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ABSTRACI'. Our aim was to determine the effects of 
oligohydramnios during the last third of ovinc gestation on 
respiratory function in lambs during their first postnatal 
month. To  induce oligohydramnios, amniotic and allantoic 
fluids were drained from pregnant ewes, starting at  109.0 
+. 2.3 d of pregnancy (term = 148 d). In 10 lambs born at  
term, respiratory function was studied four times at  rveeklg 
intervals; a group of nine lambs from normal pregnancies 
served a s  controls. Over the 4-wk study period, treated 
lambs had significantly higher breathing rates and snlallcr 
tidal volumcs than controls, although the differences di- 
minished with age. hlinutc ventilation and O2 consumption 
were the same in each group, and when related to body 
weight, both declined with age. Treated lambs were nor- 
moscmic but were hypercapnic compared with controls for 
up to 4 wk. Functional residual capacity, measured by 
helium dilution, was the same in each group and increased 
with age. Static compliance of the rcspiratory system was 
lower in treated lambs up to 4 wk; lung compliances were 
the same in each group, but chest wall compliance was 
lower in treated lambs than in controls for 4 w k. Postmor- 
tem measurements, a t  27-28 d, of pulmonary dry weights, 
DNA contents, and protein contents suggest tliat the lungs 
of treated lambs may have bcen mildly hypoplastic. \\'e 
conclude tliat oligohydramnios causes a decreased chest 
wall compliance, which lcads to rapid, shallo\v breathing 
and a mild hypercapnia lasting for a t  least 4 postnatal wk. 
(Pediatr Res 34: 6 1 1-6 17, 1993) 

Abbreviations 

I'ao*, arterial partial pressure of oxygen 
I'aco2, arterial partial pressure of carbon dioxide 
f, respiratory frequency 

tidal volume 
RIV, minute ventilation 
\'02, oxygen consumption 
I'pl, intrapleural pressure 
Crs, total respiratory system compliance 
CI, lung compliance 
Cw, chest wall compliance 
Pm, mouth pressure 

It is well established that a reduced volume of amniotic fluid 
during pregnancy can impair development of the fetal lungs, 
leading to pulmonary hypoplasia (1. 2). Oligohydramnios can 
occur if amniotic fluid production is diminished, as with renal 
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agencsis or obstruction of the urinary tract. or if the fluid escapes 
from the amniotic cavity, as with prolonged rupture of the fetal 
membranes (2-4). In sheep, removal of amniotic fluid during 
the last third of pregnancy leads to a reduction in fctal lung 
expansion ofapproximately 20% (5. 6). which. ifsustained. leads 
to fetal lung hypoplasia (7. 8). Our recent studies indicate that 
oligohydramnios leads to reduced fetal lung expansion due pri- 
marily to an alteration in fctal posture imposed by rcduccd 
uterine dimensions (6) and by a narrowing of the fetal thorax 
(9). Depending on its severity. pulmonary hypoplasia aftcr oli- 
gohydramnios can cause death from respiratory insuflicicncy 
(10). or it nlay lead to survivable. possibly undctcctcd. respiratory 
insufficiency in the newborn ( I  I). 

As ivell as causing pulmonary hypoplasia ( i . i l .  rcduccd lung 
tissuc weight and/or pulmonary DNA content relative to body 
weight). oligohydramnios has been reported to cause a range of 
structural and maturational changes in the fetal lungs. A rcduccd 
number of alveoli. with no cvidcncc of alveolar imnlaturity, has 
bcen reported in human infants dying soon after birth follo\ving 
oligohydraninios (4. 12) and in fctal monkeys after amniotic 
fluid removal (13). Other studies have provided cvidcncc of 
pulmonary immaturity aftcr oligohydramnios. such as impaired 
epithelial nlaturation in the peripheral parts of the lungs (14) 
and rcduccd pulnlonary collagen and elastin contents (15. 16). 
The phospholipid content of hypoplastic fctal lungs aftcr oligo- 
hydramnios tvas unchanged in the sheep (17) and rat (18) and 
was increased in rabbits (19). Thus, oligohydramnios. depending 
on species and gestational age of occurrence, nlay be followed 
by differing degrees of lung hypoplasia and lung immaturity in 
the fetus or neonate. 

It is evident that infants with hypoplastic lungs may survive 
birth but that respiratory insufliciency niay persist during the 
neonatal ~ c r i o d  ( 1 .  4. 12). Ho\vcvcr. aDart from one studv in the 
guinea pig (I  I). there appears to be litile systematic doc"menta- 
tion of the effects of oligohydramnios on rcspiratory function in 
surviving newborns or on how long respiratory deficits persist. 
Therefore, the aims of this study were to define the c f ic t s  of 
prolonged oligohydramnios during late pregnancy on rcspiratory 
function during the first postnatal month and to deternline the 
cause and duration of any abnornlalities observed. T o  produce 
oligohydramnios. \vc continuously drained amniotic and allan- 
toic fluids surrounding fctal sheep during the last third of gcsta- 
tion and allo\ved the pregnancies to continue to term. After birth. 
the lanlbs were studied at \vcckly intervals for 4 \vk. Our study 
revcalcd the presence of changcs in respiratory function that 
persisted for at least 4 ivk aftcr birth. 

MATERIALS AND hlETllODS 

Slrt;qic.crl ~~riy~cir~illiioti. At 92-1 13 d after mating (mean 103 + 
2 d), 10 pregnant e\ves undenvcnt aseptic surgery under general 
ancstllcsia for the implantation of two drainage catheters in the 
amniotic sac and one into the allantoic sac (5). Anesthesia was 
induced wit11 sodiunl thiopcntonc ( I  g. i.v.) and maintained. 
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after tracheal intubation, with halothane (1.5-296 vol/vol) in an 
equal mixture of 0 2  and N2O. Catheters were inserted through 
small incisions in the uterus and the fetuses were not exposed. 
Antibiotics (ampicillin, 500 mg) wcre added to the amniotic fluid 
before the uterine incision was closed. After rccovery from 
surgery (4-7 d), fluids were drained continuously by gravity from 
both sacs into sterile bags until about 6 d bcfore the time of 
expected delivery. Drainage was discontinued before term to 
allow accumulation of sufficient amniotic fluid to  facilitate birth 
of the lamb. Nine normal pregnant ewes carried lambs that werc 
not exposed to oligohydramnios and that formed the control 
group. Two of these ewes had undergone a sham surgical proce- 
dure. All lambs were born at  term, the mean gestational age at 
delivery being 148.3 + 0.8 d. All but one lamb were born 
vaginally. One of the trcated lambs required cesarean delivery 
due to  obstructed labor. None of the lambs required resuscitation 
after birth. 

At 1-3 d after birth, both treated (n = 10) and control (11 = 9) 
lambs underwent aseptic surgery (halothane anesthesia, 1-2% in 
Oz/NzO) for the implantation of catheters into the carotid artery 
for blood sampling and into the jugular vein for drug adminis- 
tration. In all lambs, a saline-filled rubber balloon (1-2 mL) for 
recording changes in intrapleural pressure was introduced into 
the dorsolatcral pleural cavity through a small midthoracic tho- 
racotomy (20). All catheters were tracked subcutaneously, exiting 
over the midthoracic spine. All lambs werc given intramuscular 
antibiotics (procaine penicillin. 200 mg: dihydrostreptomycin. 
250 mg) at surgery and for 3 d afterwards. Externally, the 
catheters were sutured to the skin, fitted with stopcocks, and 
placed in a plastic bag held in place beneath elasticized netting 
around the animal's trunk. Vascular catheters wcre flushed daily 
with heparinized saline. After surgery, each lamb was housed in 
a pen with its mother. 

Alc~us~rrct?7o1t.r (~ f rev l ) i ru~or~~ j r t~c[ io t~ .  Beginning at least 2 d 
after surgery, weekly studies were carried out while the lambs. 
which had been weighed, lay prone in a canvas sling with 
openings for their legs. The mean postnatal ages at which the 
studies were performed in both groups of lambs were 4.2 +_ 0.4 
d (wk I). 11.0 + 0.5 d (wk 2), 18.6 f 0.4 d (wk 3). and 26.4 f 
0.4 d (wk 4); there was no difference between the ages at which 
treated and control lambs were studied. The first postnatal study 
was delayed to allow time for the lambs to recover from birth 
and surgery. The laboratory temperature was 22-23°C. which is 
close to the thermoneutral range for lambs up  to 1 mo of age 
(21). An arterial blood sample (I mL) was taken to measure pH. 
Pacoz, Paoz, O2 saturation, and H b  contcnt using blood gas 
analyzers (ABL-30 and OSM2, Radiometer, Copenhagen. Den- 
mark). Samples were analyzed within 5 min of collection and 
values were corrected for the rectal temperatures of the lambs. A 
face mask incorporating nasal tubes was thcn made to permit 
measurements o f f ,  V,, and MV. The face mask was made with 
a rapid-setting molding material (vinyl polysiloxane, Reprosil; 
Denstply Inc., Milford, DE) after insertion of silicone rubber 
nasal tubes (3 or  4 m m  internal diameter) and could be painlessly 
removed after the study period (20). 

Ventilatory studies were performed while the lambs wcre 
resting awake. Tidal flow, VT, and MV were mcasured using a 
pneumotachograph (Fleisch, size 0) connected, via a Y-piece, to 
the nasal tubes; the lambs wcre unable to  brcathe via the mouth. 
Tidal flow was recorded from the signal generated by a differ- 
ential pressure transducer (Grass, Instrument Co., Quincy, MA) 
and volume was obtained by electrical integration of this signal. 
We measured changes in Ppl by connecting the intrapleural 
balloon to a pressure transducer held at  the midthoracic level 
(22). All signals wcre recorded on an eight-channel polygraph 
(Graphtec, Tokyo. Japan). 

After ventilatory measurements were made, the nasdl tubes 
were removed and 1 1  of the lambs (six trcated and five control) 
were lightly anesthetized with Saffan (Alphaxalone/alphadolone 
acetate; Pitman Moore. Sydney, Australia) administered i.v. a t  

15 mg/h/kg. A cuffed cndotrachcal tube (5 mm diameter) was 
inserted into the trachea. Anesthesia was used so that lambs 
could be studied while intubated: initial studies on unanes- 
thctized lambs using a face mask wcre unsuccessful owing to gas 
leakage. Lambs continucd to brcathe spontaneously and main- 
tained arterial gas tensions and pH within the normal range. 
Lung volume at FRC was measured by a helium washout tech- 
nique modified for neonatal use (23). For this purpose, we used 
a water-sealed spirometer (Godart, Paeditest. Bilthoven. The 
Netherlands. 200-mL bell. 1080 m L  of dead space) containing a 
blower and COz absorber; Oz was bled into the system to main- 
tain a constant spirometer volume. Aftcr the FRC determination. 
the flow of O2 was stopped and the change in spirometcr volume 
over 1 min was used to measure Voz. 

While the lambs were still intubated and anesthetized, using 
the spirometer, we made measurcments of static respiratory 
compliances (Crs, CI, and Cw) in six treated and five control 
lambs. T o  make these measurements, we continuously recorded 
Pm via a side port on the endotracheal tube, Ppl. and respired 
volume while the lambs breathed quietly into and out of the 
spirometer. A modified weighted spirometer technique was used 
(24, 25); when the end-expiratory level was constant. four differ- 
ent weights (35. 45. 57, and 70 g) wcre placed, in a randomized 
order, onto the spirometcr bell. When a new end-expiratory lcvcl 
had been constant for at least five to eight breaths, the weight 
was removed (Fig. I). The measurcments wcre repeated in trip- 
licate. Aftcr the measurements on the lambs were completed, the 
pressure and volume transducers were calibrated. The compli- 
ance of the spirometer circuit alone was measured from the 
change in spirometer volunle and pressure by applying the same 
wcights to  the bell with the circuit sealed. 

At the end of each weekly study. the lambs werc returned to 
their mothers after rccovery from anesthesia. At 27-28 d after 
birth, the lambs were painlessly killed with an i.v. overdose of 
pentobarbital and the lungs removed for estimation of pulmo- 
nary dry weight, DNA content, and protein contcnt. The DNA 
contcnt of the lungs was measured using a fluorometric assay 
(26) after homogenization of the tissue and enzymatic protein 
degradation with proteinase K (27). Pulmonary protein contcnt 
was determined by dissolving the tissue in NaOH (1 M)  at 90°C. 
thcn neutralizing with IIC1 ( 1  M), before measuring the protcin 
concentration using a standard protein assay (Bio Rad. Rich- 
mond. CA). 

:ltlrr/j:vi.s ( ? ~ c / ( ~ I N .  Mcan VT, f. and MV wcre measured from 
the polygraph tracings during quiet breathing over 70 to 140 
breaths. Crs and Cw were measured directly using an established 
method (28. 29). and CI was derived from the relationship I/Crs 
= 1/C1 + I/Cw. T o  obtain Crs, the change in spironletcr volume 
(AV) caused by each weight at end expiration was divided by the 
change in Pm (APm), and then the compliance of the spirometcr 
circuit alone was subtracted. The effect of gas compression within 
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Fig. I. Typical polygraph recording showing technique for mcasurc- 
ment of respiratory compliances by the weighted spirometer method. 
Changes in spiromctcr volume. Ppl, and airway (i .cJ.  mouth) pressure 
(I'i~bi') in response to weighting the spirometer (35 g. 70 g). measurcd at 
end expiration, wcre used to derive complianccs of the respiratory system, 
lung. and thoracic wall. See text for details. 
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the lungs was considered negligible and therefore no correction 
was applied. Static Cw was obtained from the formula (AV - 
AVl)/APpl, where AV is the change in volume of the spirometer I 

with the lamb attached, l V 1  is the change in volume of the 
spirometer circuit alone. and APpl is the change in intraplcural -- 
pressure (29). Static CI was then derived from the formula: CI = 8 3 5  
1 /( 1 /Crs - 1 /Cw) (29). For each applied weight, the mean change a 

in lung volume was plotted against the associated mcan changc 
in pressure (i.c. Pm or Ppl) and a line of best fit was drawn to 
derive the equation describing the pressure-volume relationship. 
Specific static compliances were calculated by dividing compli- 
ance values by the lamb's body weight. 

- 

Data obtained from treated and control animals were analyzed 
using Statistical Analysis System (SAS Inc., Cary, NC) computer 
software. Differences between measurements of arterial gas tcn- 
sions and pH, ventilation. FRC, and respiratory compliances 
were analyzed by one-way analysis of variance with repeated 
measures. Differences between pulmonary weights and DNA 
and protein contents at postmortem were analyzed by 1 test. 
Linear regression analysis was used to determine the degree of 
association between blood gas values. ventilatory measurements, 
and respiratory compliances. Values are expressed as mean + 
SEM. Respiratory volumes and flow rates arc expressed at body 
temperature, pressure. saturation. This study was approved by 
the Monash University Committee for Ethics in Animal Expcr- 
imentation. 

RESULTS 

The mcan period of amniotic and allantoic fluid drainage was 
32.9 + 2.5 d. Over this period, 360 + 16 mL/d of amniotic fluid 
and 74 f 25 mL/d of allantoic fluid were drained. The period 
betwecn the cessation of fluid drainage and delivery of the lambs 
was 6.7 + 1.0 d. The gestational ages of lambs at birth were the 
same for each group (148.3 + 0.8 d). Birth weights for treated 
(4.2 + 0.2 kg) and control (3.9 + 0.2 kg) lambs wcrc not 
significantly different. The postnatal ages and body weights at 
the timc of the weekly studies were not different between the two 
groups. Mean body weights (both groups) at the time of the four 
studies were 5.0 + 0.2 kg (wk I), 6.6 + 0.3 kg (wk 2). 8.3 + 0.3 
kg (wk 3). and 10.0 + 0.5 kg (wk 4). Rectal temperatures of the 
lambs wcrc not significantly different between the two groups, 
and the mean value (39.6 + 0.l0C) did not change with age. 

:lrtcriul hloocl g ~ s e s  utlrl p l l .  Values obtained at  the start of 
each weekly study arc shown in Figure 2. There was no significant 
difference in Pao2 between the two groups, and values did not 
changc significantly with age; the combined mcan value was 
13.46 + 0.16 kPa (101.2 + 1.2 m m  Hg). Similarly. O2 saturation 
values (mean 95.9 + 0.5%) were not different between the two 
groups and did not change with age. In treated lambs, mcan 
Pace? (5.33 + 0.12 kPa, 40.1 + 0.9 m m  Hg) was highcr ( p  < 
0.05) than in control lambs (5.00 5 0.08 kPa. 37.6 + 0.6 m m  
Hg) and values wcrc not affected by age. Arterial pH was not 
significantly lower (0.05 < p < 0.10) in the trcated lambs than 
in the controls. Arterial pH increased ( p  < 0.00 I) over the 4 wk 
from 7.39 + 0.01 to 7.42 5 0.01 in treated lambs and from 7.41 
+ 0.01 to 7.43 + 0.01 in the control lambs. In the combined 
data, arterial pH was negatively correlated with Pace: ( r  = -0.4. 
p = 0.00 I). There was a reduction with age ( p  < 0.001) in arterial 
H b  content in both groups (combined), but there was no signif- 
icant difference between groups. Mean H b  content (both groups) 
declined from 10.7 + 0.4 mg/dL at wk 1 to  8.5 + 0.4 mg/dL at 
wk 4. 

li1tltilrrtorj9 t ? ~ c u . s u r o ~ ~ o ~ t s .  At all ages, f was significantly 
greater in treated lambs than in controls; on average, it was 13.3 
breathslmin greater in the treated lambs (1) < 0.05). In both 
groups. f declined with age ( p  < 0.001): in treated lambs. f 
declined from 7 1.3 & 5.5 (wk I)  to 4 1.2 + 3.4 (wk 4) breaths/ 
min, and in controls f declined from 50.1 + 5.7 (wk I)  to  34.2 
+ 3.9 (wk 4) brcaths/min (Fig. 3). The difference between the 
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Fig. 7. Gas tensions and pH of artcrial blood i n  control (o[,cc~tl c'ol- 
1lt)ltl.s) and treated (Iriilc,/lc~l c,ollrrtltl.s) lambs mcasurcd at the timc of thc 
\vechly studies. Sa02. - 0: saturation. Treated lambs had significantly 
higher Pc.02 values than controls ( p  < 0.05). and tended to have lo~ver 
pH values (0.05 < 11 < 0.10). One nlm 1 lg = 0.133 LPa. 

1 2 3 4  
Weeks 

17ig. 3. V I  and f nleasurcd at ~veekly intervals in control lanibs (o~[,cc,tr 

c~ol~rrtrt~.~) and treated lambs (llcllchc~tl c~ollrr?rtl.r). Over the four study 
periods. treated lambs had highcr f ( p  < 0.05) and snlaller VT (11 < 0.05) 
than control lambs. 

groups diminished with age. When the data wcrc combined, f 
was inversely correlated with arterial pH ( r  = -0.3, p = 0.03), 
but was not correlated with Paco2. 

V, (mL/kg body weight) was smaller in treated lambs than in 
controls ( p  < 0.05) (Fig. 3). In treated lambs, V-l ranged from 
6.8 a 0.7 mL/kg (wk I) to 8.5 + 0.9 mL/kg (wk 4). whereas in 
control lambs the mean value was 10.4 + 0.8 mL/kg. V,- was 
inversely correlated with f ( r  = -0.6, p < 0.001). 
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There was no significant difference in MV between the two 
groups. In both groups, MV, adjusted for body wcight, declined 
with age ( p  < 0.001); combined data showed a reduction from 
500 + 39 mL/min/kg at wk 1 to  323 + 13 mL/min/kg at wk 4 
(Fig. 4). V O ~ ,  adjusted for body weight, was not significantly 
different between the two groups. Vo2 values (combined data, at 
standard temperature and pressure, dry) declined with age ( p  < 
0.001) from 14.8 f 0.3 mL/min/kg at  wk 1 to 9.2 f 0.3 mL/ 
min/kg at wk 4. There was a significant positive correlation 
between MV and Voz ( r  = 0.5, p < 0.00 1). 

FRC. There was no significant difference in FRC between the 
two groups of lambs (Fig. 5). FRC (mL) significantly increased 
with age ( p  < 0.001) in both groups of lambs (Fig. 5). In contrast, 
combined values of FRC adjusted for body weight declined ( p  
< 0.05) with age, from 24.4 + 1.3 mL/kg (wk 1) to 2 1.6 + 0.9 
mL/kg (wk 4). 

Rc~spirutor!~cotnpliut~cc~s. Measurements of static compliances, 
Crs, CI, and Cw, per unit body weight (mL/cm H20/kg) are 
shown in Figure 6. Crs was significantly lower in treated lambs 
than in controls ( p  < 0.05). With increasing age, values declined 
( p  < 0.05) from 13.95 + 2.34 to 9.81 f 0.86 mL/kPa/kg (1.37 
f 0.23 to 0.96 + 0.08 mL/cm HzO/kg) in treated lambs and 
from 2 1.47 + 3.36 to 15.12 f 2.18 mL/kPa/kg (2.1 1 f 0.33 to 
1.48 + 0.21 mL/cm H20/kg) in control lambs. There was no 
significant effect of age or treatment on  CI; the mean value of CI 
for combined data for all ages was 29.70 + 1.97 mL/kPa/kg 
(2.9 1 + 0.19 mL/cm H20/kg). In treated lambs. mcan Cw (20.43 
+ 2.67 mL/kPa/kg, 2.00 + 0.26 mL/cm H20/kg) was approxi- 
mately half ( p  < 0.001) that in control lambs (42.95 f 3.57 mL/ 
kPa/kg, 4.21 + 0.35 mL/cm H?O/kg). A significant difference 
was present at each of the four weekly study periods. When data 
from both groups were combined, Cw declined significantly with 
age ( p  < 0.001). When analyzed separately. Cw in control lambs 

Weeks 
Fig. 4. M V  and Vo: rates. both shown in relation to body weight. in 

control (o11,ctr c.olrrrtitr.v) and treated (Irr~~rlrc~rl colrr~titrs) lambs measured 
at  weekly intervals. Both declined with age ( p  < 0.001). and there Ivere 
no differences between groups. 

1 2 3 4 
Weeks 

Fig. 5. FRC (body tempcrature. pressure. saturation) mcasurcd by 
helium dilution at \veckly intervals, expressed in mL (rrl~ljc~r grcr~~lr) and 
as mL/kg body weight (lo~t.c#r gruplr). Control lambs. 0111~11 c~~lrrrtr~rs and 
treated lambs. lro~c~lrt~rl c,olrrt?rtr.s. 

declined significantly from 65.31 + 7.22 mL/kPa/kg (6.40 + 
0.7 1 mL/cm H20/kg)  at wk I to 37.92 + 6.45 mL/kPa/kg (3.72 
+ 0.63 mL/crn H20/kg) at wk 4, but treated lambs maintained 
the same Cw values up  to 4 wk after birth. There was a significant 
interaction of age and treatment ( p  = 0.003). indicating that the 
treated and control groups were differently affected by age. 

There was a significant positive correlation between arterial 
pH and both Cw ( p  < 0.001, r = 0.7) and Crs ( p  < 0.01. r = 
0.6) in treated lambs. A significant positive relationship was also 
prcscnt between Cw and Paco2 ( p  < 0.05, r = 0.5) in control 
lambs (Fig. 7). 

Prrltt~ot~rir!~ ,t~c~ighr.s r ~ t ~ r i  Dhr..l (~tl(l protcitl cotlictlts. The dry 
lung weights for the two groups, when expressed as a percentage 
of body weight, were not significantly different. although the 
mean value for seven control lambs (0.22 + 0.05%) was greater 
than that for seven treated lambs (0.18 f 0.04%). One value in 
the trcatcd group was more than 3 S D  greater than the group 
mean. If this value was excluded from the analysis, the difference 
between the two groups became significant ( p  = 0.032); the mcan 
dry lung weight of the six treated lambs was 0.17 + 0.02% of 
body weight, which was 23% lower than in control lambs. In 
trcatcd lambs, the mean total pulmonary DNA content, adjusted 
for body weight, was 41.8% of that in control lambs; the diffcr- 
ence was not significant ( p  = 0.076) due to  wide variation 
between animals. The total pulmonary protein content in the 
treated lambs (679.0 k 62.3 rng/kg body weight) was 28% lower 
than in control lambs (949.4 f 85.4 mg/kg body weight, p = 
0.034). 

DISCUSSION 

This study has shown that oligohydramnios can have lasting 
effects on the respiratory function of neonatal sheep. The re- 
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i 2 3  4 
Weeks 

Fig. 6. Static complianccs, adjusted for body weight. of the respiratory 
system (lungs plus chcst wall. Crs). lungs (CI). and chcst wall (Cw) in 
control (opc,tl c~ollr t)~~~. ,)  and trcatcd (hm/c,lrc~cl c,ollr/)~rl.s) lambs measured 
at weekly intervals. Over the 4-wk study period Crs ( p  < 0.05) and Cw 
(1' < 0.001) were lo~ver in treated lambs than in controls. One mL/cm 
H 2 0  = 10.2 mL/kPa. 

moval of amniotic fluid over most of the last third of gestation 
did not affect the length of gestation or the birth weight of lambs. 
Most of the lambs were born without assistance, and all estab- 
lished ventilation spontaneously. Apart from transient stiffness 
in the limb joints of two lambs and in the neck of one, all treated 
lambs were able to walk and feed normally within 24 h of birth. 
and all grew normally. In observing their behavior, it was not 
possible to  distinguish bctwccn trcatcd and untreated lambs. 

The most striking effects of oligohydramnios, each of which 
persisted for the first 4 postnatal wk. were an increased f, reduced 
V,, a mild hypercapnia, and a reduced Crs and Cw. It is likely 
that these effects were causally related, and we propose that the 
primary cause was the rcduction, in treated lambs. ofCw; because 
CI was similar in both groups, the reduced Crs was a consequence 
of the reduction in Cw. A decreased Cw is analogous to  a stiff 
chest wall induced. for example, by a thoracic brace or  splint, 
and would be expected to cause a pattern of rapid, shallow 
breathing such as we observed after oligohydramnios. A similar 
pattern of breathing has been shown to occur in newborn guinea 
pigs (with no change in minute ventilation per unit of body 
weight) after prolonged oligohydramnios ( 1  1). In accordance 
with our findings, a recent study of human infants born after 
midtrimester amniocentesis found a lower dynamic compliance 
of the respiratory system, but normal thoracic gas volumes (30). 
The increase in Pace?, despite a normal MV. may havc resulted 
from a reduction in alveolar ventilation due to an increased f 
and a reduced V,. 

The elevation in Pacoz and the tendency for arterial pH to be 
reduced were also probably caused by the restricted movements 
of the chest wall. Owing to the chronic nature of the chest wall 
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Fig. 7. Lji11c.r /~rrtrc,l sho\vs relationship between static Cw and Paco2 
in control lanibs. The regression linc (Pace: = 35.7 + 0.6Cw) indicates 
the significant correlation het~veen Cw and Pace: ( r  = 0.5. 11 < 0.05) in 
control lambs only. Lo\t.c,r pcr~lc'l shows relationship between Cw and pH 
in treated lanibs. The regression linc (pH = 7.4 + 0.6C\v) shows a 
significant corrclation bctwccn Cw and arterial pH ( r  = 0.5.11 < 0.05) in 
trcatcd lambs only. 01iot1 .s!~tt~/iol,r. control lambs: c!o.sc,cl .s!.t)?/~o/.v, trcated 
lambs. One m m  Hg = 0.133 kPa: I mL/cm H 2 0  = 10.1 mL/kPa. 

stiffncss, some compensation may have occurred (c.,?. increased 
renal 1-1+ and rcduccd bicarbonate excretion). such that the 
arterial pH was only slightly (nonsignificantly) reduced. Appar- 
ently. under these conditions, a balance must be reached between 
the need to maintain a normal Pace?, and pH of cerebrospinal 
fluid. and the extra work of breathing due to the stiffer chcst 
wall. Respiratory compromise in the neonate with a stiff chest 
wall may present an apparent paradox. A highly compliant chest 
wall. as seen in the immediate newborn, can also result in 
respiratory compromise, as the rib cage readily deforms during 
each inspiration (3 1).  This cffcct is supported by our data from 
control lambs (Fig. 7) in which Cw was significantly correlated 
with Pacoz ( r  = 0.5, p < 0.05). However, it seems likely that an 
excessivcly stiff chest wall may also lead to respiratory compro- 
mise due to  restrictions on the movements of the lung with each 
inspiratory effort. resulting in an effective rcduction in alveolar 
ventilation. Our finding of a significant correlation between Cw 
and arterial pH ( r  = 0.7. p < 0.001) in the treated lambs (Fig. 7) 
supports this conclusion. 

It is not immediately apparent how oligohydramnios could 
have lasting effects on the compliance of the chest wall. Previous 
studies havc indicated that the spinal column of fetal sheep (6) 
and humans (32) subjected to  oligohydramnios is more flexed in 
lrtcm than normal, and that the dome of the diaphragm moves 



further into thc thorax (0 .  33). Incrcasctl trunk Ilcxion antl tlic 
resulting reduction i n  li.tal lung expansion (5. 0 )  niay impair tlic 
normal tlcvcloprncnt 01' tlic rib cage, intercostal musclcs. o r  
abdominal w;rlls, each ol'which coultl ;~lli.ct Cw. In li.tal sllccl>, 
it h:~s been li)untl that tlic rih c;igc becomes narrower ;IS a result 
of amniotic antl al1;rntoic Iluitl removal ( 0 )  antl this may allkCt 
the devclopmcnt and mcclianical properties of the ribs. Ol>scr- 
vations of hunlan inl'lnts alicr oligohytlran~nios Iiavc shown a 
bell-shapctl thorax and tlic oligohytlramnios tetrad syntlrornc 
suggcstivc of pressure dc1i)rtiiitics of the Ilody (4). 

Oligohydran~nios h:~s licqucntly hccn associatcil \vith ~>ulnio- 
nary hypoplasia ant1 structural and hiochcmical immaturity of 
the lungs (3). .l'licsc changes have usually hccn ;~ssumcrl to he 
the cause of postnat;~l respiratory insullicicncy ;ilicr such prcg- 
nancics. A previous study 01' li.t;11 shccl> sul3jcctcd to ;I sirni1;lr 
period ofoligol~ytlr;~mnios sho\vcd th;~t the lungs \vcrc hypol>l;~s- 
tic at postmortem approxinl;~tcly 10 tl l>cli)re term (5). 'l';~l\cn 
together, our mcasuremcnts of pulmon;~ry dry weights, I>NA 
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control v;~lucs in chcht \v;~Il conlpli;~ncc. tlic hrcatliing I>;lttcrn 
( V I  ant1 1) tcndctl to clia~igc toward cotitrol values by tllc 4111 
postnatal ~vcck. 'l'liis occurrctl in spite ol'a m;iintainCtl I~yl>crcal>- 
nia in tlic trc;~tctl lambs. 1:urtlicr stirtlics arc ncctlctl to tlctcrminc 
the ~>ostn;ital tlur;~tion oftlic clli.cts ol'ol igol~yilra~ii~l ios. 

Our control tl;11;1 sho\vctl changes rcl;itctl to ~>ostn;~t;~l ;~gc tliat 
provitlc inli)rmation on tlic I\lnction:~l m;~tur;rtion ol'thc rcspi- 
ratory system alicr llirtli. I:or cx;~mplc, ;IS notctl in a previous 
st~ltly in lambs (30). there \inas a signilicant incrc;~sc in artcriill 
131 I over the 4 \\k alicr I>irtli: this \c.;~s rnatclictl Ily a tcnilcncy li)r 
1'ac.o. to decline and I'ao. to rise. VI  (ml-)  incrcascil ;~ntl f 
tlccrcascd with ;~gc. rcllccting the i~icrc;~sing tlimcnsions of the 
lungs ; ~ n d  thor;!cic cage ant1 their cli;~nging mechanical proper- 
tics. MV ant1 Vo: (hot11 rclatctl to llorly \\.eight) tlcclined \vi t l i  
age. 1>rol>:1l1ly clue to ;I ~vcight-relatcil dccrcasc in ~nctaholic rate. 
'l'lic al>sc~lcc o fa  tlilli.rcncc it i  Ilotl~ ol'tlicsc ~>aramctcrs I~ctwccn 
the two groul>s 01' lambs suggests that ~nctal>olic*;~lly tlicy \vcrc 
simil;lr. 'l'hc oltlcr I;imhs m;iy Iiavc hccn more alli.ctct1 1>y the 
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