjects whose resected lobe had ab-

normal cartilage, and those with normal cartilage, as
judged by the surgical pathologist.

Summary. The clinical well-being of our subjects
attests to the good prognosis of children operated for
CLE who have no associated congenital abnormalities.
Their normal lung volumes, radiographs, and radio-
spirometric data suggest that compensatory growth had
occurred in response to the lobectomy in infancy. Low
expiratory flows, the only persistent abnormality, ap-
pear unrelated to peripheral airways obstruction or de-
creased elastic recoil in most of these individuals, and
may represent dysanaptic growth of airways and lung
parenchyma, although a diffuse congenital abnormality
in the airways cannot be excluded.
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