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ABSTRACT. Pulmonary immaturity, oxygen exposure 
that elicits cellular damage by free radicals, and baro- 
trauma induced by mechanical ventilation are implicated 
in the pathogenesis of bronchopulmonary dysplasia. In the 
adult counterpart of adult respiratory distress syndrome, 
diffuse alveolar damage characterizes a histopathological 
sequence of lung findings that can occur during the disease 
course. Although adult respiratory distress syndrome has 
many etiologies, elevated oxygen exposure is known to be 
a contributor to the ensuing lung injury. In bronchopul- 
monary dysplasia, oxygen exposure is thought to be a 
primary agent of injury. The evolution of the histopatho- 
logical findings in the premature baboon model of hyaline 
membrane disease/bronchopulmonary dysplasia was inves- 
tigated in this study and compared to that in oxygen-treated 
adult baboons with adult respiratory distress syndrome. 
Findings from lung specimens of 121 prematurely delivered 
baboons at 0, 0.5, 1, 2, 3-6, 7-11+ days after delivery 
document that the premature lung has a delayed and more 
blunted exudative response when compared to that of hu- 
man and baboon adults. Saccular edema, not hyaline mem- 
branes, is the dominant histopathological finding in the 
exudative phase of diffuse alveolar damage and occurs 
later (7-11 days) in infant lungs when compared to com- 
parably treated adult lungs in which maximal exudative 
changes are seen at 3-6 days. The reparative response in 
the premature baboon is characterized by saccular wall 
thickening and fibrosis, with less intramural organization 
of exudate in saccular/alveolar spaces when compared to 
adults. The airway changes in the premature are more 
severe than those seen in adult disease. These findings 
indicate that diffuse alveolar damage does occur in the 
immature lung albeit with differing characteristics when 
contrasted to comparably injured adults. (Pediatr Res 24: 
357-366,1988) 

Abbreviations 

DAD, diffuse alveolar damage 
ARDS, adult respiratory distress syndrome 
BPD, bronchopulmonary dysplasia 
HMD, hyaline membrane disease 
PPV, positive pressure ventilation 
HFOV, high frequency oscillatory ventilation 
HFFI, high frequency flow interruption 
PTAH, phosphotungstic acid hematoxylin 
PIE, pulmonary interstitial emphysema 
PMN, polymorphonuclear leukocytes 

During the late 1960s and early 1970s, the clinical syndrome 
called ARDS emerged. The influx of new treatment modalities 
had decreased the acute mortality of cardiovascular and renal 
failure in the intensive care setting, allowing the lung to emerge 
as the predominant failing organ after trauma and/or shock. 
Although Winternitz (1) had introduced the concept of diffuse 
alveolar damage in studies of dogs treated with war gases, it was 
Liebow and his colleagues, especially Katzenstein, who popular- 
ized the term and noted its association with ARDS and other 
conditions (2). 

DAD is a descriptive term that reflects a consistent though 
nonspecific sequence of findings in the lung after acute injury by 
a variety of agents. In the adult it is separated into exudative and 
reparative (proliferative) phases (3). The 1- to 6-day exudative 
phase findings include pulmonary edema, hyaline membranes, 
alveolar wall edema, and microatelectasis. The reparative phase 
of DAD begins about 6 days postinjury and is characterized by 
hyperplasia of epithelial type I1 cells, and interstitial mononuclear 
inflammatory infiltrate and fibrocellular proliferation, and or- 
ganizing alveolar exudates (3). 

Chronic respiratory failure in the neonate can be seen in 
infants with HMD who go on to develop bronchopulmonary 
dysplasia (4). Of the multiple factors that have been suggested to 
cause BPD, pulmonary immaturity, oxygen exposure that elicits 
cellular damage via free radicals, and barotrauma induced by 
mechanical ventilation, continue to be prime considerations. 
Despite several shared etiologies of lung injury, especially oxygen 
toxicity, diffuse alveolar damage has not been identified in infants 
with HMD/BPD in the pediatric pulmonary literature. 

The purpose of this study was to examine the evolution of the 
histopathological findings in immature lungs exposed to pro- 
longed hyperoxia and conventional ventilation, and document 
if this model develops exudative and reparative DAD responses 
similar to those described in the humans with ARDS (5-7) and 
in the adult baboon treated with 100% oxygen (8,9). We used a 
baboon model of HMDIBPD, in which animals are delivered 
prematurely by hysterotomy at 140 days + 2 days (term gestation 

Table 1. Treatment groups 
Treatment 

Day PRN 100% 0 2  

0 5* 
0.5 1st 
1 16 12 
2 6 6 

3-6 18 14 
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180 days) and treated with PPV and 100% oxygen. This regimen 
results in stage 3 (4) BPD pathological changes within a period 
of 11-17 days (10). 

MATERIALS AND METHODS 

During the past few years we have performed a series of 
controlled studies using the prematurely delivered baboon with 
HMD at study times of 5-7 h, 24 h, 96 h, and 11 days (1 1-14). 
In addition, pilot experiments were performed to document the 
evolution of the disease process at birth (0 time), 6, 14, and 17 
days of age, yielding a total of 121 premature baboons (Table I). 
The early deaths that occurred in the 1 1-day study (usually as a 
result of airleak problems) provided study specimens for inter- 
mediate time points. In these animals lobes unaffected by the 
airleak lesions were examined by electron microscopy. 

Details of the clinical management of this model have been 
published (1 1-14). Briefly, all animals were delivered by hyster- 
otomy at 140 f 2 days gestation, intubated with a 2.5-mm 
endotracheal tube and placed on a time cycled, pressure limited, 
neonatal ventilator (Bear Cub, Bear Medical Systems, Inc., Riv- 
erside, CA). An umbilical artery catheter was inserted, intrave- 
nous fluids instituted, and baseline studies performed. For the 
long-term studies (1 1 days or longer, 1 1 + days), a central venous 
catheter was inserted for fluid administration. After a 2-h stabi- 
lization period, animals were assigned to various ventilators and 
treatment strategies using either PPV, HFOV (model SS- 1, Texas 
Research, Inc., San Antonio, TX) or HFFI (Bird Space Tech- 

Fig. 1. A 5-h specimen. The bronchiole (B) is dilated and its epithe- 
lium is markedly thinned. Several pyknotic cells are in the hyaline 
membrane (arrow). The saccules are collapsed, the partially opened ones 
(AS) show hyaline membranes. A, pulmonary artery. Hematoxylin and 
eosin, x 150. 

Fig. 2. A 5-h specimen. Ultrastructurally the degenerate alveolar (sac- 
cular) epithelium (double arrows) is lifted from its basement membrane 
(single arrows). The saccular (AS) space is filled with edema. A squame 
(Sq) of amniotic fluid origin is floating in the edema fluid. Lead citrate 
and uranyl acetate, ~ 2 4 7 0 .  

nology, Sand Point, ID). All animals delivered for pilot studies 
were ventilated with conventional PPV. 

Animals were paralyzed with pancuronium bromide and se- 
dated with ketamine hydrochloride for the first 24-48 h and then 
allowed to breathe spontaneously thereafter. For invasive pro- 
cedures, they were sedated with ketamine and given local anes- 
thesia (xylocaine). The control animals were administered oxy- 
gen as needed (PRN) to keep their P A O ~  between 50-80 tom, 
whereas the other experimental groups received 100% oxygen 
for the duration of the designated study period. In general, all 
animals required a F102 of 50 during the first 24 h followed by 
24 h of a F I O ~  of 25. Weaning from mechanical ventilation was 
attempted after 48 h in the PRN animals by decreasing the 
ventilatory rate and pressure in the PPV animals, and by decreas- 
ing the airway pressure and tidal volume in the high frequency 
groups. Usually there was no requirment for supplemental oxy- 
gen after extubation. Only a few animals required supplemental 
oxygen for a few hours until they could maintain a P A O ~  over 50 
torr on room air. Chest roentgenograms, arterial blood gases, 
routine clinical chemistry and hematological measurements, ech- 
ocardiograms, and Doppler ultrasound examinations were per- 
formed at specified intervals and are described elsewhere (14- 
16). Animals were maintained on ampicillin (200 mg/kg/day) 
and gentamicin (5 mg/kg/day) for the duration of the experi- 
ments. 

For the pathological studies, animals were killed by an over- 
dose of anesthesia or, if the animals died unexpectedly, autopsies 



ROLE OF DAD IN EVOLUTION OF BPD 359 

were performed within 45 min after death. Lung fixation for all 
the animals except those from the 6-day pilot study was accom- 
plished by perfusion of quarter strength Karnovsky's fixative 
through the pulmonary vascular system while maintaining lung 
inflation at a constant transpulmonary pressure of 20 cm of 
water (1 5, 16). After opening the thorax and examining the lungs, 
the ductus arteriosus was ligated, the right ventricle was opened 
and a catheter secured in the main pulmonary artery. The left 
auricle was removed to allow the perfusate to escape. The lungs 
were slowly inflated and deflated three times using 20 cm of 
water pressure and were flushed of blood with an isosmotic/ 
isoncotic Hanks' balanced salt solution for approximately 1 min. 
As the lungs were maintained at 20 cm Hz0 transpulmonary 
pressure, the trachea was cross-clamped, and fixative was per- 
fused for a minimum of 20 min. After the perfusion, the entire 
heartllung preparation was removed en bloc from the chest and 
floated in full strength Karovsky's until the lungs were cut and 
embedded for light and electron microscopic studies 24 h later. 
All other organs were examined and fixed in full strength Kar- 
novsky's for microscopic studies. 

The 6-day lung specimens were shared with other investigators 
so only the right lower lobe was available for pathological studies. 
These lungs were flushed with isosmotic/isoncotic Hanks' solu- 
tion, the right lower lobe freed, its bronchus isolated, and full 
strength Karnovsky's fixative intratracheally instilled using 20 

Fig. 3. A 6-h specimen. A hyaline membrane (HM) composed of 
protein coagulum and degenerated cellular organelles is adhered to 
denuded basement membranes at one site (double arrows) and then 
extends over edematous type I epithelium (arrow) and a type I1 cell 
(ATZZ) that is devoid of lamellar inclusion bodies. The saccular space 
(AS)  is filled with edema and the interstitium ( I )  contains many cellular 
elements. The endothelium of the capillary (C) appears normal. Lead 
citrate and uranyl acetate, ~ 2 4 7 0 .  

Fig. 4. A 48-h 100% 02-treated specimen. Endothelial damage is 
evident in the capillary (C). An intercellular junction (arrow) clearly 
delineates the marked difference in cytoplasmic osmiophilia. The inter- 
stitium (I) contains abundant cells and a few collagen fibers. Portions of 
three alveolar type I1 cells (ATZZ) are present. Lead citrate and uranyl 
acetate, X3,120. 

cm of water pressure. The lungs were allowed to fix for 24 h and 
processed as described above for the perfusion fixed specimens. 

After fixation, the lungs were weighed and the volumes deter- 
mined by volume displacement (1 7). Mid-sagittal cross-sections 
of each lobe were taken and the entire surface blocked for 
embedment in paraplast. The blocks were cut at 4 pm and the 
sections stained with hematoxylin and eosin and Masson-elastica 
connective tissue stain. Five- to 7-h, 24 h, and 8- to 1 1-day PRN 
and 100% O2 specimens were stained with Mallory's PTAH stain 
for fibrin. 

For electron microscopic studies, 30 blocks were pooled from 
multiple random sites in both lungs. Specimens were postfixed 
in Zetterqvist's fixative, en bloc stained with uranyl acetate, 
dehydrated in ethanol, and embedded in Spun's. Thick sections 
were obtained from all blocks and screened. Subsequent thin 
sections from five blocks were examined with a Phillips 301 or 
JEOL 1 OOCX transmission electron microscope. 

Morphometric ultrastructural data on three 140 k 2 days (0 
time), three 180 day (term), and four each 1 1 day PRN and 
100% 0 2  treated animals were determined as described by Bol- 
ender and colleagues (1 8-2 l )  and more recently by Massaro et 
al. (22). Volume densities of the various alveolar wall compo- 
nents and type I1 organelles were determined according to the 
method of Weibel (23). Square lattice test systems were used to 
gather point and intersection counts from electron micrographs 
at final magnifications of approximately x2,700 and x11,000 
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(18). The ratio of coarse to fine points in the test systems was w- 
1:25, and the length of one of two linear probes associated with f; 
each of the coarse and fine points was 2 and 0.4 cm, respectively. I 

B To determine the volume density (fraction of cell volume) and 
' \ '. . surface-to-volume ratio, 10 each of type I cells, type I1 cells, .- ,- # ; z* -; -5 - interstitial cells, macrophages, and endothelial cells were photo- ?- ..- <. 

. ., graphed at random from five blocks per animal and enlarged to J a final magnification of X 1 1,000. P 
-A'*,# A one-way analysis of variance procedure was used to assess #.. 

differences between the four groups for each variable. Inasmuch .* . 
9. * 1 

4 
as many of the variables were calculated as percentages of a total, * - -- .. . , a  

the arcsin square root transformation was used when it improved -'*-- Y J -2 *-( -- &%,. t% 1 - :-I *. - i.- 

L 
- .  . 

the homogeneity of variance assumption as measured by / % ~ , 1 - . . , . + - ~  5;  
Hartley's F-max statistic (24, 24a). For ratio variables, the log t- 
transform was used to stabilize variances. For both untrans- 

. _ .. formed and transformed data values the one-way analysis of . . -.- 
variance was followed by a comparison of group means with t , I 

tests using the analysis of variance error term. Statistical signifi- ":---- - _.-- - . 
cance is recorded by giving the actual p value. For multiple -\ 

comparison purposes, one should multiply the individual t test 
&,+ 

p value comparison by the number of comparisons of interest, , 
i.e. use Bonferroni's inequality (25). 

RESULTS 

The influence of the various ventilatory strategies on the 
outcome of the 96-hour and 11-day study animals have been ' *;.. , 
published (14). Although there were no group to group differ- '. 

<'* 

C 
I . 

. .- 
I.- . I  - ,. 

, t Fig. 6. A 4-day PRN 02-treated specimen. Evenly inflated saccules 
with minimal evidence of edema or hyaline membranes are depicted. A 
probable residual hyaline membrane is marked by the arrow. The small 

, . bronchus (B) shows flattened cuboidal epithelium. Hematoxylin and 
. . 

' 
eosin, x 150. - _  

_- * <  ences in the type of injury, namely, PIE, the degree of involve- 
.P ;;%, ment did differ. Samples remote from the PIE lesions were used 
r /,;:?- . 
h .  d 

for ultrastructural study. 
I&- +m- Zero-time specimens from prematures not allowed to breathe 

showed thickened saccular walls and a cuboidal epithelial lining, 
..!-B , features consistent with a late saccular phase of development. 

Ultrastructurally, well-glycogenated type I1 cells with few, if any, 
lamellar bodies were evident. The interstitium was mesenchymal 
in appearance, with large quantities of ground substance and few 
cells. The endothelium was plump and contained abundant 
organelles. Hyaline membranes and edema were not present. 

Light microscopic findings from all animals 24 5 h old showed 
typical HMD. Extensive saccular atelectasis with resulting ectasia 

- .  .- . of noncartilaginous airways was the dominant finding, resulting 
I - _  in marked thinning and focal loss of the airway epithelium (Fig. . . -  . I - - - - >;.'--, -+> :" .- - .  a , '  * - A. . 

5 . , .. ... . . , = L% *' ;-: .- - 1). Partially opened or open saccules contained edema and/or 
, - . , a *  .* -#:t~. - - ..,- 3 . : 

. - - _. . -m*. - -,*. -. :pi-* .* .. --. 
* , . , . early hyaline membrane formation. Hyaline membranes were -.__ ..I . .. - , . . .?. . .- . . . -a- . .- .  - . . . . - - -- A,,*- - - ,~.-++.-<,P-..+ -* .+-+:.. .'.": - - prominently seen at respiratory bronchiolar and alveolar duct 

. ' 
. . +  ; * - . - m q - . - , a  .A 

.* "' . , , . . .  sites. They did not stain with PTAH. These findings were com- 
..:,',, * . - - -. . ,"=v . ;: :>. , ,&' .+ - -  . I * '  - t - . - , - - , = =  .>. % .. parable in both 100% 0 2  and PRN-treated animals. In the 24-h 

d.! ,, - :.-- * .. , . - , . . .li,, - ' 
100% 02-treated animals interstitial pulmonary emphysema and 

, ,:s. - - 
- .  . .=-_ -. .. , . , . . .  , pseudocyst formation with accompanying hemorrhage were con- . ' _  sistently seen, lesions not seen in the % or one-day PRN animals. 

Fig. 5. A 4-day 100% 02-treated specimen. Hyperplastic epithelium Electron microscopic findings were comparable in both treat- 
is evident in the small bronchus (B). The surrounding saccules (AS)  are ment groups at these study periods. Saccules contained edema 
unevenly inflated and several contain edema and a few macrophages and and/or proteinaceous hyaline membranes (Figs. 2 and 3). Fibrin 
PMN. A, pulmonary artery. Hematoxylin and eosin, x 150. strands were not seen ultrast~cturally. Type I1 cells had negli- 
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gible numbers of lamellar inclusion bodies and type I cells were 
edematous and focally lost. The endothelium appeared normal, 
whereas the interstitium contained abundant cells. 

The 48-h specimens from both 100% O2 and PRN treatment 
groups showed HMD and could not be distinguished light mi- 
croscopically. Interstitial pulmonary emphysema was seen in 
80% of the PRN group and in 60% of the 100%-treated animals. 
Ultrastructurally, focal type I epithelial loss was still evident in 
both study groups. In the 100% study animals, focal endothelial 
edema and necrosis were present (Fig. 4). 

Striking differences in the two treatment groups were present 
in the 3- to 6-day study animals. The 100% 02-treated group 
showed focal sites of saccular edema but few hyaline membranes 
(Fig. 5), whereas the PRN oxygen group had no evidence of 
persistent HMD or an ongoing permeability leak (Fig. 6). Inter- 
stital emphysema was seen in one-third of the 100% 02-treated 
animals, but in only two of the 18 PRN oxygen-treated group. 
Of the 100% oxygen-exposed animals in the 3- to 6-day group, 
more than 40% had epithelial necrosis and hyperplastic/meta- 
plastic reparative changes in small airways. The only lesion in 
the PRN treatment group was the variable presence of hemor- 
rhage at the junction of some bronchioles and their immediately 
adjacent saccular walls, an area susceptible to shear force injury. 
Electron microscopically, the changes were quite disparate be- 
tween the two study groups. Epithelial loss, hyaline membranes 
and/or saccular edema, interstitial edema and free red blood 
cells, and endothelial edema and/or necrosis were present in the 

.*-\ 
. 'd- 

Fig. 8. A 9-day 100% 02-treated specimen. The saccular walls (I) are 
thickened and contain increased cells and connective tissue elements 
(confirmed on connective tissue stain). Epithelial type I1 hyperplasia is 
evident (arrow). The air spaces (AS) are filled with edema and scattered 
PMN and macrophages. The findings are consistent with mixed exuda- 
tive-reparative lesion of diffuse alveolar damage. Hematoxylin and eosin, 
X160. 

100% 02-treated animals, whereas the PRN-treated group 
showed focal type I epithelial edema, some aggregates of free 
surfactant material or edema in saccules, and only rare foci of 
hyaline membrane material (Fig. 7). The alveolar type I1 cells in 
both groups contained abundant lamellar inclusion bodies. 

The 100%-treated animals in the 7- to I 1+-day study showed 
stage 3 BPD histopathological changes (4). Focal hemorrhages 
and alveolar edema were present, but only rare hyaline mem- 
branes. Positive staining for fibrin strands in the edema fluid was 
seen in the PTAH preparations. Increased connective tissue 
deposition, found predominantly in the saccular walls, was easily 
identified with Masson's connective tissue/elastica stain by 9 
days (Fig. 8). Peribronchial/iolar fibrosis that extended into the 
surrounding saccular areas was seen in this group (Fig. 9), but 
no medial hypertrophy or subintimal fibrosis was noted in the 
arteries accompanying the airways. The only light microscopic 
changes in the PRN oxygen-treated baboons were focal hemor- 
rhages in 50% of the animals and pseudocysts, small in size and 
number, in two animals. In none of the PRN oxygen-treated 
animals was abnormal connective tissue deposition evident. 

Ultrastructurally, in the 100% 02-treated group, endothelial 
vacuolization and necrosis were frequently present. Increased 
numbers of pericytes could be seen surrounding comer vessels 
and some capillaries. Edema and/or increased mononuclear cells 
and fibroblasts were evident in the intersitium. The epithelium 
of 100% 02-treated animals showed sites of type I1 hyperplasia 

Fig. 7. A 4-day PRN 02-treated specimen. Remnants of hyaline 
membrane material (?) intermixed with lamellar-like bodies (arrows) are 
seen in the "niches" of the saccular spaces (AS). Many capillaries (C) are 
evident. An alveolar macrophage (AM) is filled with secondary lysosomes 
in which the phagocytosed material resembles that within the "niches." 
Lead citrate and uranyl acetate, x2400. 
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Fig. 9. A I 1-day 100% 02-treated specimen. The bronchus (B) has a 
plug of RBC and protein and the epithelial lining shows metaplastic 
cellular changes. The penbronchial fibrosis is depicted by a circular band 
of connective tissue (CT). Hematoxylin and eosin, x 150. 

with numerous mitotic figures. Occasionally, dark staining type 
I1 cells alternated with adjoining lighter ones indicating ongoing 
necrosis. Numerous lamellar bodies were in the type I1 epithe- 
lium and abundant free lamellar bodies were in the saccular 
spaces. Multiple macrophages, focal hemorrhages, fibrin, and 
edema fluid were present in the alveolar spaces. 

In the 1 1 +-day 100% O2 specimens (14 and 17 days), lipid- 
laden macrophages were evident, secondary to obstructive airway 
lesions. Hyperplastic/metaplastic changes in airway epithelium, 
interstitial fibrosis (Fig. lo), and a prominent inflation pattern 
of alternating atelectasis and overinflation were evident (Fig. 1 I). 
PRN oxygen specimens consistently showed a lack of epithelial 
or endothelial injury/necrosis. Type I1 cells showed numerous 
lamellar bodies and alveolar macrophages were evident within 
saccular spaces. The only significant pathology in this group was 
focal sites of intraalveolar hemorrhage. The results of the mor- 
phological findings of the hyperoxic treated animals are displayed 
in a form adapted from Katzenstein and Askin (3) for DAD in 
Figure 12. 

The nuclear numerical density data of the 11-day PRN and 
100% oxygen-treated animals and the 140- (0 time) and 180-day 
(term) day animals are displayed in Tables 2 and 3. The number 
of type I epithelial cells was comparable in the 140-day and term 
animals. Those of 1 1-day PRN and 100% 0 2  animals were 
decreased in number, the latter at near significant levels when 
compared to 140-day and term controls. Type I1 cells in both 
1 1-day groups were increased in number when compared with 0 
time and term animals, with the 1 1-day 100% 0 2  group value 
was significantly higher than that of the term animals ( p  < 0.05). 
The type 1111 ratio (Table 4) in the 100% 02-treated 1 1-day 
animals was significantly different from 0 time control and term 
values (p < 0.05). 

The number of endothelial cells was decreased and comparable 
in the 140- and 1 1 -day hyperoxic-injured animals. The 1 1 -day 
100% O2 value was significantly decreased ( p  < 0.04) when 
compared to the 11-day PRN controls, suggesting a failure of 
vascular development in the former. The total number of inter- 
stitial cells was significantly greater in number in the 140-day 
premature baboon specimens when compared with the term and 
1 1-day PRN groups ( p  < 0.04 and p < 0.004, respectively). The 
1 1-day 100% O2 p u p  had more interstitial cells than the 1 1- 
day PRN group, but only at a p < 0.07 significance level. O f  
interest, the volume density data (Tables 5 and 6 )  showed that 
the total interstitial compartment in the 1 1-day 100% 0 2  animals 
was significantly larger when compared to the other groups, due 
primarily to an increase in edema (noncellular material). The 
capillary lumina of ten and both 11-day study groups were 
significantly larger ( p  < 0.01) than those of the 140-day speci- 
mens. 

Within the alveolar space compartment, macrophages accu- 
mulated with time and were significantly increased in both 11- 
day groups ( p  < 0.05) when compared to 0 time controls. 
Minimal but significant ( p  < 0.05) numbers of PMN were found 
in the 1 1-day hyperoxic-treated animals and this group also had 
significantly increased amounts of fibrin and edema when com- 
pared to all other groups. 

No significant differences were seen in the intracellular vol- 
umes of the four alveolar wall cell types among the four groups 
(data not shown). 

DISCUSSION 

There are several unique pathological features in bronchopul- 
monary dysplasia; an alternating pattern of overinflation/atelec- 

Fig. 10. A 17-day 100% 02-treated specimen. Prominent fibroplasia 
of the "remodeled" distal air spaces (AS)  is evident. Collagen stains 
revealed significant collagen fiber deposition. Br, bronchiole. Hematox- 
ylin and eosin, X 150. 
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Fig. 11. A 17-day 100% 02-treated specimen. The altered inflation pattern, seen consistently in the 7-1 I+ day specimens, is very exaggerated by 
17 days. Sites of overinflation with "simplifcation" of the involved saccular walls alternates with atelectatic and/or fibrotic bands. B, bronchus; A, 
pulmonary artery. Hematoxylin and eosin, x20. 

Time Following Injury (days) 
Fig. 12. Bronchopulmonary dysplasia. The histopathologic findings are plotted over time to depict the points of maximum response [after 

Katzenstein and Askin (3)]. 

tasis, injury/reparative findings in airways, and a high incidence The appearance and evolution of the edema and hyaline 
of interstitial pulmonary emphysema. However, the findings of membranes in a premature lung treated with oxygen are partic- 
edema, hyaline membranes, and focal hemorrhages with ensuing ularly dificult to assess as those two features are also primary 
fibrosis are comparable to the exudative and reparative phases findings in HMD (26-28). It is unlikely that prematures would 
of diffuse alveolar damage seen in patients with the adult respi- have an intact antioxidant enzyme system at delivery (29, 30) so 
ratory distress syndrome (3, 5-7). susceptibility to oxygen damage would be expected. Endothelial 
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damage was evident in our hyperoxic-injured specimens by 48 
h. However, at 3-4 days of age, it cannot be resolved with light 
microscopy if the hyaline membranes and edema are retained 
residue of HMD that has not yet resolved or represent "new" 
exudate secondary to a permeability leak or result from a com- 
bination of two processes. Regardless, the findings at this stage 
are consistent with our previous observations that clinical recov- 
ery from HMD is hampered by continued exposure to 100% 
oxygen (12). The hyaline membranes seen in the first few days 
in the premature baboon do not stain for fibrin, unlike those of 
the oxygen-injured adult baboon with exudative diffuse alveolar 
damage during the first 6 days postinjury. Data are variable 
concerning the presence of fibrin in the hyaline membranes of 
human premature infants with HMD (27). Even when the pre- 
mature baboon develops exudative DAD, fibrin-containing hya- 
line membranes are not as prominent as in the adult. Alveolar 
edema is the more predominant finding in which a few positive- 
staining fibrin strands can be seen. The precise composition of 
the hyaline membranes in infants 1-3 days old with uncompli- 
cated HMD needs further study. 

If one compares adult and premature baboons after identical 
6-day periods of 100% oxygen exposure, the exudative response 
in the premature lung is greatly diminished when compared to 
the adult lung (8, 9). It is extremely difficult to support adult 
baboon in 100% oxygen for periods longer than seven days 
because of the development of severe edema and respiratory 
failure (8, 9); whereas, premature animals with comparable oxy- 
gen exposure and supportive care can be successfully maintained 
for a period of 17 days (10). This blunted exudative response 
with fewer fibrin-containing hyaline membranes may explain 
why the fibrotic response is more evident in the saccular wall 
than in the saccular space of 1 1-day 100% 01-treated premature 
infants. Hyaline membranes in adult patients with ARDS have 
more abundant fibrin that serves as the scaffold for intramural 
organization of the exudate within the alveolar space (3). The 
paucity of characteristically stained fibrin in the premature ani- 
mals may be related to immaturity of their coagulation system. 
Alternatively, fibrin may be present but not staining because of 
differences in polymerization. Better methods for identifying 
fibrinogen/fibrin will be of value in further defining this issue. 

The blunted exudative response to hyperoxic injury in new- 
born lungs was noted by Hellstrom and Nergardh in 1965 (3 1) 
who exposed newborn mice to 100% oxygen for 5 to 25 days. 
They noted the lack of an exudative lesion and described a 

Table 2. Nuclear numerical density of alveolar wall cells 
ex~ressed as % o f  total* 

11 Day 11Day 
140 Days Term PRN 100% 0 2  

Type I 4.5 + 1.4 5.3 + 1.0 2.5 + 1.0 1.7 + 0.4 
Type I1 14.3 + 4.8 13.7 + 1.9 25.0 + 4.9 26.9 + 3.9 
Endo- 16.8 + 4.3 33.0 + 3.7 31.9 + 3.0 18.8 + 4.8 

thelial 
Interstitial 64.4f 8.7 48.1k5.0 40.6k2.6 52.6f 1.7 

* p  values for intergroup comparisons in Table 3. 

pattern of emphysema and patchy atelectasis, and in older ani- 
mals, connective tissue proliferation and hemorrhages. It has 
been our experience that if prematures survive the first 48 h 
without severe pulmonary airleak problems, they can usually be 
successfully managed until a second high mortality peak at 9- 1 1 
days at which time pulmonary edema and hemorrhage become 
a major complicating factor superimposed on the evolving bron- 
chopulmonary dysplasia process. 

The peculiar inflation pattern that manifests itself in premature 
baboon as early as 7-9 days does not have a true counterpart in 
adult DAD. It is tempting to attribute this difference in the infant 
to a combination of surfactant deficiency, airways with small 
diameters plus frequent intraluminal obstructive material and/ 
or epithelial reparative changes in a lung with a lack of pores 
of Kohn and other collateral ventilatory routes. However, com- 
parable alternating inflation and atelectasis patterns have been 
reported in 1-month-old rats treated with 100% oxygen for 2 wk 
(32), newborn mice treated with 100% oxygen for 3 wk (33), 
adult mice treated with 100% oxygen for 5-25 days (31), adult 

Table 4. Ratio o f  tvue IIltvue I cells 
T v ~ e  1111 ratio 

140 day 3.9 i 1.5 
Term 2.8 & 0.5 
1 1 day PRN 16.6 & 6.9* 
11 dav 100% O2 20.1 + 6.3t.f 

* p  < 0.09 by analysis of variance t test compared to 140 day and 
term. 

t p  < 0.05 by analysis of variance t test compared to 140 day. 
$ p  < 0.05 by analysis of variance t test compared to term. 

Table 5. Volume densities of alveolar components*-volume 
density % 

140 Days Term I I-Day PRN I I-Day 
100% 0 7  

Alveolar epithelium 
Types l and I1 
Type 1 
Type I1 

Vascular 
Endothelium 
Lumen 

Interstitial 
Total 
Cellular 
Noncellular 
Connective tissue 

Alveolar space 
Total 
FP/HM/E/S 
Hemorrhage 
Macrophages 
PMN 

* I >  values for intergroup comparisons in Table 6. 
t Fibrin/hyaline membrane/edema/surface active material (free lamellar bodies, 

etc.) 

Table 3. Intergroup comparisons (p value)* (% total nuclear numerical density values) 

Type I Type I1 Endothelial Interstitial 

140 day vs term 0.593 0.9 18 0.026 
140 day vs 11 day PRN 0.155 0.108 0.026 
140 day vs 1 1 day 100% 0 2  0.059 0.064 0.736 
Term vs 1 1 day PRN 0.059 0.089 0.856 
Term vs 11  day 100% 0 2  0.022 0.053 0.035 
11 day PRN vs 11 day 100% 0 2  0.540 0.743 0.035 

* These are nonadjusted p  values for multiple comparisons from the analysis variance. For Bonferroni's adjustment use 0.0516 = 0.0083 (25). 
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rats treated with 100% oxygen for 6 wk (34), and adult dogs 
treated with 60% oxygen for 33 days (35). Therefore, the notion 
that only premature lungs are at risk of developing this peculiar 
lesion is negated. 

The "alveolitis" of ARDS has received much study (36, 37). 
Although no mention of neutrophils in the alveolar exudate of 
exudative DAD was made in the early reports, several investi- 
gators have noted their presence in abnormal numbers in bron- 
choalveolar lavage specimens (36, 37). When compared to an 
adult baboon treated with 100% oxygen for 5-7 days (8, 9), the 
premature baboon (with comparable oxygen exposure) has a 
remarkable paucity of neutrophils within the alveolar exudate at 
3 to 6 days. The relative lack of both neutrophils and alveolar 
macrophages, important sources of free radicals and/or media- 
tors, during the early days of oxygen exposure may partially 
explain the "modified" evolution of diffuse alveolar damage in 
the premature. At 9-1 1 days, neutrophils can be seen, but since 
bacterial cultures were not obtained, a superimposed bacterial 
bronchopneumonia cannot be excluded. Data from the adult 
baboon with oxygen injury clearly indicate that animals with 
numerous PMN invariably have superimposed infections with 
positive polymicrobial cultures and elevated bacterial indices 
(38). Another feature that may partially explain the relative lack 
of an "alveolitis" in the premature baboon is the bacterial sterility 
of the premature's oropharynx, lung, and gastrointestinal tract 
at birth and the use of antibiotics. The prematures only with 
time become colonized, a situation very unlike the adult baboon 
or human. The role of infection in augmenting or accelerating 
lung injury and repair needs extensive study. The presence of 
PMN may herald the presence of colonization, infection, and/ 
or ensuing neutrophil-induced lung injury activity. This issue 
has not been adquately addressed in either adult or premature 
models of chronic lung injury. 

The morphometric data obtained from the oxygen-injured 1 1 - 
day animals mirror many of the well-described alveolar wall 
findings in oxygen toxicity studies of patients and several animal 
models (39-44). When compared to 1 1-day PRN animals, the 
interstitium of 11-day 100% O2 animals shows proliferative 
changes with an increase in both cells and edema. However, the 
major difference between these two groups is the significant loss 
of endothelial cells in the 100% 0 2  group. Although type I cells 
are being extensively replaced by type I1 cells in the 1 1-day 100% 
0 2  animals, this is also occurring in the 1 1-day PRN animals, so 
the "epithelial hyperplasia" may be a response of a premature 
lung that is exposed to the extrauterine environment. In hyper- 
oxic-treated animals the impact of the endothelial loss and the 
interstitial reparative response on ongoing lung growth and dif- 
ferentiation is not known at this time. 

In summary, there are overlapping histological lesions that can 
be defined as exudative and/or reparative DAD in the premature 
lung exposed to hyperoxia. However, when contrasted to DAD 
in adult lung, there are temporal and qualitative differences in 
the extent of the response over time when compared to adult 
models of oxygen-induced lung injury. In addition, the altered 
inflation pattern, airway changes, and lack of structural lung 
maturity permit exaggerated histological responses in the infant 
lung that potentially may interfere with the immature lung's 
"program" for normal growth and development. 
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