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ABSTRACT The lungs of two patients who died eight months and 64 months after repair of a

left-sided diaphragmatic hernia on the first day of life were examined. Lung volumes were

appropriate for the size of the children, and the ratio of right lung volume to left lung volume
was also normal in both patients. The lungs, however, were grossly abnormal with evidence of
enlargement and destruction of respiratory tissue. The left lung was affected more than the right
in both subjects. In one patient the total number of alveoli in the lungs was similar to that of
normal children of the same age, but this was because the right lung had more than twice as

many alveoli as the left lung. It appears that alveolar multiplication is impaired after repair of
diaphragmatic hernia. The number of bronchioles was reduced in the infant with very few
alveoli, and there may have been too few bronchioles in the other patient.

In 1962 Dunnill (1962b) showed that most alveoli
developed in infancy and early childhood.
Kitagawa et al (1971) published the first morpho-
metric study of the lungs of a full-term infant with
a diaphragmatic hernia who died three to four
hours after birth. They found extensive impair-
ment of growth in both lungs with fewer small
bronchial and bronchiolar divisions and fewer con-
ventional and supernumerary branches of the pul-
monary arteries. They considered that the number
of alveoli, assessed indirectly, per acinus was nor-
mal and thus there were too few alveoli because
there were too few acinar units. The ipsilateral
(left) lung was considerably smaller in volume
than the right lung but the alteration in airway
branching was about the same in both lungs, and
there were fewer supernumerary branches of the
pulmonary artery on the right side. Similar alter-
ations in the airways were noted by Areechon and
Reid (1963) and by Boyden (1972), and these
authors also noted greater alterations in the lower
lobes. Kitigawa et al (1971) pleaded for functional
studies in the lungs of children subsequent to re-
pair of diaphragmatic hernias since they felt that
adequate further alveolar multiplication was un-
likely to occur. They stated "Perhaps the most
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that would be achieved would be multiplication to
give the normal alveolar number supplied by each
terminal bronchiolus-an outcome that is sug-
gested by the normal radiograph of patients some
months after correction of a hernia. Since this
would mean a total reduced alveolar number,
emphysema must develop if and when lung vol-
ume became normal." We have been able to
examine the lungs of two patients who died eight
and 64 months after repair of diaphragmatic
hernia, and our results substantiate their
hypothesis.

Case reports

CASE 1 (University of California, San Francisco)
A 2500 g boy was born at 36 weeks gestation and
developed respiratory distress shortly after birth.
He was operated on at 6 hours of age and a left
diaphragmatic hernia was found that contained
the spleen, stomach, entire small bowel, most of the
colon, and the left lobe of the liver. The left lung
was bilobed and about 1 cm in diameter. The
hernia was reduced and repaired using a Dacron
patch.
The postoperative course was complicated by

hydrocephalus of unknown aetiology and pul-
monary hypertension and insufficiency. For the
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first week of life he was ventilated with 100%
oxygen, and high inspiratory and expiratory
pressures at a respiratory frequency of 80-100
breaths/min were needed to maintain adequate
oxygenation. Between 7 and 35 days of age he was
ventilated with 25-30% oxygen at decreasing
respiratory rates until he was able to breathe spon-
taneously against a continuous positive airway
pressure of 3 mmHg (0-4 kPa). He was extubated
at 2 months of age. A chest film at 79 days of age
showed lungs that distended the thorax, and the
left lung was overinflated and hyperlucent (fig 1).
At 3 months of age head growth accelerated, and
a ventriculoperitoneal shunt was inserted because
of hydrocephalus. This became infected and was
removed after nine days and a second shunt was
inserted at 4 months of age, which required re-
vision at 5 months. At this stage he had no respir-
atory difficulty, and his arterial blood gases on
room air were Po2 45-50 mmHg (6 1-6-8 kPa)
and Pco2 45-50 mmHg (6d1-68 kPa). At 6 months
severe respiratory distress occurred because the
diaphragmatic hernia dehisced. This was repaired,
and he gradually improved and was extubated on
the tenth postoperative day. He subsequently de-
veloped, however, Escherichia coli meningitis and
ventriculitis that was resistant to treatment and he
died when 8 months old.
At necropsy he was a small infant weighing

3500 g and measuring 57 cm, but when admitted
he had weighed 4900 g. The left lung weighed 45 g
and the right lung 54 g. The lungs were distended

4,~~~~~~~~~~~0,

Fig 1 Patient 1. Left lung is hyperlucent and
overinflated.

with 10% glutaraldehyde at a transpulmonary
pressure of 25 cmH2O (2-5 kPa) for 36 hours and
were flown to Winnipeg. On arrival the left lung
volume was 136 cm3 and the right lung volume
was 142 cm3. The main and segmental bronchi
were normal in number and arrangement on both
sides as were the proximal three generations of
bronchi. An attempt was made to enumerate the
numbers of generations in the axial pathway of the
posterior basal segment on both sides, but this was
unsuccessful because priority was given to sam-
pling of tissue for morphometry. Air spaces were
variable in size in the right lung, but all were too
large when compared to an infant of similar age
(fig 2). The air spaces were even larger in the left
lung, and several regions of enlargement and des-
truction of lung tissue were evident, and these
comprised about 5% of the lung volume. The
lungs were subjected to standard morphometric
examination (Dunnill, 1962a, 1964; Weibel, 1963).
The left lung contained 4'9 million alveoli and the
right lung 15 7 million alveoli. Other morpho-
metric data are shown in table 1. The number of
bronchioles in the lungs were counted using
method 2 as described by Matsuba and Thurlbeck
(1971). The number of bronchioles in the left lung
was 3557 and in the right lung 4326.

CASE 2 (Hospital for Sick Children, Toronto)
This 3420 g boy developed acute respiratory
distress shortly after birth at 37 weeks gestation.
The child was operated on at 24 hours, and a left
diaphragmatic hernia was found to contain
stomach, spleen, small bowel, transverse colon, and
left kidney and adrenal. The hernia was reduced
and the diaphragm sutured with silk. The post-
operative course was uneventful and assisted
ventilation was not required. On the 19th post-
operative day the left lung had fully expanded but
the mediastinum appeared slightly shifted to the
left. At age 2 months the child was readmitted for
eight days for microbiologically proved pertussis
infection. At this stage, and also at age 13 months,
the chest radiographs were normal, as were
arterial blood gases on room air. Functional
residual capacity (FRC), dynamic compliance, and
respiratory frequency were normal at 13 months
of age.
At age 5 years 4 months he fell down two flights

of stairs and was admitted to hospital deeply
comatose. Bilateral acute frontal extradural
haematomas and a subdural haematoma were
evacuated, but the patient did not recover con-
sciousness and died three days after admission.
At necropsy the child was well developed,

weighing 17-2 kg and measuring 113 cm. The left
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Fig 2 Patient 2. A normal lung (a) from
a 9-month-old infant is compared to
right lung (b) and left lung (c) in
patient 1. A focus of obvious destructive
emphysema is shown at (d). Barium
sulphate impregnated slices, according
to the method of Heard (1960)
(enlarged X18).

Table 1 Morphometric data of the lungs of the two patients

Age Length Weight VL VL NV NV N4T X JO- 6 Lm SA SA f'alv x JO- 6pm3
(months) (cm) (kg) Litre (dmi) % 10 4/cm3 Y. Jm m2 %

Patient 1 8 57 4 9 L0 136 3-60 13 4-9 395 1-02 - 19-08
R 0-142 - 10-68 38 15-7 315 1-08 - 5-12
T 0-278 111 - - 20-6 - 2-10 31 -

Patient 2 64 113 17-2 L 0-72 - 14-98 73 108 238 7-63 - 3-54
R 0 79 - 30 58 149 242 185 10-27 - 1-64
T 1-51 84 - - 350 - 17 9 61

VL=Volume oflung following inflation; VL %=Lung volume as a percentage of predicted; Nv=Number of alveoli per cm3; Nv%=Number of
alveoli per cm3 as percent of predicted; NAT=Total number of alveoli; Lm=Average interalveolar wall distance; SA =Surface area of lung;
SA/m=Alveolar surface area per meter of body length; SA Y.=Surface areas as a percentage of predicted; Palv=Average alveolar volume;
L=Left lung; R =Right lung; T=Total in lung.

lung weighed 107 g and the right lung 104 g. They
were distended with 10% formaldehyde until
apparently fully inflated and then allowed to fix
for three days. The volume of the left lung was

found to be 720 cm3 and the right lung 790 cm3.
The main, segmental, and first three orders of
bronchi appeared normal in size and appearance.

On both sides 14 orders of bronchi could be
identified in the axial pathway to the posterior
basal segment rather than the 16 orders expected
in normals (Kitagawa et al, 1971). The number of
bronchioles could not be established accurately by
dissection. The general appearance of the lung was
normal, but the air spaces in the left lung were

larger than the right. In both lungs, but more ob-
viously and more often in the left lung, there
were subpleural areas where the airspaces were

grossly enlarged and destroyed (fig 3). In the left
lung about 5% of the lung showed such areas; in
the right less than 1% was affected. The left lung
contained 107 million alveoli and the right 242
million alveoli. Other morphometric data are

shown in table 1. The number of bronchioles in
the left lung was 8856 and 19 643 in the right.

Discussion

Our results indicate that, while lung volume was

restored approximately to that appropriate for
body size, lung structure was abnormal after suc-

cessful repair of diaphragmatic hernia in our two
patients. The ipsilateral lung suffered more than
the contralateral lung. As there are too few data
for accurate comparison between the lungs of our

cases and lungs from normal infants and children,
we have chosen to compare our results to the re-

gression equations derived from previously pub-
lished cases (Thurlbeck and Angus, 1975). Un-
published lung volume measurements from 38 in-
fants and children in Winnipeg show an identical
regression equation for the relation between lung
volume and body length. Lung volumes of the two
patients presented here are similar to normal lungs,
one being slightly larger than predicted and the
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Postnatal lung growth after repair of diaphragmatic hernia 341

Fig 3 Patient 2. Upper part shows right lung with
normal sized alveoli. Lower panel shows an area of
destructive emphysema just deep to the pleura, and
alveoli adjacent to obvious emphysema are too large
(enlarged XK18).

other slightly smaller. The method of preparation
of the cases reported here (fixation by intra-
bronchial distension with fixative to full inflation,
removal of the distending force, and then exam-
ination of the lung some days later), however,
results in lungs that are some 22-30% smaller
than fixation at a standard transpulmonary pres-
sure of 25-30 cm H20 (2 5-3 kPa) (Heard, 1960;
Thurlbeck, 1963). When allowance is made for
this, it is apparent that lung volumes were restored
to normal in these cases and the lungs of the first
patient may have been larger than normal. Lung
volume was restored equally to both lungs so that
the ratio of right to left lung was normal.

In both cases there were fewer and larger
alveoli on the ipsilateral side than on the contra-
lateral side. In the first infant the total number of
alveoli in the lung was grossly abnormal. Reports
have indicated that the number of alveoli present
at birth ranges from 10 to 70 million (Hieronymi,
1960, 1961; Dunnill, 1962b; Davies and Reid, 1970;
Thurlbeck and Angus, 1975). The precise number
expected at 8 months of age is uncertain but avail-
able data (Dunnill, 1962b; Davies and Reid, 1970;
Thurlbeck and Angus, 1975) suggest that there
should be about 80 to 100 million alveoli at this
age, yet our patient had only 20 million alveoli.
There were too few alveoli per unit volume, as
predicted from the patient's age. In addition there
was also obvious destructive enlargement in the
acinus (emphysema). The situation in the second
case is less clear. The sum of the number of
alveoli in both lungs was normal, but there were
more than twice as many alveoli in the contra-
lateral lung than in the left lung. This raises the
possibility of compensatory alveolar multiplication
in the contralateral lung. Another way of express-
ing our results is as the number of alveoli per cm3
of lung. Under these circumstances, the second
case has more alveoli per cm3 than predicted in the
right lung and the left lung has fewer than pre-
dicted for the patient's age. If, however, allowance
is made for the probable change in lung volume
after distension, then the figures are only about
11% too high on the right side whereas there are
too few on the left side. Alveolar surface area was
grossly diminished, compared with that predicted
from body length in the first patient, and was
modestly reduced in the second patient, even
allowing for lung volume changes.
The number of bronchioles in the lungs of the

patients and three subjects with normal lungs is
shown in table 2. Although several assumptions
are made in this method of counting bronchioles,
the number of bronchioles in the control subjects
was within the range found in adults (Matsuba and
Thurlbeck, 1971). The first patient had con-
siderably fewer bronchioles than normal, and this
change was more pronounced in the left than the

Table 2 Number of bronchioles in the two patients and three control subjects

Patient 1 Patient 2 Suibiects with normal lungs

Age 8 months 5 years 6 months 6 years 7 years

Side L R L R L L R L

No of bronchioles 3557 4326 8856 19 643 9588 20180 14 263 10120
Total 7883 28499 20400* 34443 21 531*

*Extrapolated to both lungs by multiplying by 100/47.
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right. He also had many fewer alveoli per bron-
chiole (1405 on the left and 3647 on the right) than
normal adults, the control subjects in this study,
or the second patient who had about 10 000 alveoli
per bronchiole. The left lung of the second patient
contained fewer bronchioles than any of the
controls and adults previously studied. The right
lung, by contrast, had a normal value.
The lungs in the two patients responded differ-

ently in the postnatal period with those of the first
case being much more obviously abnormal. This
may have been because this patient had more
severely hypoplastic lungs to start with, since the
degree of hypoplasia in congenital diaphragmatic
hernia varies considerably (Butler and Claireaux,
1962). Alternatively, the stormy postoperative
course and long period of mechanical ventilation,
together with exposure to 100% oxygen for one
week, may have caused further damage to the
lung in this infant.
Limited functional data are available about the

condition of the lungs after repair of diaphrag-
matic hernia, but all series indicate that abnor-
malities are present. The frequency of the
abnormalities and their severity vary from report
to report. Chatrath et al (1971) showed that the
forced expiratory volume in one second (FEV1)
and the forced vital capacity (FVC) were signifi-
cantly reduced in 14 children aged 6 to 12 years,
after repair of their diaphragmatic hernias. Func-
tional residual capacity (FRC), residual volume
(RV), and total lung capacity (TLC) were not sig-
nificantly different from controls, but tended to be
larger. Their data are presented in full and an
interesting analysis can be made. The authors
provide observed FVC, RV, and TLC. The sum
of FVC and RV is less than TLC in 13 of the 14
children and average 18% less. These data suggest
that significant air trapping occurred during ex-
piration in these children. It is also interesting
that radiologically three of their 14 children were
thought to have emphysema though the authors
do not give the criteria for the radiological diagno-
sis of emphysema.
Reid and Hutcherson (1976) performed pul-

monary function tests on nine subjects, aged 7-
21 years, after repair of congenital diaphragmatic
hernia and found that nearly all of them were ab-
normal. TLC and vital capacity were reduced, RV
was increased, and the ratio of RV to TLC was
increased in eight of the nine subjects. Lung per-
fusion scans showed diminished vascularity.
Grotte et al (1977) studied 19 children, aged 8 to
15 years, after repair of diaphragmatic hernia and
found that the mean values of FEV1 and FEV1/
FVC were reduced. TLC and FRC were reduced,

but the ratio of RV/TLC was normal. They found
that the diaphragm on the affected side moved
only 60% as much as on the contralateral side.
Other reports have suggested that lung function

is seldom obviously abnormal after repair of dia-
phragmatic hernia. Kerr (1977) studied 16 chil-
dren, aged 7-18 years, and found that three had
diminished peak flow rates, one a diminished
forced expiratory volume in 0*75 of a second, and
three had an abnormal phase III slope. FVC,
thoracic gas volume (TGV), and the ratio of
closing capacity to TLC were normal in all
patients. Landau and others (1977) found rapid
restoration of TGV and by 1 year of age TGV
was normal in the 22 children they studied.
Dynamic compliance was normal in all the chil-
dren by age 6 months. Before this time, dynamic
compliance was decreased in six infants, and in
four of these TGV was increased. One child had
low airway conductance. Wohl et al (1977) have
made the most detailed study on patients aged
from 6 to 18 years. They found normal conduct-
ance, maximum expiratory flow volume curves,
normal points of isoflow, and normal lung volumes
and diffusing capacity. FEV1 was 89% of predicted
and FVC was 80% of vital capacity. The most
striking change was diminished blood flow to the
affected side; ventilation per unit lung volume was
also decreased but not so obviously. Radiologi-
cally, the diaphragm moved less and lung volume
changed less between RV and TLC on the side of
the hernia repair. The alterations in perfusion were
explained on the basis of the observed anatomical
deficit of vessels described by Kitagawa et al
(1971). Several suggestions were made for the
alteration in ventilation and volume change-dia-
phragmatic abnormality, gas trapping, or alter-
ations in the pressure volume characteristics of the
lung.
A considerable spectrum of pulmonary abnor-

mality exists in diaphragmatic hernia and Berdon
et al (1968) classified their patients into three
groups-those with little if any pulmonary hypo-
plasia; severe, usually lethal pulmonary hypoplasia;
and unilateral pulmonary hypoplasia with survival
and later development of emphysema in the hypo-
plastic lung. They illustrated a case with similar
radiological findings to our second case. Both our
cases resemble their third category with the onset
of respiratory distress immediately after birth. The
first infant had grossly abnormal lung structure,
and one would anticipate considerable alterations
in lung function. As pointed out above, however,
the role of oxygen toxicity and severe illness in the
genesis of the lung lesions is uncertain. The
changes in the second case were relatively mild,

342

 on A
pril 9, 2024 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thx.34.3.338 on 1 June 1979. D

ow
nloaded from

 

http://thorax.bmj.com/


Postnatal lung growth after repair of diaphragmatic hernia

and functional alterations would probably have
been minimal. The difference in alveolar number
and size between the sides, however, suggest that
alterations in ventilation per unit volume, dia-
phragmatic movement, and in vital capacity on
the affected side could be caused by structural
alterations rather than inadequate diaphragm
function.
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