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Type and duration of fetal asphyxial insult affect the distri-
bution of blood flow to the heart and brain. The purpose of this
study was to describe dynamic and quantitative changes in
regional myocardial and cerebral blood flow (CBF) during fetal
asphyxia induced by total occlusion of the umbilical cord. Eleven
exteriorized fetal sheep were subjected to total umbilical cord
occlusion and five fetal sheep served as sham controls. Regional
blood flow (BF) to the brain and heart was quantified using
radioactive microspheres before and after 5 min of occlusion and
finally when fetal mean arterial blood pressure had decreased
below 25 mm Hg, 9.8 (0.8) [mean (SD)] min after occlusion.
Right coronary arterial (RCA) blood flow velocity and carotid
BF were registered continuously. Mean values of arterial pH and
oxygen content (mL O2/100 mL) were 7.08 (0.11) and 4.4 (2.9)
before cord occlusion and decreased to 6.83 (0.05) and 1.4 (0.9)
at 5 min after occlusion (p � 0.01, respectively). Carotid BF was
significantly below preocclusion values by 2.5 min (p � 0.05),
whereas RCA velocity time integral per minute remained above
preocclusion values for 9 min. CBF decreased from 316 (24)

before cord occlusion to 156 (30) mL/min/100 g at 5 min (p �
0.01), whereas right myocardial BF was maintained at 792 (125)
and 751 (183) mL/min/100 g, respectively. CBF decreased rap-
idly after total cord occlusion whereas myocardial BF increased
and was maintained until shortly before cardiac arrest, suggesting
the myocardium to be better preserved during this type of insult
in already partially asphyxiated fetuses. (Pediatr Res 55: 568–
575, 2004)

Abbreviations
MABP, mean arterial blood pressure
CBF, cerebral blood flow
BF, blood flow
Art HT, arterial hypotension
PaCO2, arterial CO2 pressure
EEG, electroencephalography
RCA, right coronary artery
PFV, peak flow velocity
VTI, velocity time integral

The vascular response of the heart and brain to acute as-
phyxia in the late gestation fetus varies according to type and
rapidity of insult. As opposed to the centralization of flow in
fetal hypoxemia with a well-established compensatory increase
to the brain and heart, acute asphyxia may result in a variety of
vascular responses. Total cord occlusion has resulted in an
early decrease in carotid blood flow, suggesting a vulnerability
of the fetal brain during an early stage of the insult (1). The

decrease in carotid blood flow and cerebral blood volume was
accompanied by an increase in carotid vascular resistance.

Localization of regional brain damage has been attributed to
differences in timing of the asphyxial insult (2, 3). The regional
vascular response within the brain during the asphyxial insult
has been sparsely investigated. Thus, differences in vascular
reactivity within the brain due to variations in type and timing
of the insult may predispose to selective regional vulnerability
of brain structures.

A previous study reporting an early decrease in carotid blood
flow during acute asphyxia with maintained blood pressure
suggested that this decrease was not due to cardiac compromise
(1). We postulated that myocardial and cerebral perfusion are
differentially regulated during acute asphyxia. Studies of early
concomitant changes in CBF and myocardial BF in response to
sustained periods of total cord occlusion have not been per-
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formed. Such study requires a combination of methods to
enable both detection of rapid dynamic changes as well as
quantification of absolute values of regional blood flow. A
continuous assessment of relative changes in CBF may be
performed by measuring carotid BF, whereas a similar evalu-
ation of myocardial perfusion requires continuous information
on coronary blood flow. This may be achieved by measure-
ments of RCA Doppler velocity. The method has been applied
in the human fetus showing signs of increased coronary per-
fusion in chronic uteroplacental insufficiency (4). Fetal coro-
nary flow dynamics have not previously been studied during
acute asphyxia.

The objective of this study was to investigate the dynamic
changes of the fetal cerebral and coronary circulations as well
as absolute changes in blood flow within the brain and heart in
response to acute asphyxia, as induced by umbilical cord
occlusion. For this purpose we used intermittent measurements
of cerebral and myocardial BF by radiolabeled microspheres,
and continuous measurements of carotid BF and RCA Doppler
flow velocity.

METHODS

Subjects and surgery. The study was performed in 16
near-term fetal sheep of mixed breed and gender at a mean
(range) gestational age of 136 (134–138) d. Gestational age
was calculated from the day of conception. The study was
approved by the Animal Ethics Research Committee, Lunds
University.

The pregnant ewes were intubated after pentobarbitone in-
duction and cesarean section was performed during isoflurane
anesthesia supplemented by remifentanil infusion. Fetuses
were exteriorized into a thermostated waterbath at 39°C. Care
was taken to minimize disturbance of the umbilical circulation
and to maintain body temperature and humidity. To avoid fetal
breathing, the nose was covered with a rubber glove. Catheters
were placed in the femoral and axillary arteries with the tips
located in the abdominal aorta and the brachiocephalic trunk,
respectively. Another catheter was placed in the femoral vein
with the tip located in the inferior vena cava. An ultrasound
blood flow probe (3S, Transonic Systems Inc., Ithaca, NY,
U.S.A.) was placed around the carotid artery for measurement
of carotid blood flow. Two EEG electrodes (shielded stainless
steel) were placed bilaterally over the parietal cortex 10 mm
anterior of the bregma and 15 mm lateral of the midline after
making drill holes through the parietal bone. A reference
electrode was placed subcutaneously, posteriorly in the midline
of the skull.

Recordings and measurements. MABP in the aorta via the
femoral catheter, heart rate derived from pressure oscillations,
and carotid BF were registered continuously. Heart rate and
MABP signals were stored on hard disk. Single-channel EEG
was recorded and stored on hard disk with continuous display
of the raw EEG and the amplitude-integrated EEG. Arterial
acid-base measurements were performed in blood obtained
from the abdominal aorta via the femoral catheter and analyzed
immediately on the ABL 300 (Radiometer, Copenhagen, Den-
mark). Blood oxygen saturation and Hb concentration were

measured by an OSM 2 (Radiometer) hemoximeter and used to
calculate oxygen content. Blood gases were corrected for fetal
temperature. Arterial acid-base measurements were performed
before cord occlusion, at 5 min after occlusion, and when fetal
MABP had decreased below 25 mm Hg.

Doppler ultrasound blood flow velocities in the RCA were
registered with a high-frequency linear transducer (15L8),
Acuson Sequoia C256 (Siemens, Mountain View, CA,
U.S.A.). The ultrasound transducer was placed on the right side
of the thoracic wall of the lamb fetus, which allowed visual-
ization of the proximal right coronary artery at its take off from
the ascending aorta (Fig. 1). After identifying the RCA by
two-dimensional echocardiography and color flow mapping,
flow velocity was registered continuously in the proximal part
of the right coronary artery with 7.0 MHz pulsed wave Doppler
ultrasound. The angle between the Doppler beam and the
longitudinal axis of the vessel was kept as small as possible,
and was always �15°. Angle correction was not performed. A
sample volume that gave the best possible quality envelope and
pure audio sound throughout the cardiac cycle was chosen. All
examinations were recorded on super-VHS videotape and se-
lected still frames on magneto-optic disc. Measurements of
Doppler velocities and time integrals were performed off-line,
with the analysis package of the ultrasound unit. Coronary flow
is dependent upon the pressure gradient across the coronary
bed and therefore occurs mainly during diastole, with systolic
flow being considerably less and even negligible (5). Coronary
flow is best estimated by adjusting the diastolic VTI for heart
rate, thereby correcting for changes in VTI caused by length-
ening or shortening of the cardiac cycle (R-R interval). Dia-
stolic PFV and VTI were measured on three to five cardiac
cycles and the results averaged. VTI per minute was calculated
by multiplying VTI with heart rate. Rate pressure product was
calculated by multiplying systolic blood pressure with heart
rate.

Regional blood flow to the brain and heart was measured by
using the reference organ radiolabeled microsphere technique
(6). Microspheres, 15 �m in diameter (New England Nuclear,
Zaventem, Belgium) and labeled with one of three isotopes
(cerium 141, scandium 46, and chromium 51) were injected
into the fetal inferior vena cava over a 20-s period while
reference samples where obtained from the brachiocephalic
trunk and the abdominal aorta at a rate of 3.3 mL/min for 1.5
min using a precalibrated pump (Harvard Apparatus, Dover,
MA, U.S.A.). The volume of blood removed for flow reference
samples was replaced with an equal volume of maternal blood.
After completion of the study, the fetal brain and heart were
removed and fixed in formaldehyde. The brain was dissected
into the following regions: frontal, parietal, temporal, and
occipital cortex; hippocampus; diencephalon and striatum;
pons, cerebellum, and medulla oblongata. The heart was dis-
sected in myocardial sections from the right and left chamber.
The radioactivity in each sample was determined using a
Ge-detector (Canberra Industries Inc., Meriden, CT, U.S.A.)
with the Genie 2000 (Canberra Packard, Schwadorf, Austria )
analysis software. Activity in all calculated samples repre-
sented an excess of 400 microspheres. The mean of calculated
blood flows in all regions, excluding those to brain stem, pons
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and cerebellum, were taken to represent cerebral blood flow.
Regional BF was calculated for the following regions: basal
ganglia (mean of diencephalon and striatum), cortex (mean of

frontal, temporal, parietal, and occipital cortex), hippocampus
and infratentorial brain structures (mean of medulla oblongata,
pons, and cerebellum).

Experimental procedure. After exteriorization and surgical
preparation, fetuses were allowed 20 min of stabilization, after
which baseline measurements were performed. Thereafter, to-
tal umbilical cord occlusion was performed in 11 lambs by an
inflatable cuff. Physiologic data were monitored until cardiac
arrest as defined by ultrasound imaging (i.e. absence of ven-
tricular contractions). Doppler blood flow velocities in the
RCA were registered directly after exteriorization of the fetus,
intermittently during preparation and stabilization, and contin-
uously during umbilical cord occlusion. Microsphere measure-
ments were performed before cord occlusion, after 5 min of
occlusion, and finally when fetal MABP had decreased below
25 mm Hg. MABP below 25 mm Hg was taken as a definition
of Art HT. After an identical exteriorization and surgical
preparation, five lambs served as sham controls and were
monitored continuously during 10 min. Microsphere measure-
ments in sham controls were performed at 0, 5, and 10 min.

Statistics. Results are presented as mean � SD unless
otherwise specified. Data were analyzed using one-way repeat-
ed-measures ANOVA. Correlations between parameters were
assessed using Pearson’s correlation analysis. p Values � 0.05
were considered significant.

RESULTS

Fetal sheep subjected to cord occlusion were acidotic and
moderately hypoxic before the onset of cord occlusion as were
sham controls throughout the protocol. During cord occlusion,
the fetuses developed severe combined metabolic and respira-
tory acidosis. Physiologic data of fetal sheep subjected to cord
occlusion and those of sham controls are given in Table 1.

Fetal heart rate fell rapidly after the start of cord occlusion,
whereas mean MABP initially increased and was maintained
for 4.5 min compared with preocclusion values and then
decreased continuously until cardiac arrest (Fig. 2). Art HT
(i.e. MABP �25 mm Hg) was determined at a mean (SD) of
9.8 (0.8) min and cardiac arrest occurred at 14.5 (4.2) min after
onset of occlusion. MABP and acid-base variables remained
unchanged in the sham controls during the study period. The
EEG became isoelectric at a mean time of 68 (19) sec after
onset of occlusion and remained so until cardiac arrest.

Cerebral blood flow. Carotid BF exhibited an early decrease
and fell significantly below preocclusion values by 2.5 min (p
� 0.01) (Fig. 2). Mean values of regional CBF in asphyxiated
lambs before and during cord occlusion as well as in sham
controls are given in Table 2. Mean (SD) relative decrease in
blood flow compared with preocclusion values at 5 min was
40% (17%) in cortical areas, 24% (23%) in the hippocampus,
44% (14%) in basal ganglia, and 48% (12%) in infratentorial
brain structures and 79% (15%), 73% (20%), 79% (14%), and
82% (10%) respectively at Art HT. There were no significant
differences in relative changes in blood flow between the
respective cerebral brain regions at either 5 min or at Art HT
compared with preocclusion values.

Figure 1. (A) Illustration of the proximal RCA visualized by color Doppler
at its take off from the ascending aorta. (B–E) Illustration of characteristic
sequence of changes in the RCA Doppler velocity spectrum before and during
total cord occlusion; (B) before cord occlusion; (C) increased RCA Doppler
velocity at 3 min after cord occlusion; (D) and (E) decreasing RCA Doppler
velocities at 7 and 10 min, respectively, after cord occlusion.
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Myocardial blood flow. Mean values of right and left myo-
cardial BF as measured by microspheres in asphyxiated lambs
before and during cord occlusion as well as in sham controls
are given in Table 2. Blood flow to the right myocardium was
significantly higher than that to the left myocardium before
cord occlusion and remained so at 5 min and at Art HT (p �
0.05. respectively). Mean values of BF to the right and left
myocardium remained unchanged at 5 min after cord occlusion
and decreased significantly at Art HT compared with the
preocclusion values (p � 0.01).

RCA Doppler flow velocity dynamics. RCA hemodynamic
parameters for asphyxiated fetal sheep and sham controls are
summarized in Table 3. The lowest PFV, VTI, and VTI per
minute were obtained directly after exteriorization. During the
period from exteriorization to umbilical cord occlusion there
was a significant increase in PFV, VTI, and VTI per minute (p
� 0.05, respectively). Correlation analyses performed on data
obtained before umbilical cord occlusion showed a negative
correlation between PFV and pH (r � �0.68, p � 0.0003), and
a weaker (r � �0.47 to �0.59) but significant (p � 0.05)
negative correlation between PFV and both oxygen content and
base excess. There were no significant correlations between
RCA flow parameters and heart rate, blood pressure, or the rate
pressure product.

After umbilical cord occlusion, there was an immediate
increase in PFV, VTI, and VTI per minute (Fig. 1). PFV and
VTI per minute fell below preocclusion values after 5 and 9
min, respectively. Compared with data obtained immediately
after exteriorization, the maximal PFV after umbilical cord
occlusion was 3.04 (1.79) times higher and the maximal VTI
per minute 4.17 (2.22) higher. Changes in VTI per minute in
the asphyxiated group before and during cord occlusion are
shown in Figure 2.

Right myocardial blood flow versus RCA Doppler flow
velocity parameters. Correlation analyses showed a linear
correlation between right ventricular BF as measured by mi-
crospheres and RCA VTI per minute (r � 0.69, p � 0.0001) as
registered by Doppler ultrasound (Fig. 3). There was a similar
linear correlation between right ventricular BF and RCA PFV
(r � 0.63, p � 0.0001).

Myocardial versus cerebral blood flow. The mean (SD)
ratio of volume blood flow as measured by microspheres,
between that of the right myocardium and that of the cerebrum
[right myocardium (mL/min/100 g)/cerebrum (mL/min/100 g)]
increased significantly from that before cord occlusion, 2.4

(1.0), to that at 5 min after cord occlusion, 4.3 (1.7) (p � 0.01),
whereas the ratio at Art HT, 3.7 (2.1), did not differ signifi-
cantly from the preocclusion ratio. The corresponding values in
sham controls were 2.4 (0.8) at 0 min, 2.8 (0.8) at 5 min, and
3.1 (0.3) at 10 min. Relative changes in carotid BF, RCA flow
velocity (VTI per minute), and MABP during cord occlusion
are given in Figure 4, illustrating the respective variables
temporal relationship to changes in MABP with an early
decrease in carotid BF compared with an increase and preser-
vation of RCA flow velocity.

DISCUSSION

The main purpose of this study was to compare changes in
time and magnitude of differences in cerebral and myocardial
BF during acute asphyxia induced by total cord occlusion. The
results show that the vascular responses in the heart and brain
to asphyxia of rapid onset are fundamentally different. We
observed an immediate fall in carotid BF after onset of occlu-
sion associated with an abrupt increase in carotid vascular
resistance. On the contrary, RCA velocity increased abruptly
after onset of occlusion, indicating a clear fall in coronary
vascular resistance, and reached values below those before
occlusion at 5 min after onset of occlusion. The CBF measured
by the microsphere technique showed that CBF was reduced by
approximately 50% after 5 min of occlusion compared with
preocclusion values, whereas right and left myocardial blood
flows were unchanged. When fetal MABP had decreased be-
low 25 mm Hg (i.e. at the point of Art HT), CBF was reduced
by 80% and myocardial BF by 75% compared with preocclu-
sion values. Although fetal hypoxemia induces an increase in
CBF compared with the decrease observed in asphyxia of rapid
onset, the differential response between the myocardial and
cerebral vasculature is similar in that both insults lead to a
greater increase in myocardial BF than in CBF (7).

Methodological considerations. The microspheres tech-
nique is limited in that it only allows for intermittent measure-
ments of BF, and it is difficult to obtain samples quickly
enough to determine rapid changes. This is well illustrated by
our observation that the microspheres method failed to detect
the rapid increase in RCA flow as detected by the continuous
Doppler registration after onset of cord occlusion. The com-
bined use of continuous coronary Doppler and carotid flow
measurements with intermittent measurements of blood flow
using the microspheres method enabled an evaluation of dy-

Table 1. Physiological variables in fetal sheep subjected to cord occlusion and in sham controls

Asphyxiated fetal sheep (n � 11) Sham controls (n � 5)

Baseline 5 min Art HT Baseline 5 min 10 min

pH 7.08 � 0.11 6.83 � 0.05† 6.80 � 0.06§ 7.08 � 0.14 7.07 � 0.14 7.07 � 0.15
Arterial PCO2 (kPa) 9.5 � 1.1 16.3 � 2.4† 16.8 � 1.6§ 9.5 � 1.1 9.5 � 1.0 9.6 � 1.6
Base excess (mmol/L) �9.8 � 5.1 �18.1 � 3.0† �18.8 � 2.4§ �10.3 � 7.6 �10.9 � 6.9 �10.7 � 7.2
Oxygen content (mL O2/100 mL) 4.4 � 2.9 1.4 � 0.9† 0.8 � 0.3§ 4.0 � 2.0 4.1 � 1.8 4.0 � 2.3
MABP (mm Hg) 45 � 3 28 � 3† 13 � 1� 53 � 5 53 � 4 50 � 4
Heart rate (beats/min) 193 � 7 66 � 8† 61 � 5§ 190 � 11 203 � 15 201 � 11

Values are mean � SD. Art HT was defined when MABP had decreased below 25 mm Hg during cord occlusion.
* p � 0.05 and † p � 0.01, significant decrease at 5 min as compared with baseline; ‡ p � 0.05 and §p � 0.01, significant decrease at Art HT as compared

with baseline; � p � 0.01, significant decrease at Art HT as compared with at 5 min after cord occlusion.
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namic changes substantiated by absolute measures at defined
time points.

A fairly good linear relationship was found in our study
between right coronary Doppler parameters and right myocar-
dial BF, and a good correlation has previously been found
between carotid BF and CBF as measured by microspheres (8).
The Transonic flow probe was used as a continuous measure of
changes in cerebral blood flow. Branches from the carotid
artery perfusing extracerebral tissue were not ligated, therefore
changes in perfusion to extracerebral tissue such as a rapid fall
to carcass tissue may have masked an early increase in cerebral
blood flow (9). A reciprocal distribution of flow between
cerebral and extracerebral structures with increasing carbon
dioxide tensions has been noted in the fetal sheep without any
measurable change in blood flow as measured with a flow
probe on the common carotid artery (10). Bennet et al. (1)
reported a similar early fall in carotid blood flow, as in the
present study, during cord occlusion in fetal sheep with ligated
extracerebral branches of the carotid artery as well as in those
without ligated branches, suggesting that the proportion of
volume flow to extracerebral tissue and the presumed decrease
thereof was of a less important magnitude.

A prerequisite for transthoracic measurements of RCA ve-
locity of good quality was exteriorization of the fetus. This
procedure was associated with the development of a degree of
fetal acidemia and hypoxemia before onset of cord occlusion.
The baseline values of BF to supra- and infratentorial brain
regions as well as those to the heart in the present study are 1.5-
to 2-fold higher than corresponding baseline values for unanes-
thetized, chronically instrumented sheep fetuses (11–13). The
increased values of BF to the heart and brain before cord
occlusion represent a fetal response to metabolic acidosis and
hypoxemia and might in turn have affected the subsequent
hemodynamic response to total cord occlusion. The character-
istic differences observed between myocardial and cerebral BF
during cord occlusion must therefore be interpreted as a vas-
cular response in which both organs have been subjected to
hypoxia and acidosis before the acute asphyxial insult.

Cerebrovascular response. Our findings are similar to those
of a recent study in near-term fetal sheep showing a similar
rapid fall in carotid BF and an increase in carotid vascular
resistance in response to total cord occlusion (1). The response
to cord occlusion of rapid onset is distinctly different to that of
hypoxia, where a number of studies have shown a response
characterized by a compensatory increase in CBF and a pres-
ervation of oxygen delivery to the brain (14, 15). The fall in
carotid BF was in all lambs preceded by the EEG becoming
isoelectric, which implies that the latter is an early response to
a decrease in oxygenation and not to a decrease in CBF.
Arterial blood pressure fell below baseline value at a mean
time of 4 min after onset of cord occlusion, which is signifi-
cantly earlier than that (8 min) reported in the study of Bennet
et al. (1). The shorter duration of the hypertensive phase in the
present study was probably due to fetal hypoxemia and aci-
demia before cord occlusion, which in turn may have induced
loss of cerebral autoregulatory capacity (11). This being the
case, autoregulation of the cerebral vasculature would appear

Figure 2. Mean values of MABP (top), CBF (middle), and VTI per minute
(bottom) in fetal sheep (n � 11) subjected to total cord occlusion. Error bars
denote SEM.
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more vulnerable than that of the heart in face of the differen-
tiated hemodynamic responses we observed.

The reason for the sharp increase in cerebrovascular resis-
tance during cord occlusion of rapid onset is unclear. A
predominant feature of cord occlusion is an early increase in
fetal PaCO2 due to immediate cessation of placental gas ex-
change. Recent studies have shown that superimposed exces-
sive hypercapnia in rats subjected to cerebral ischemia and
hypoxia induces severe cerebrovascular depression and aggra-
vates brain damage (16). The influence of PaCO2 on cerebro-
vascular response and cerebral damage in sheep occlusion
models is not known and warrants further study. If elevated
PaCO2 would be found to induce an increase in cerebrovascular
resistance during cord occlusion, this would be contrary to
previous findings of cerebral vasodilatory effects of hypercap-
nia in the sheep fetus (17).

A previous study using microspheres showed no change in
CBF during total arrest of uterine blood flow, with a redistri-

bution within the brain favoring basal structures (13). We were
unable to observe any sign of redistribution within the brain as
the relative decrease in perfusion to supra- and infratentorial
brain structures was similar at 5 min and at Art HT. The
hierarchy of regional perfusion was preserved at the three time
points of microsphere administration and corresponds to the
degree of metabolism normally attributed to basal, supra-, and
infratentorial structures. Information on any concurrent
changes in regional oxygen extraction or metabolism was not
obtained in this study which further precludes speculation on
regional vulnerability.

Coronary blood flow. High coronary flow velocity in human
fetuses has been observed in uteroplacental insufficiency, and
identifies fetuses at high risk of intrauterine death (4, 18).
Studies on coronary blood flow in fetal lambs using external
Doppler flow probes placed on the left circumflex artery and
radiolabeled microspheres have been performed during right

Table 2. Regional blood flow to brain and heart as measured by radioactive microspheres in fetal sheep subjected to cord occlusion and
in sham controls

Regional blood flow (mL/min/100 g)

Asphyxiated fetal sheep (n � 11) Sham controls (n � 5)

Baseline 5 min Art HT Baseline 5 min 10 min

Cerebrum 316 � 24 156 � 30† 58 � 16§� 277 � 33 283 � 53 263 � 47
Cortex 249 � 23 118 � 23† 41 � 12§� 202 � 23 211 � 37 200 � 32
Hippocampus 312 � 31 178 � 40† 67 � 18§� 287 � 36 276 � 54 260 � 56
Basal ganglia 453 � 29 221 � 41† 86 � 24§� 423 � 65 430 � 88 389 � 75
Infratentorial brain 596 � 39 282 � 56† 106 � 29§� 633 � 52 646 � 117 548 � 68
Right heart ventricle 792 � 125 751 � 183 214 � 59§� 668 � 135 791 � 157 830 � 171
Left heart ventricle 598 � 115 529 � 132 150 � 48§� 483 � 94 626 � 132 678 � 164

Values are mean � SD. Art HT was defined when MABP had decreased below 25 mm Hg during cord occlusion.
* p � 0.05 and † p � 0.01, significant decrease at 5 min as compared with baseline; ‡ p � 0.05 and § p � 0.01, significant decrease at Art HT as compared

with baseline; �p � .01, significant decrease at Art HT as compared with at 5 min after cord occlusion.

Figure 3. Correlation between right myocardial BF as measured by radioac-
tive microspheres and RCA VTI per minute as measured by Doppler
ultrasound.

Figure 4. Mean relative changes in MABP (�), CBF (F), and RCA VTI per
minute (Œ) in fetal sheep (n � 11) subjected to total cord occlusion. Error bars
denote SEM.
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ventricular pressure loading and pure hypoxemia (19, 20).
Acute systolic pressure loading of the right ventricle to its
maximal work capability stimulated coronary flow to the dou-
ble, whereas acute hypoxemia caused a 4-fold increase in flow
(19, 20).

This study showed that acute asphyxia induced by total cord
occlusion caused a rapid increase in RCA flow, and RCA flow
was sustained above baseline values for 5–9 min. When RCA
flow had decreased to preasphyxia values, the fetal lambs were
on the verge of cardiac arrest.

The maximal increase in RCA flow velocity during asphyxia
was 4-fold compared with measurements made immediately after
exteriorization of the lambs. This increase is comparable to the
maximal flow increase caused by pure hypoxemia in previous
studies (19). The increase in RCA flow in this study was, how-
ever, larger than the flow increase obtained in a previous study by
pressure loading of the fetal right ventricle (20).

The relationship between left and right ventricular myocar-
dial BF at rest was comparable with previous studies in fetal
lambs, left ventricular blood flow being two thirds to three
quarters of the right ventricular blood flow (21). This relation-
ship remained unchanged during cord occlusion, even at severe
Art HT. Thus, the hemodynamic and metabolic changes in-
duced by cord occlusion appear to have a similar effect on left
and right ventricular myocardial BF.

The hemodynamic changes caused by umbilical cord occlu-
sion are characterized by immediate bradycardia, initial in-
crease in arterial blood pressure, and successive arterial hypo-
tension. In a previous study, a close relationship was shown
between the rate-pressure product (product of heart rate and
systolic blood pressure) and right ventricular myocardial BF
(20). This relationship could not be found in our flow data
obtained before umbilical cord occlusion. After umbilical cord
occlusion, the rate-pressure product fell directly whereas RCA
flow increased rapidly. Under the influence of acute asphyxia,
neither heart rate nor blood pressure correlated with RCA flow,
and it is more likely that a metabolic response such as the
release of adenosine in the myocardium due to reduced oxygen
content caused the rapid increase observed in RCA flow (22).

The metabolic changes caused by umbilical cord occlusion
are characterized by metabolic acidosis, hypercapnia, and hy-
poxemia. Each of these parameters may affect coronary blood
flow, and a previous study has shown fetal coronary blood flow
velocity to be closely related to oxygen content (19). In this

study, data obtained before umbilical cord occlusion showed a
rather weak negative correlation between oxygen content and
RCA peak flow velocity, whereas a stronger negative correla-
tion was found between RCA peak flow velocity and arterial
pH. Acidosis has not previously been shown to affect fetal
coronary blood flow, but as hypoxemia and acidosis coincided
in this study, a causal relationship between acidosis and in-
creased fetal coronary flow velocity could not be verified.

The compensatory increase in RCA velocity and the pres-
ervation of myocardial BF showed that the coronary vessel bed
reacted distinctly differently to abrupt asphyxia compared with
the cerebral vasculature. The early decrease in CBF associated
with an increase in cerebrovascular resistance is characteristic
of insults of rapid onset and has not been observed in studies
with slower or graded decreases of umbilical or uterine BF (12,
23). Sheep fetuses were acidemic and hypoxic before the acute
asphyxial insult and therefore the differentiated vascular re-
sponse to cord occlusion represents that of the partially as-
phyxiated fetus and not necessarily that of the healthy fetus.
We argue that these observations are of value for physiologic
understanding in a clinical setting as it is frequently perceived
that human fetuses are in poor metabolic condition before acute
asphyxia.

Histologic study of organ damage in near-term fetal lambs
subjected to total cord occlusion showed that changes in the
myocardium were only seen in those fetuses with the most
severe histologic brain damage, suggesting the myocardium to
be better preserved than the brain during this type of insult
(24). Similarly, studies in newborn infants with severe hypoxic
ischemic encephalopathy have shown varied degrees of signs
of myocardial ischemia as reflected in blood chemistry (25).
The likely explanation for these findings in cases of acute
obstruction of blood flow through the umbilical cord is an
increased preservation of myocardial BF compared with that of
CBF, thus rendering the brain ischemic during a longer time
period than the heart.
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Table 3. Right coronary Doppler flow parameters in the asphyxiated lambs, registered directly after exteriorisation, before and during
umbilical cord occlusion

Asphyxiated lambs Sham controls

Initial Baseline Peak flow Baseline to birth

PFV (cm/s) 30.3 � 13.7 47.8 � 22.0* 72.2 � 30.3†‡ 45.7 � 17.5
VTI (cm) 2.4 � 0.6 4.1 � 1.6* 18.2 � 8.8†§ 3.2 � 1.3
VTI/min (m/min) 4.65 � 1.82 8.20 � 3.87* 17.21 � 6.96†§ 6.33 � 2.43
Mean BP (mm Hg) 46 � 8 43 � 9 47 � 15 53 � 11
Heart rate (b/min) 187 � 37 201 � 33 105 � 53†‡ 196 � 16

The peak flow after umbilical cord occlusion was obtained at mean 3 min (range 1–10 min). The flow parameters presented for the sham controls are average
values of those obtained during exteriorization. Data are presented as mean � SD.

* p � 0.05 significant difference at baseline as compared with initial; †p � 0.05 significant difference at peak flow compared with baseline; ‡p � 0.01,
significant difference at peak flow as compared with initial, §p � 0.001, significant difference at peak flow as compared with initial.
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