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ABSTRACT. The present study investigates whether
changes in total brain blood flow can be reliably estimated
by changes in carotid arterial blood flow in fetal and
perinatal lambs. We therefore compared carotid arterial
blood flow, measured with implanted transit-time ultra-
sound transducers, with brain blood flow, measured by
radioactive microspheres in fetal lambs during normal
oxygenation and during pulmonary ventilation with oxygen,
with Po; ranging from levels normal for the healthy fetus
to levels normally seen postnatally. Cerebral perfusion
pressure was modified over a wide range to alter brain
blood flow: it was decreased by balloon occlusion of the
brachiocephalic trunk and increased by a balloon occluder
around the aortic isthmus. Carotid arterial blood flow and
brain blood flow were closely related (r = 0.97, p < 0.0001).
The relationship was not altered at different levels of
oxygenation. However, measurements during higher cere-
bral perfusion pressures, obtained during aortic isthmus
occlusion, had a negative influence on the agreement be-
tween carotid arterial blood flow and brain blood flow.
When excluding values obtained by aortic isthmus occlu-
sion, changes of 20% or more in brain blood flow could be
predicted with carotid arterial blood flow within a confi-
dence limit of 95%. Blood flow measurements in the carotid
artery may be useful to estimate changes in brain perfusion.
(Pediatr Res 35: 329-333, 1994)

Abbreviations

MCBP, mean carotid blood pressure

Qbrains blood flow to brain

Qextracerebraty Dl00d flow to skin of the head and skull
Qsiny blood flow to skin of the head

Q.vuii, blood flow to skull

Q. carotid arterial blood flow

ID, inner diameter

OD, outer diameter

The lamb fetus is frequently used in models to evaluate changes
in antenatal and transitional Qpuin (1, 2). Cerebral perfusion
usually has been measured by repeated injections of radioactive
microspheres (3-5). This method has the advantages of reliability
and the ability to determine regional as well as total Qurin. The
main disadvantage is the limited number of blood flow measure-
ments that can be performed. An increasing number of studies
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investigating the pattern of fetal and neonatal Qprin have used
ultrasound-derived changes in the carotid artery as a measure of
changes in Qpuin (6, 7). Although regional Qpurin cannot be
determined with this method, frequent estimations of Qprin can
be made. Morcover, in long-term experimental studies, changes
in total Qurin can be monitored with ultrasonic flow transducers
around the carotid arteries. Also, in clinical studies, ultrasound-
derived changes in arteries supplying the brain, such as the
carotid artery, are used to investigate the relationship between
brain perfusion and various antenatal and perinatal complica-
tions, such as growth retardation and perinatal asphyxia (8-10).
However, until now, no studies were performed to validate the
relationship between changes in total Qurin and Quar

We examined the relationship between changes in Q. meas-
ured with the transit-time ultrasound technique (11), and changes
in radioactive microsphere-determined total Qurin. We hypoth-
esized that a close relationship and a good agrcement existed
between changes in flow measured by the two mecthods. This
study was performed in fetal lambs before and during pulmonary
ventilation and oxygenation to increase Po, to levels seen post-
natally. Changes in Qumin Were induced by varying cerebral
perfusion pressure over a wide range, including values well below
and above the previously described limits of cerebral autoregu-
lation (12, 13).

MATERIALS AND METHODS

Animals and surgical preparation. Before the initiation of these
studies, all surgical and experimental procedures were approved
by the Animal Care and Use Committee at the University of
California, San Francisco. We studied 10 fetal sheep with gesta-
tional ages of 124—135 d and weights of 2550-4665 g. The ewes
were fasted for 24 h before surgery. After local ancsthesia with
2% lidocaine, low epidural anesthesia was achieved with 4 mL
of 1% tetracaine hydrochloride (Pontocaine HCI; Breon Labo-
ratories, New York, NY). Polyvinyl catheters (1.3 mm ID, 2.3
mm OD) were advanced from hind limb vessels into the ewe's
descending aorta and inferior vena cava. NaCl (0.9% solution)
was infused continuously into the ewe, and 50-100 mg of keta-
mine hydrochloride (Vetalar; Parke-Davis, Morris Plains, NJ)
was administered to the ewe as necessary to maintain sedation.

The pregnant horn of the uterus was exposed through a midline
incision in the ewe’s abdomen, and a uterine incision was made
overlying the fetal hind limbs. Local anesthetic (0.25% lidocaine
hydrochloride) was administered before each fetal skin incision.
Polyvinyl catheters (0.75 mm ID, 1.2 mm OD) were placed in
the fetal descending aorta and inferior vena cava via the hindlimb
vessels. The fetal skin and uterine incisions were sutured.
Through a thoracotomy in the third intercostal space, catheters
were placed in the brachiocephalic trunk from the internal
thoracic artery (0.75 mm ID, 1.2 mm OD) and directly into the
left atrium (20-gauge i.v. catheter, Becton Dickinson, Mountain
View, CA) in those fetuses in which microsphere-determined
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Qbrin measurements were planned during pulmonary ventilation
and oxygenation (described later). Then silicone rubber inflatable
balloons were placed around the aortic isthmus and the brachi-
ocephalic trunk. The fetal chest was sutured in layers. The fetal
head and neck were exposed through the same uterine incision.
A 3.5-mm endotracheal tube was connected by an Y-tube to two
100-cm lengths of flexible polyvinyl tubing (3.2 mm ID, 6.4 mm
OD). The tubing was filled with 0.9% saline, and the trachea was
intubated. A second catheter was placed in the amniotic cavity
and connected to the ventilation tubing to allow trachea fluid to
flow to the amniotic cavity postoperatively. After exposing the
carotid arteries in the neck, we placed appropriately sized tran-
sonic flow transducers (Transonic Systems, Inc., Ithaca, NY)
around the carotid arteries to measure carotid blood flow (mL/
min). In four fetuses, a flow transducer was placed around both
carotid arteries, and in the remaining six, only a single carotid
artery was used for measuring carotid blood flow. The left
forelimb was then exposed, and a polyvinyl catheter (0.75 mm
ID, 1.2 mm OD) was passed from the brachial artery to the
brachiocephalic trunk, distal to the balloon occluder, to measure
arterial blood pressure and for blood sampling. All incisions were
sutured, the vascular catheters were filled with heparin sodium
solution (1000 IU/mL) and sealed, and all catheters and venti-
lation tubing were exteriorized to the maternal flank and pro-
tected by a cloth pouch. Antibiotics (400 mg gentamicin, |
million IU penicillin) were given into the amniotic cavity and
maternal vein on the day of surgery and each day thereafter. The
animals were allowed 24-48 h to recover from surgery. Earlier
studies in our laboratory on lamb fetuses with comparable ges-
tational age and surgery showed that this period was adequate
for hemodynamic stabilization.

Physiologic measurements. Fetal blood pressures were moni-
tored continuously with Statham P23D6 strain-gauge trans-
ducers, and Beckman R 612 (Beckman Instruments, Inc., Palo
Alto, CA) or Gould 2800S (Gould, Inc., Cleveland, OH) poly-
graphs. Fetal carotid blood pressure was calculated with amniotic
cavity pressure as zero reference. Fetal heart rate, measured by a
cardiotachometer, which was triggered by an arterial pulse wave,
was also measured continuously. Blood samples for determina-
tion of pH, Po,, Pco, (corrected for fetal temperature) and Hb
(model 158 blood gas analyzer, Corning Medical, Medfield, MA;
model OSM2 hemoximeter) were obtained from the carotid
artery.

Qcar Was measured with the transit-time technique with ultra-
sonic flow transducers and ultrasonic transit-time blood flow-
meter (Transonic Systems Inc.). The transonic flow transducer
does not require close contact with the vessel. Reliable calibration
and reproducibility have been shown in earlier studies (11, 14).

Blood flow to the head was measured with radionuclide-labeled
microspheres as described previously (3). Microspheres, 15 um
in diameter and labeled with '"“In, '**Gd, *'Co, *'Cr, '"*Sn, *Sr,
9Nb, or “Sc were injected into the fetal inferior vena cava during
baseline conditions and into the left atrium during ventilation
with oxygen over a 30-s period while reference samples were
obtained at a rate of 4 mL/min from the brachiocephalic trunk
for 1.00-1.25 min. The microsphere injections were not associ-
ated with changes in heart rate or blood pressure. The volume
of blood removed for analysis and for flow reference samples
was replaced with an equal volume of a fetal donor or, in a
minority of cases, with maternal blood. Blood to the head was
determined as described previously in detail (3). Briefly, after
completion of the study, the head was removed; separated into
skin, skull, and brain tissue; weighed; and placed in formalin.
The tissue was then carbonized in an oven at 350°C, ground into
a coarse powder, placed into plastic vials to a uniform height of
3 cm, and counted in a 1000-channel multichannel pulse-height
analyzer (Norland Corp., Fort Atkinson, WI). The activity of
each isotope in the head was determined by the least-squares
method as described previously (15). Quwin, Qskun, and Qurin Were
calculated by comparing radioactivity of microspheres in the
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tissue with flow rate of the appropriate reference sample from
the brachiocephalic trunk and expressed as mL/100 g/min.
Microsphere-determined cerebral blood flow was expressed in
mL/min to compare Qprain With Qer.

The tubes connected to the endotracheal tube were opened
and tracheal fluid was allowed to drain to provide ventilation to
the fetus. These tubes were connected to a specially designed
positive-pressure ventilator. On expiration, a solenoid in series
with the expiratory tubing opened, and the expired air from the
fetus was flushed from the tubing to the outside. This provided
a small dead space for ventilation.

Experimental procedure. Ten fetuses were investigated during
two conditions in a randomized order, with (n = 5) or without
(n = 5) rhythmic pulmonary ventilation and oxygenation. The
fetuses had ventilation with gases of various oxygen concentra-
tions to achieve a range of arterial oxygen tensions. PO, in the
ventilated fetuses ranged from values normal for the healthy
lamb fetus (n = 2) to values normal for the (preterm) newborn
lamb (n = 3; Po, > 6 kPa). Surfactant (Exosurf, Burroughs-
Wellcome Co., Research Park, NC) was instilled into the trachea
before initiation of ventilation. Earlier studies in our laboratory
have shown that changes in Qumin, initiated by ventilation with
oxygenation of the lamb fetus, are comparable to those occurring
at birth (16).

After reaching a stable baseline level during each condition,
carotid arterial pressure was decreased in steps of 5-10 mm Hg
by inflation of the brachiocephalic trunk balloon. At each step,
when a steady state (heart rate, carotid blood pressure) had been
reached, blood samples were taken, hemodynamic parameters
and Q.. registered, and blood flow to the head measured by
microspheres. We aimed to decrease the cerebral perfusion pres-
sure well below the lower limit of cerebral autoregulation for the
fetal lamb of the gestational age studied (40-45 mm Hg) (12,
13). The brachiocephalic balloon was then released, and after
reaching steady state again, cerebral perfusion pressure was in-
creased by steps of 10 mm Hg by inflation of the aortic isthmus
balloon until maximal inflation; all procedures were then re-
peated. Eight comparisons were made between Q.. and Qppin in
each fetus.

Statistical analysis. To investigate the relationship between
Qbrin, determined by microspheres, and simultaneously deter-
mined Q.., and the effect of oxygenation on this relationship,
we used a multiple linear regression model with the following
equation:

Y = bO + berain Qhrain + bPoz Po, + thrain x Po,

13
- Qbrain X P02 + ¥ by, Lk
k=1

where Y is the dependent variable Q. and by its overall mean
value. Quain 15 the first independent variable, and its coefficient,
baorain, defines the slope of the Qcar-Qurain relationship. The second
(Po2) and third (Qumin X P0;) independent variables are action
variables, whose coefficients, bpo, and bourin x po,. indicate the

independent effect of Po, on Q. (affecting the intercept of the
Qcar-Qorain relationship) and the interactive effect of Po; and Qyrain
on Q.. (indicating the effect of ventilation and oxygenation on
the slope of the QcarQurin relationship), respectively. Finally, to
correct for interanimal variability, 13 dummy variables (D,~D3)
were introduced for the 14 brain halves (see also Results) in 10
animals and included in this analysis (17). To determine the
statistical significance of any variable, an F test was performed
by dividing the mean square of that variable by the mean square
residual.

To assess the agreement between Qpmin and Q.. as indicators
for changes in cerebral perfusion, we used the method described
by Bland and Altman (18). This method calculates the mean
difference (d) between both measurements and the SD of the
differences (s). From these data, the limits of agreement (d + 2s)
can be estimated. We therefore normalized the data per animal;
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Table 1. MCBP, pH and arterial blood gases, and radioactive microsphere-determined blood flow (in mL/min) to Q.xiracerebrat and
Obrain at lowest, baseline, and highest MCBP values*

CEREBRAL AND CAROTID BLOOD FLOW

Lowest MCBP

Baseline MCBP

Highest MCBP

Fetuses without ventilation

MCBP (mm Hg) 197 52 + 13t 81 + 8%
pH 7.36 £ 0.04 7.36 £ 0.02 7.38 £ 0.04
Pco, (kPa) 7.6 £09 7.7+£0.7 7.3+0.5
Po; (kPa)§ 3.1(1.7-3.3) 3.1(1.9-3.5) 3.2(1.9-3.3)
Qexlmccrebral 17 + 15 (l2 * [0) 65 + 39 (40 + 2') 84 + 12 (47 + 27)
Qbrain 12+4(14£9) 49 + 25 (102 = 59)t 58 + 21 (120 = 54)t
% of Qurin Of total flow 41 43 41

Fetuses with ventilation
MCBP (mm Hg) 22+3 53 £ 10% 78 £ 12}
pH 7.40 = 0.07 7.40 £ 0.07 7.43 £0.04
Pco; (kPa) 6.0+2.0 6.4+0.6 6.4+ 1.1
Po, (kPa)§ 11.7 (2.4-20) 7.7 (2.5-8.7) 5.9 (2.3-24.5)
Qextracerebral 15£5(10£5) 41 £ 18(26 £9) 49+ 19 (32 % 12)
Qbrain 13£3(23+5) 31 29 (56 + 16)1 44 + 15 (89 = 32)t
% of Qurain Of total flow 45 43 47

* Values are means + 1 SD. Numbers in parentheses represent Qexracerebrat and Qbrain €xpressed as mL/100 g/min (means + 1 SD).

tp <0.05 vs low MCBP.
1 p < 0.05 vs low and baseline MCBP.

§ Because oxygenation of fetuses with ventilation ranged from Po, values normal for the fetus to those normal for newborn lamb, the median and

range for this variable has been given.

1204 between lamb fetuses without ventilation and with ventilation/
. oxygenation were compared with the ¢ test. Differences of these
1004 variables among bascline, lowest, and highest MCBP values were
. compared by one-factor analysis of variance for repeated meas-
= 80! - urements, followed by the Newman-Keuls test when a significant
€ L difference was found. Statistical significance was assumed as p <
T 60l L. 0.05.
= AL
§ 40{ 3 RESULTS
& % No differences were found for Pco,, pH, Hb, or heart rate
201 ,‘?}! O no ventilation between the fetuses without ventilation or with ventilation/
== x ventilation oxygenation at any MCBP level or among baseline, highest, and
= lowest MCBP values. Median Po, values in the fetuses with

0 . . . . " .
0 20 40 60 80 100 120
Qbrain (Ml/min})

Fig. 1. Individual values of Q. as a function of ipsilateral radioactive
microsphere-determined Qurin (7 = 14).

values of Q.. and Qunin during baseline level were considered to
be 100%, whereas the other values were expressed as the per-
centage change from these baseline values.

Differences of blood gases, pH, MCBP, Qurin, and Qextracerebral

ventilation were higher than in those without ventilation. Table
1 summarizes these data. This table also shows microsphere-
determined Qg,(.—acn—chml (stin and stull) and Qbmin in the fetuses
without ventilation and with ventilation/oxygenation at the dif-
ferent cerebral perfusion pressures. No significant difference was
seen in the relationship between Qexiracerebra aNd Qprain among the
different levels of perfusion pressure. The amount of blood
perfusing the brain was always 41-47% of the total amount of
blood flowing to the head regardless of cerebral perfusion pres-
sures and whether the fetus had ventilation. Blood flow to the

Table 2. Results of multiple linear regression analysis of Q... dependent variable on three independent variables*

Independent
variables Coefficient SEM SC t value p value

Intercept 8.07 293 8.07 2.76 0.01

Qbrain 1.43 0.12 0.89 12.17 <0.0001

Po, —0.003 0.06 —0.01 —-0.06 0.95

P02 X Qurain 0.001 0.002 0.06 0.61 0.55
ANOVA 1table df SS MS F value p value

Regression 16 37171.19 2323.20 53.92 <0.0001

Residuals 80 3447.03 43.09

Total 96 40618.23

* The three independent variables were microsphere-determined Qprin, PO2 (Whose coefficient bpo, indicate the independent effect of this variable
on Q..), and the interaction variable PO; X Qurin (Whose coefficient bpo, X Qs indicate the interactive effect of this variable on the slope of the
Qcar-Qurain relationship); by is the overall intercept. Animal variability was included in the model by introducing dummy variables, coded by effects,
for the 14 brain-halves in 10 animals. The regression equation was statistically significant (r = 0.97, p < 0.0001). SC, standard coefficient; ANOVA,
analysis of variance; SS, sum of squares; MS, mean square.
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Fig. 2. Difference in changes (%) between Q.. and ipsilateral radioactive microsphere-determined Quin as a function of the mean average of
Qcar and Quin. The two solid horizontal lines indicate the lower and upper limit of agreement (d + 2s) when all measurements are included; the two
hatched horizontal lines indicate the lower and upper limit of agreement without the measurements made after inflation of the aortic isthmus

balloon. BC, Brachiocephalic; Al, aortic isthmus.

brain in relation to tissue weight was much higher than to
extracerebral tissue. Ventilation and oxygenation tended to de-
crease cerebral and extracerebral blood flow, but these decreases
were not significant. During baseline and highest arterial pres-
sures, blood flow to extracerebral and cerebral tissue was signif-
icantly higher as compared with lowest carotid pressures.

In the four fetuses in which blood flow was measured in both
carotid arteries, left and right Q... was not significantly different
(mean * 1 SD; left carotid artery, 43 £ 17 mL/min; right carotid
artery, 46 = 18 mL/min). A close relationship was found in the
fetuses between left and right carotid blood flow with a slope of
the regression line close to 1 (r = 0.89, p < 0.001, y = 0.92x +
8.26).

Because blood flow was not measured in both carotid arteries
in all fetuses, we divided the brain into left and right halves and
compared Qcar With Qurin (expressed as absolute flow, mL/min)
in the ipsilateral halves of the brain. In this manner we compared
14 brain halves with the blood flow in 14 ipsilateral carotid
arteries. Figure 1 shows the relationship between Q. and the
hemicerebral flow (r = 0.92, p < 0.001, y = 1.49x + 7.82). The
multiple linear regression model, as described in Material and
Methods, investigated the effects of oxygenation on the relation-
ship and incorporated the animal variability. Table 2 shows the
results: oxygenation had no effect on the intercept or the slope
of the regression line of this relationship, whereas animal varia-
bility was not significant. Analysis of residuals reveiled a homo-
geneous distribution of the residuals versus either the fitted or
the dependent variable (Table 2). Using the same multiple linear
regression model, we found a similar close relationship between
left or right Qu., and total Qumin (r = 0.94, p < 0.0001; the
coefficient boe, was 0.85). Also, oxygenation here had no effect
on intercept or slope of the regression line of the relationship. In
this analysis nine dummy variables (D,-D) were introduced for
the 10 animals to correct for interanimal variability.

For several reasons, thoroughly discussed by Bland and Alt-
man (18), correlation between two methods does not give us
information about the error with which one can predict one
measurement given the other. Therefore, we assessed the agree-
ment between Q.- and Qprain, Which is shown in Figure 2. Taking
all values into account, we found that agreement was poor; limits
of agreement (d * 2s) ranged from —44% to +64%. However,

when values obtained by aortic isthmus occlusion were excluded,
the agreement improved considerably, with limits of agreement
ranging from —19% to +25% (Fig. 2; hatched horizontal lines).

DISCUSSION

The present study in the fetal lamb shows a close relationship
between changes in radioactive microsphere-determined total
Qbrain and changes in Q... Oxygenation of the lamb fetus to levels
normally seen in the newborn lamb did not alter this relationship.
Of importance to potential clinical application is the fact that
the proportion of total blood flow to the head that was directed
to the brain tissue was similar over a wide range of cerebral
perfusion pressures, including values well below and above the
estimated limits of cerebral autoregulation. This situation was
true for lamb fetuses without ventilation and those with ventila-
tion (41-43% and 43-47%, respectively). In this respect it is
important to state, however, that we investigated only healthy
sheep. In case of brain injury (e.g. brain edema), the proportion
between extracranial and intracranial blood flow may be
changed. The agreement between both measurements, excluding
values obtained during aortic isthmus occlusion, indicates that
changes in Qurin 0f 20% or more could be predicted from changes
in Q.. within the 95% confidence interval in the lamb during
fetal and transitional periods. This provides the advantages of
monitoring brain perfusion continuously rather than intermit-
tently, as with radioactive microspheres, as well as the ability to
observe changes in brain perfusion as a function of time. If this
relationship in the lamb were applied to the human fetus and
infant, it would provide an opportunity to assess changes in Qurain
by measuring Q.. with noninvasive techniques. Although differ-
ent in some respects, blood supply to the brain in both the lamb
and the human fetus and newborn is predominantly provided
by the carotid arteries (19-21). In the sheep, the carotid arteries
predominantly supply the brain via the carotid rete, from which
a short large vessel supplies all the blood to the circle of Willis,
whereas the vertebral-basilar vascular system has no role or only
a minor one (19, 20). Indeed, occlusion of both carotid arteries
in the sheep has been shown to cause virtually complete ischemia
with loss of electrical cortical activity in about 8 s (20). Eighty to
90% of the blood flow to the human brain is normally supplied
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by the carotid arteries (22). In adults, Risberg et al. (21) showed
a significant relationship between Doppler ultrasound-measured
common Q.. velocity and '**Xenon inhalation-measured Qurain.
In our study, actual Q.,, was measured. Doppler ultrasonography,
mostly used in the clinical studies, measures blood flow velocity
and not absolute flow. To calculate absolute flow, it is necessary
to measure the cross-sectional area of the vessel and the average
blood flow velocity. Velocity is related to absolute flow if the
internal diameter of the vessel does not change. Although major
changes in diameter of carotid arteries do not usually occur,
there are small changes during the cardiac cycle and during
changes of cerebral perfusion pressure (23-25). Moreover, Sones-
son and Herin (26) clearly showed that Doppler-measured blood
flow velocity in large intracranial arteries in newborn lambs
underestimated changes in actual Qurin induced by changes in
arterial carbon dioxide tension, probably because of a concomi-
tant change in internal diameter of the arteries under investiga-
tion.

The reason for the relatively poor agreement between Q. and
Qurin When measurements obtained during aortic isthmus occlu-
sion are included is not apparent. A possible explanation is that
at higher cerebral perfusion pressures, collaterals between verte-
bral and ventral spinal arteries may be recruited. These collaterals
may become important shunts for the cerebral blood supply via
the normal small basilar artery, which normally does not con-
tribute to the blood supply of the circle of Willis (19, 20).

In conclusion, transit-time ultrasound-monitored Q. (mL/
min) shows a close linear relationship with radioactive micro-
sphere-determined blood flow to the brain in the fetal lamb.
This relationship is not altered by pulmonary ventilation and
oxygenation of the fetus. The assessment of agreement showed
that changes in Qunin larger than 20% can be monitored by this
method, although aortic balloon occlusion-induced higher cer-
ebral perfusion pressures have a negative influence on the agree-
ment between Q. and actual Qprain.
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