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ABSTRACT. At birth, the cardiovascular system changes 
dramatically; arterial blood pressure, heart rate, and car- 
diac output increase, and blood flow distribution undergoes 
regional changes. To determine whether these changes are 
related to certain events occurring a t  birth, we studied 18 
chronically instrumented fetal sheep a t  133-138 days ges- 
tational age. We measured fetal vascular pressures and 
heart rate and injected radionuclide-labeled microspheres 
to determine combined ventricular output and its distribu- 
tion. Rhythmic ventilation of the fetuses with a gas mixture 
that produced no change in arterial blood gases decreased 
heart rate slightly from 173 + 25 to 152 + 16 beatslmin, 
but changed neither mean arterial blood pressure nor com- 
bined ventricular output. Ventilation with oxygen de- 
creased mean descending aortic and pulmonary arterial 
pressures, but had no significant effect on heart rate or 
combined ventricular output; subsequent umbilical cord 
occlusion had no significant effect on these variables. There 
was a redistribution of blood flow, however. Ventilation 
alone increased pulmonary blood flow from 159 + 68 to 
641 + 513 ml . min-' ,100 g wet weight-', and oxygenation 
increased it further to 1040 + 426. Ventilation alone and 
ventilation with O2 decreased blood flow to most other 
fetal organs, notably the adrenal glands, brain, and heart, 
in a manner related to changes in arterial oxygen tension. 
Occlusion of the umbilical cord increased blood flow to the 
adrenal glands and brown fat, and also to the liver from 
the portal vein and hepatic artery. The changes in regional 
blood flow initiated by ventilathn, oxygenation, and um- 
bilical cord occlusion are similar to those occurring a t  birth 
and may play an important role in postnatal adaptation. 
(Pediatr Res 22: 634-640, 1987) 

The transition from intrauterine to extrauterine existence is 
marked by a number of events, including uterine contractions, 
delivery, physical expansion of the lungs, increases in blood 
oxygen tension and content, the removal of the placenta from 
the circulation, and transfer from a warm-fluid to a cool-air 
external environment. Dramatic changes occur in the circulation, 
among which are increases in cardiac output, heart rate, and 
arterial blood pressure (1, 2). Many previous studies designed to 
examine the transition period have been conducted in anesthe- 
tized, acutely exteriorized, and often open-chest preparations of 
fetal sheep, in which "birth" is designated as the moment the 
umbilical cord is cut (3-7). These preparations are unstable and 
often have cardiovascular and metabolic variables markedly 
different from those obtained from chronically prepared fetuses 
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studied in utero. A few studies have been conducted in chroni- 
cally prepared fetuses undergoing spontaneous labor and delivery 
(8, 9), but because many events occur at once, it is difficult to 
determine the precise cause of an observed response. Recently, 
the effects of ventilation (LO, 11) and of cooling (12, 13) have 
been examined in chronically maintained preparations of fetal 
sheep. 

To determine which specific perinatal events cause the changes 
in the cardiovascular system that occur at birth, we examined 
the sequential effects of mechanical ventilation of the lungs, 
oxygenation, and umbilical cord occlusion without the additional 
effects of other perinatal events. We studied chronically prepared 
sheep fetuses that were allowed to recover from anesthetic and 
surgical stress and measured heart rate, arterial pressure, and 
combined ventricular output and its distribution by the radio- 
nuclide-labeled microsphere method. 

METHODS 

Animals and surgical preparation. We studied 18 fetal sheep 
at 133- 138 days gestational age. Fourteen fetuses were prepared 
with catheters only at 13 1-1 34 days, and four were prepared 
with catheters and an electromagnetic flow transducer placed 
around the ascending aorta at 133- 136 days. 

The ewe was fasted for 24-36 h prior to surgery. Spinal or low 
epidural anesthesia was achieved by injecting 4 ml of 1 % tetra- 
caine hydrochloride (Pontocaine HCI, Breon Laboratories, New 
York, NY). Polyvinyl catheters (1.3 mm inner diameter, 2.3 mm 
outer diameter) were placed into the descending aorta and infe- 
rior vena cava of the ewe via a pedal artery and vein. Ten percent 
dextrose in 0.9% NaCl were infused continuously, and 50-100 
mg of ketamine hydrochloride (Vetalar, Parke-Davis, Morris 
Plains, NJ) were administered intravenously at 15-min intervals 
throughout the duration of the surgical procedure; additional 
amounts were administered when necessary. Local anesthesia 
(0.25% lidocaine hydrochloride) was applied prior to each fetal 
skin incision. 

A midline incision was made in the abdomen of the ewe, and 
the pregnant horn of the uterus was exposed. A fetal hindlimb 
was exposed through a small incision in the uterus; polyvinyl 
catheters (0.75 mm inner diameter, 1.2 mm outer diameter) were 
inserted into a pedal artery and vein and advanced so their tips 
lay in the descending aorta and inferior vena cava. Through the 
same uterine incision, two polyvinyl catheters (3.5 F) were ad- 
vanced into a main umbilical vein from a peripheral tributary, 
and one (1.3 mm inner diameter, 2.3 outer diameter) was placed 
in the amniotic cavity. The fetal skin and uterine incisions were 
sutured. 

A second uterine incision was made overlying the left chest of 
the fetus. Through a thoracotomy in the fourth intercostal space, 
catheters were placed in the ascending aorta from the internal 
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tcr). and dir-cctl! Into the, lcfi atr-rum. p~l lmoriar> arter-! ( 2 0  gauge 
IV catli. I3cctorl I)icl\rn\on. Mountain View ( ' A ) .  anti p l c u r ~ l  
cavity. In  four I'ctiiscs. a c~rll-t\l,c clcctr-omagnctrc Ilo\\ tr.ans- 
duccr wit11 ari inner- clramcter- :ll~pr-oxirnatc~l! 00'1 ol' the, \c\sel 
diamctcr was placcd ar-o~rnd tlic, ascending aorta just ~ i h o \ ~  the 
origin ol'tlic coronary ar-terics ( ( '  and ( '  Instr-umcnts. I'aadc,na. 
('A). I 'llc I l o ~  transducc~rs \\.crc 111-ccalihratcd it/ \.i/r.o: \\c h a \ e  
shown that this calihratron i \  \\itliin 5'1 of' that mea\urcd in 
intact I:imhs ( 14). I>ir~-ing :in cxl,criment, the elcctrrcal /cro was 
checked repeatctll!: /cro f l o ~ i  \+as recorded as the absc.nc,c ol' 
f low tluring tlic drastolic phase of '  the car-diac c,!c.lc. 7 l i ~  Ictal 
chest was suturctl in laher\. ' I  lie* lbtal neck \vas e\poscd tlir-o~lgli 
the same uterine incision. A 4.5-mm eridotraclical t~ l l>c  \ \as  
connec~ted b) a \'-tube to t \ \o I00 ern IcngtIis ol'flcxihlc pol! \ in! I 
tubing (3.2 nim inner dianictcr-. 0.4 outer- diameter).  I lie. tulling 
was filled witli 0.07; saline. ant1 the tr:ichca was rntulxitcd. A 
polyvinyl catIictcl.was iri\er-ted into the cxtcrnal, jug~~lar- \ern 2nd 
advariccd ccntrall! to tlic superior. \ c n a  c:r\a. 1 scc,ond cxtheter 
was placcd in the amniotic cavity :ind corincctcd to tlie \enti la- 
tion t~rl>ing to :illo\v 11-acliea Iluid to flou 1.1-eel! from the Ii.t~ls to 
the amniotic cakrt). posto],erati\eI!. 411 infl:ttahlc sllic.onc, r~lt>her. 
cull', which did not constrict the rrmbilical vessels ~vheri  deflatcti. 
was placed ar.ouncl the trrnhilical cor-d at the ~rml>ilrcal rrng. All 
incisions \VCI-C \~ l t~ t r .~c I .  tlic \ : I \ C ~ I I ~ : I ~  c~:ithctcrs \ \ere fillcci \\ i t l i  
Iicpariri sodium \ol~rtrori ( I000 I!/ml) arid sealed. and all exthe- 
tcrs and  vcntilatron tubing W ~ I - c  ~ x t ~ r - i o r ~ ~ e d  to the 1ll:itcr11;11 
Ilanh and  pr-otccted I > )  a cloth po~rcli .  Antibiotics (400 rng 
Kanarnycin. I million I I penicillin) \ \ere g i w n  into the aniniotic. 
cavity iind ni:~tcrr~:tI vein 011 tlic d:~) 01' surgcr-y anti each da! 
tlicrcal'tcr-. I 'hc  animals  ere :tllo~\cd 2 to 3 d;i!s to ~ - e c o \ ~ . r  f'1.0111 

surgcr-1,. 
IL\l)c~r.~tr~c~t~ir/i /~t.oc.c,clrtr.c, O n  tlic da! ol' the \tud!. the cries 

wcrc I>rought into the I:rl>or:itor> in a mobile cart anti allow.cd to 
become : iccutomed to tlie sur-I-ouridirig\ I'or at  least 2 11. fe ta l  
blood prcssur.cs \+ere nionitorcd contiriuousl! t h r o i ~ g l i o ~ ~ t  tlies 
cxpcr-imcntal per-iod. using Statham 1'231)b strain-gauge trans- 
duccrs. and I3eckrnan Iih 17 :rntl ( io~l l t l  2SOOS pol!gral,lis. I eta1 
hear-t I-ate. measured 1,) :I cardiotachonictcr \vtiic.h \\as 11-rggcr-etl 
by :in arterial ~ L I I S C  \v:i\c. ;iIso h a s  rnorirtorctl coritrri~ro~~sl!. 
Measurements wer-c* rn:idc in the l'ct~rses I )  during the c.ont~-01 
periotl :irid I5 min aficr- the, on\et of' each ol' the, li)llo\\irig 
conditions: 2 )  \entilation \ \ i t 1 1  3"; 0. .  5"; ('0.. and 02';  U. 
(ventilation). 3 )  vcnt11:ttion with IOO'i oxygen (o!.gcn:ttion). 
and 4 )  vcntil:ition with ox!gc.n li)llo\\ing ~rrnhilical cord c,ompre\- 
sion (occlusion). 13lootl sariil,lc\ \\el-c ot>tained from the (lc\c.cntl- 
ing aorta li)r the. c1ctc.r-rliinatiori ol'pl-I. 1'0,. and IY'O?. arid 1.1-om 
tlic ascending and clc\cc.nding aorta. pulnionar-! ar-tel-!. urnl~ilic~al 
vein, and leli atriurn li)r the dctcrrniriatron ol ' thc  licrnoglobrn 
conccntr-ation and hlooci oxygen wturation (model I X  Rloocl 
(;as Analvrcr. ( 'orning Medical. Mcdlicld. MA: model OSb12 
I~lcn~oximctcr .  Iiadrorncter. ( 'openhagen. Ilenrnar-h) ('omhinccl 
vcntricul:ir o ~ l t p u t  ant1 I3lood Ilo\\ distribution then \i.c.rc t1etc.r- 
rninctl hy injecting two difl'cr-cntl? laliclcd l 5 btm miel-osplier-es 
(sclcctccl I'roni '"(.o. "( 'r. I'YitI. l l ' l ~ i .  "Vln. " \St>.  '"Sri. "Sr. or- 
'35 Zn: New I:ngl:tnd Nuc~lear-. I3oston. bl 2 )  into the infer-lor- \ella 
cava :rntl lcli atrium while obtaining I-cl'crcncc sanil,lcs at a r.atc 
of' 4 rnl/rniri I'rorn the descending and  ascending aor-ta and tlic 
~)~r lmon: i r~ ,  artcr-!. I he. i o lumc  ol'hlood rerno\cd Ii)r- the l>loc~tl 
and rcfcrcr~cc samples w:is I-cl)lacctl with an cclu;il \ o l u m e  ol' 
l'ctal donor- or. in ral-c instance\. maternal 1,lood. '1.0 \cntil:itc 
the fi.tuscs. the tirhcs co r i~~ce tcd  to tlic c~~dotr;~e~tic;II  t~rlle \\el-e 
opened and tracheal Iluid \va\ allo\\ed to drain.  I'licsc t~rl>cs ~ \ ~ r - c  
conricctcd to a specially designed positive prcssi11-e ~sn t r l a to r .  
into \vliicli a gas niixt~rr-c con\r\tirig ol'3"l 0,. 5 ' ;  ('0;. and 0 2 ' ;  
N was introtlucctl at  :I ratc ol' 10-15 litcr/min (Frg. I ). O n  
inspiration. ga\ tlowcd fi.orii tlic p u m p  tliroirgli the tubing :tritl 

into the l'cti~s. O n  cxpir:ttion, a solenoid in seric\ \\it11 tlie 
expirator->. tuhrng opened. ant1 tlic expired air 1.1-om thc~ Ictus \ \ a s  
Iluslicd li.om tlic tubing to tlie outside. .l'his o\.crcamc, tlic po\- 
siblc dilticultics o l ' a  large dc:rd sp;rec li)r ventilation. M'c \\csrc 

alllc, to control the, I-ate. 01'1-c\l>ir~:it1on. ~n\l>irator-! and clid c~\pir-  
ator! prc\sures: these \a lucs  anti tr[i:il \olurni.. \\Iiic.li \ \ a s  111ca- 
~rrecl 11) a ~,ricumotacliogr:t~>li (I-'lci\ch t!l>c 110. 00. '\Ictl~cal Inc,.. 
I<icliniond \' ,1: Valid! net mocic>l III'JS- 10 I>rCssurc transtluccr 
arid riiodcl ( ' l )  l S c,arrrcr dcrnc~iilrlator. l : ~ i g i n ~ c r - ~ ~ i g  ( 'orp. Uo~-tIi- 
~rrtlgc. (',\). \\eres a \  h o \ \  ri In l.:~l>lc I .  I'llcrc~ \\c,rc 110 signilic~atit 
ellanyes In thc\c. \ar-iaI~lc\ t I~rc)ugl io~~t  thc c\perirncntal pc*r.ic>cl. 
I 'pori coniplction of' thC la\t sct oI'mca\urcmcrit\. tI1es c \ \ c  \\.a< 

allestlictr/cd u ith an  intra\ enous irilcc,tion 01' ti- I0 g so<i i~lm 
~,cntoI~arhitaI (I:uth3nasia-6. \'etcrinar-! I ahorator-ic\. I ca\cna. 
K S )  and killed \ \ r t l l  an i n ~ r - a \ . ~ ~ i c ~ u \  iniec.tiori ol'\aturatcd pot:th- 
sium ellloride ~ o l u t i o n .  ( ' o r n h i ~ i ~ d  \ent r ic~r lar  output 2nd its 
distr-il,ution \\ckrc deter-mrncci a \  de\crrI>cd prc.\ro~r\l! in c l~ . t : t i l  
( 15).  Rricfl!. the. utc>ru\ 2nd indi\ idual k ta l  organ\ \ \crc tlis.;cctctl. 
\\eiglicd. and  placed In I;)rmalin. Organ\ nc re  c.a~-l>oni/c(l in :in 
o \ c n  :it -350'. groir~iii rnto :I eo:l~.\e po\\(lc~..  pl:icc~cl into pI:tstrc 
\ ialh to a unifor-m liciglit 01'3 c~m.  and counted in a 1000-c~Ii:tnncl 
~nulticli:inriel ~ ~ ~ ~ l \ e - l i c i y l i t  c~nal!/~r- (Sorlarid ( 'orp .  1'or.t .\tl\rn- 
son. h'l). I he acti\.it! of 'cacli  r\otopc 111 c~ac~li or-gar1 \ \ a \  ~1etc.r- 
,iiincd 1)) tlie Icast-sq~rarc\ mctliod desc~~-il>ed prc\ iousl! ( 10). 

1)ciici corc1/1.\1\ Rlootl Ilo\\ to fi.tal or-gans \ \as c.alc.ul:tted in the 
control period h! c.ornpar-ing tlic radioacti\ rt! ol'tlic mrcrosl,licre 
injeckd into the inlc'rior Lena ca \a  in c.acli olpan \\ ith t h ~ .  
radioacti\it! :ind flo\\. rate 01' tlic appropr-iatc r .clrCncc \ample 
(ascentlirig aorta fix ~ t p p c r  I?oti! organ\. tlcsc~crlding :lorta 1'01. 

lo\\cr hod! organs. ~?trlniori;~r-! alter-! li)r- lung\). as tlC~c~rrl>cd 
prc\io~r\l!  in detail (15) .   fie^. I l l c  li'tu<c\ \\ere \c~ritilatcd. p~r1- 
monar-! hlooil 110\\. and blooti Ilo\\ tlir-o~rgli \ ; is~~~rI:tr  \ I ~ L I I ~ ~ . ;  
char-:ictcristic of the I>tal ci~.culatrori \\cr.e> altcrc-el dramatrcall!. 
I~Iicr-cli)re. hlood Ilo\\ to k t a l  or-gans \ \ a \  c~alc~llatctl using the. 
radio:lcti\ it! of'tlie rnicr-o\l>licre\ injcctetl rnto tlic lcli atr-iurn li,r 
\enti lation. o\\gcnatrori. and oc,clu\ion ~iic~asur-er:icnt\. I3(>caui> 
central blood flo\\. pattern5 \\.crc alteretl drarnatrc.all! I>! \ ~ . r i t ~ l a -  
tion. comllincd ientr-ic.ular out1>~1t and ~,~rlnlonar! I>loo(l Ilo\\ 
\ \ere calculated h! a sc~-ie\  ol 'eq~ration\ to I > c  prc\entctl c.l.;cb\\ hcrc 
(17 ) .  
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l a l ~ l c  I .  ( i~rit~iicic~~.i\iic \ ( I /  ~ . ~ ' t ~ i i / c ~ i i o l ~  (11 /c,icii \ l / c . c , l i  / t i  ii/c,t-o 
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Vascular pressures wcre corrected using ar-nniotic lluid pressure 
as Lero reference. Oxygen contents \\ere calculated b! multipl!- 
ing the oxygen saturation of the blood times the hemoglobin 
concentration by 1.35. During oxygenation and occlusiorl, the 
amount of dissolved oxygen was calculated from thc PO, ol'thc 
blood and was added in calculating oxygen contcnt. Data fi-om 
one period were compared with data from the pre\.ious period 
by the Mann-Whitne! U test. with the understantiing that thc 
chance ofcomniittinga type I1 error with paired data is increased. 
Unless othcmise stated. n = 14 fbr control. kentilation. and 
oxygenation measurements. and n = 10 for occlusion measure- 
ments. because in two animals the ~~mbil ical  cord occludcr- did 
not function properly. and two other animals de\,cloped a pneu- 
mothor-ax befor-c occlusion n~easurcments were matic. All data 
arc expressed as mean t SD. 

RESULTS 

In early attempts to  determine the effects of birth-related events 
on lcft ventricular output in the fetus. we placed an clectromag- 
netic flow transducer around the ascending aorta of four lktal 
sheep. During the control period. there was no significant di1ti.r- 
encc between mean pressures in the ascending and descending 
aorta and pulmonary artery (Tablc 2). Howevcr. systolic and 
pulse pressures in the ascending aorta were slightl) greater than 
those in the descending aorta and pulmonary artcr!. Ventilation 
increased mean. systolic. diastolic. and pulse pressures in the 
asccnding aorta in fetuscs with flo\+; transducers. but not in those 
~ v i t h o ~ ~ t  ilo\v transducers (Tables 2 and 3). Oxhgenation increased 
these pressures only in fetuses with flow transducers. Changes in 
descending aortic and pulmonar> arterial pressures here not as 
pronounced (Tablc 3). Twenty min after ventilation had ceased 
and the unibilical cord occluder had been released. pressurcs in 
the ascending aorta and lcft ventricular output dccrcascd simul- 
tancously. 7'hel-c wcre no such associations between pressures in 
the ilcsccnding aorta or pulmonary artery and lefi vcntl-icular 
output. As a result of these ot-,scrvationx. we did not use a llom 
transducer to measure left ventricular output in subscq~~cnt  
studies. and the remainder of thc data presented wcre obtained 
fsom the 14 animals in which only catheters were implanted and 
blood flows were measur-cd with microsphercs. 

Fetal l>ody weight for the 14 fetuses u a s  3.6 1 k 0.64 kg (range 
2.53-4.45 kg). During the control period. values f i ~ r  pll .  1'0:. 
anti PC02 in the descending aorta and blood saturation and 0, 
contcnt in the descending aorta. ascending aorta. lcft atrium. 
pulnionary artel-y. and ~~mbil ical  vein were within tile expected 

Table 2. ,,lr~c~ri(il I)/ooc/ ~)r(~.\.\ur(,.s i t ~ . / i ~ u r  utii~nu/\ ~1111 
e ~ l c , ( ~ / r o t ~ ~ ( i ~ r ~ r ( , / ~ ~ ~  / / ( I \ ( ,  troll s(///c,c,r\ uro/lt~(/ u.sc~c,t~d~t/,y ciot./(i /iot.r 

-- - - 
0?1(~un ? Slljj 

-- - - - - - - 

p~ --  ~ 

C'ontrol Ventilation Oxygenation Occlusion 
-- 

Descending aorta 
h4ean 5 7 k 4  5 7 f 7  57 F 5'* 53 t 3 
Systolic 7 h t X  79-+10 7 1 + 9  68 t 9 
Il~astolic 40 2 3* 44 + 7 48 t 6-1 45 k 3 
I'ulse 30 4 8 35 + 8 23 c 4" 23 t 8 

Ascending aorta 
Mean 5 7 i h  h 2 i 6  68 i 3: 64 k l l 
Systolic X O t 1 6  85k10't  9 8 k 1 4 t  8 7 ~ 1 6  
ISiastolic 4 3 k 4  4 5 k 7  50 k 51- 47 + 9 
I'ulsc 3 7 t 1 3  4 1 t 8 *  49kIOf  4 0 t 9  

Pulmonary artery 
Mean 5 8 i 3  6 2 k l O  5 8 ~ 1 3  5 0 i 1 1  
Systolic 7 4 i 7  74-c 1 1  73? 13 6 2 k 6  
Diastolic 4 7 i 2  4 9 f 1 0  4 8 k 1 2  4 0 ~ 1 6  
Pulse 

- ~- - 
2 7 i 5  2 5 + 4  25 * 8 22 k 10 

- - - - -  - 

* 11 < 0.05. 
i p  < 0.005. significantly difI"crcnt horn values obtained from fetuses 

with no flow transducer placed around the ascending aorta (-Table 3). 

Table 3. &//cJc/.s c!/'hirf//-rclrrlccjl c,\lc,rlls o ~ ~ / i , ~ ( i l  Ircur/ raft UII(/ 
urioriul hlood prcJc.\llrcJ.\ (i?~orrl~ + SD) 

- - ---- - - -~ -~ -- 

Control Vent~lat~on Oxygenation Occlusion 
-- - -~ - - - - - - - - - - 

Heart rate 373k25 152+16* 5 163k46 
Prcssurcs (torr) 
Descending aorta 

Mean 5 2 k 6  5 3 ~ 6  47 & 6 *  5 6 k  I5 
Systolic 7 3 k 8  7 3 k 9  6 5 t h  7 6 i 1 9  
Diastolic 4 0 f 5  4 0 k 7  36 t 5  4 5 k  12 
Pulse 3 3 k 6  3 4 4 6  3 0 k  7 28 t 14 

Ascending aorta 
Mean 5 3 t 5  5 5 + 7  4 9 k 7  5 5 + 1 4  
Systolic 6 9 a 9  6 9 i 8  6 4 c 8  71 c 17 
Diastolic 41 + 6  4 2 k 8  3 7 + 7  47+ 12 
1'~llse 28-1-6 2 7 k 7  2 7 + 6  2 4 k 8  

Pulmonary artery 
Mean 54*7 5 5 t 9  47 F 6* 45 k 14 
Systolic 7 3 k 1 3  7 2 t 1 4  6 4 t 7  6 0 t l 5  
Diastolic 4 2 t 5  4 2 t 8  36 * 6  3 4 k  15 
Pulse 3 0 k 1 0  2 9 c 1 0  2 7 t S  

-~ - - 
2 6 t  1 1  

-~~ -~ - 

* Signifies \due  different from prcccding value. p < 0.05. 

rangc for fetuses at this stage of gestation (Tablc 4). Characteristic 
of the fetal circulation. in which gas exchange takes place in the 
placenta. umbilical \enous ox!-gen saturation and oxygen con- 
tent were significantly greater than those in the fetal arteries 
( I'able 4). The ur~~bilical venous-descending aortic oxygen con- 
tent differcncc was 2.21 t 0.75 niM. and the left atrial-pulmo- 
nary arter-ial oxygen content ditTerence was 0.45 t 0.36 mM. 
Oxygen content and blood saturation in the ascending aorta were 
slightly grcatcr than those in the descending aorta. and oxygen 
contcnt in the descending aorta was slightly greater than in the 
pulriionary ar-tery. Ventilation of the fetal lungs with a gas 
mixture consisting of 3% O?. 5% CO?. and 92% N, produced no 
signiticant changes in any of these values or relationships. With 
ox!,genation. the site of ox!,gen uptake shifted almost completely 
kom tlie placenta to the lungs. The left atrial-pulmonary al-terial 
oxygcn content ditference increased significantly to 0.95 ? 0.53 
n1M (11 < 0.005). and the umbilical \.enous-descending aortic 
diff'cr-cncc ctccr-cascd significantly to 0.20 +- 0.37 mM (1)  < 0.00 1 ). 
a u l u e  not different from zero. Blood oxygen saturation and 
content incrcased in all vessels ( p  < 0.001): left atrial and 
ascending and descending aortic oxygen saturation (11 < 0.00 1) 
and contcnt (11 < 0.02) were significantl!. greatcr than in the 
pulmonar! artery. With oxygenation. the oxygcn tension in tlie 
cxot id and pulmonar) arteries. left atrium, and umbilical vein 
increased to 225 -t 162 ( n  = 14). 50 t 3 (11 = 12). 163 t 14 1 (11 

= 8). anci 77 k 29 torr (n  = 12), respectively. Subsequent 
umbilical cord occlusion produced no significant changes in these 
values or relationships. 

Fetal heart rate was 173 + 25 beats/min during the control 
pcriod (Table 4). Heart rate decreased slightly with ventilation 
alone. but neither oxygenation nor occlusion produced a further 
significant change. Mean blood pressures in the descending and 
ascending aorta and pulmonary artery were 52-54 torr during 
the control period (Table 3). There were slight decreases in mean 
descending aortic and pulmonary arterial pressures with oxygen- 
ation, but in general. ventilation. oxygenation. and occlusion 
produced little change in these values. Pulse pressure in the 
descending aor-ta was greater than that in the ascending aorta 
during tho control period ( p  < 0.05). and greater than that in 
both the ascending aorta and pulmonarq artery during ventila- 
tion (1) < 0.02). These findings differ from those obtained from 
the animals that had a flow transducer placed around the as- 
cending aorta (Table 2). 

Combined ventricular output was 398 t 8 1 ml .  min-' .kg-' 
during the control period. Ventilation, oxygenation. and occlu- 
sion each produced no significant alteration in combined ven- 
tricular output. Blood flow to the umbilical-placental circulation 
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necessary for survival. The fetuses in our study ranged from 133- 
138 days gestation and thus would be expected to require rela- 
tively high ventilation pressures for effective lung ventilation. 
During the control period, gas exchange took place in the pla- 
centa, and oxygen content was highest in the umbilical vein. 
During ventilation with oxygen, the lungs became an important 
site of oxygen exchange as indicated by the significant increase 
in the left atrial-pulmonary arterial oxygen difference and 
marked decrease in umbilical venous-descending aortic oxygen 
difference. The effectiveness of ventilation varied, as indicated 
by the wide range of PO2 in the descending aorta (35-5 19 torr). 
However, ventilation of each fetus was adequate because arterial 
blood oxygen saturations ranged from 93-loo%, and arterial pH 
and PC02 did not change significantly. 

In the four fetuses with flow transducers around the ascending 
aorta, ventilation and oxygenation were associated with increases 
in blood pressures in the ascending aorta, but not in the descend- 
ing aorta or pulmonary artery. The increases may be related to 

the phenomenon described by Goldstein and Epstein (19), who, 
in a model system, demonstrated that supravalvular aortic ste- 
nosis can produce an apparent increase in innominate arterial 
pressure, but not in distal aortic pressure, and that innominate 
arterial pressure can increase linearly with left ventricular output. 
Their explanation is that the stenosis produces a jet stream of 
blood directed into the innominate artery, and a portion of the 
kinetic energy is converted to potential energy, which is detect- 
able as increases in systolic and mean arterial pressures in the 
innominate artery. In our studies, ascending aortic pressure 
varied with left ventricular output. We conclude that the increase 
in aortic pressure associated with ventilation is the result of the 
increased velocity of blood flow across the aortic constriction 
produced by the flow transducer when left ventricular output 
increases. 

Systemic arterial pressure and heart rate increase after birth 
(1). In fetuses prepared with catheters only and no flow trans- 
ducer, we detected no increase in systemic arterial blood pressure 
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Fig. 3. Effect of birth-related events on systemic and pulmonary blood flows. Blood flow to the fetal body is represented as systemic blood flow 
(open area plus SD error bars) and pulmonary blood flow (hatched area minus SD error bars). Ventilation ( p  < 0.005) and oxygenation ( p  < 0.02) 
were associated with an increase in pulmonary and a decrease in systemic blood flows, relative to the previous condition. In addition, cord occlusion 
significantly increased systemic blood flow ( p  < 0.02). 

Table 5.  BloodJlow (ml x min-l x 100 g-I) to various fetal organs 

Organ* Control Ventilation Oxygenation Occlusion 

Adrenal 397 t 170 362 + 160 167 + 56 223 + 75t 
Brown fat 66 t 37 30 + 12$ 13 t 8$ 26 + 12t 
Kidneys 245 + 69 199 + 67 151 + 33 164 + 50 
Gastrointestinal tract 94 + 28 59 + 228 53 +.31 83 + 34t 
Spleen 368 + 189 272 + 143 279 + 85 447 1628 
Liver 1 8 +  17 15 +- 18 14 f 15 37 t 19$ 
Periphery 15.3 + 3.2 11.1 + 4.05 8.1 + 3 . l t  9.3 + 1.7 
Brain 151 + 49 135 + 53 58 + 21 1 1  94 + 59 
LV 265 + 164 238 t 126 102 t 3711 101 t 41 
RV 321 + 111 280 t 97 113 a 3011 120 t 65 
Thyroid 223 + 120 116+ 518 66 + 48$ 84 47 
Lung 159 + 68 641 t 51311 1040 + 426$ 1005 + 479 

*Periphery comprises the skin, muscle, and skeleton of the fetus; LV and RV are left and right ventricular free wall; liver flows represent the 
hepatic arterial contribution only. 

7 Denotes a significant change from previous value, p < 0.05. 
$ Denotes a significant change from previous value, p < 0.02. 
§ Denotes a significant change from previous value, p < 0.005. 

1 1  Denotes a significant change from previous value, p < 0.001. 
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occur in response to the cessation of umbilical venous blood 
flow, in a manner analogous to 'the increase in hepatic arterial 
blood flow that occurs in the adult following decreases in portal 
venous blood flow ( 3  1). In our studies, total hepatic blood flow 
following umbilical cord occlusion was 137 + 60 ml . min-' . 100 
g liver-', which is lower than values reported for lambs. This 
suggests either that the change in hepatic blood flow from fetal 
to newborn values may require longer than the 15 min we 
allowed before making measurements, or that some mechanism 
other than umbilical cord occlusion is involved. 

Our previous studies have demonstrated that renal blood flow 
increases by about 400% between 123-1 33 days gestation in the 
fetus and 5 days of age in the newborn (32). The results from 
thcse studies show that ventilation, oxygenation, and cord occlu- 
sion are not responsible for the perinatal increase in renal blood 
flow. However, positive pressure ventilation decreases renal 
blood flow (33 ,  34) by a mechanism mediated by arterial baro- 
receptors and the sympathetic nervous system (35, 36), and it is 
possible that a renal vasodilatory response was masked by the 
vasoconstrictor effects of positive pressure ventilation. More 
probably, renal blood flow increases some time after the imme- 
diate perinatal period, because renal blood flow did not change 
during the first 6 h following cesarian delivery of lambs (37) .  
Clearly, further investigation is needed to determine the control 
of renal blood flow in the pe~inatal period. 

In summary, dramatic changes in the cardiovascular system 
at birth assist the neonate in adapting to extrauterine existence. 
Of the three events we investigated, ventilation, oxygenation, 
and umbilical cord occlusion, none could account for the differ- 
ences in heart rate, arterial blood pressure, and combined ven- 
tricular output normally observed between the fetus and neonate. 
Ventilation and oxygenation were responsible for some of the 
differences in blood flow patterns between the fetus and neonate, 
notably an increase in pulmonary biood flow and a decrease in 
myocardial, cerebral, and hepatic blood flows. Future studies are 
needed to determine whether other perinalal events, such as 
prenatal increases in plasma thyroid hormone, cortisol, and 
catecholamine concentrations and postnatal changes in organ 
function, account for differences between fetal and neonatal 
circulation. 
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