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A method for measuring total blood flows  as  well as the distribution

of  uterine and umbilical flows  in  ewes has been developed  in our labor -

/ ·   atory. The method employs radioactiVe microspheres. If proper  pre -
/ \, -
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.

cautionary measures are taken a catheter  for  the inj ection  of a bolus  of

microspheres and another catheter for the withdrawal of an integrated

arterial sample are the only catheters required for measuring organ

blood flow by the microsphere technique:  Such a method of blood flow

determination is, extremely useful in organs with multiple arterial supply

and venous drainage, in which case flowmeters are impractical and the

application  of  Fick' s principle  may be hampered  by the inequality  of  con-

centration of the test substance in the venous outputs.

A study has beeri stai'ted in aubhuman primates to obtain Coniparable

data on the distribution of umbilical and uterine blood flows to compare

with the pregnant sheep.   In both species, as far as possible, but certainly

in 'sheep-the effect of umbilical arterial occlusion  to a portion- of -the  placenta

on the uterine flow to the same·region wilf be studied in order to obtain

inforrhation on the regional regulation of flow to the pregnant uterus.

Similarly,  we have started to· study the regional regulation of fetal

brain flow in-utero   and   atte mpt to correlate the. magnitude   of  flow   to   the

brain with its stage of growth and development.

- II. Scientific Background

The microsphere method is based on the assumption that microspheres

With a diameter larger than blood capillaries injected into the arterial cir-
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culation will be distributed within target organs fii'proportion to the regional

blood flows. Certain precautiohary measures must be taken in order for

this assumption to be valid and they are as follows:

1. Hoinogenous mixing of microspheres
1

2. Microspheres should be of uniform and small diameter in order

that they lodge near the capillary bed and give a better resolution

of regional blood flows.

3.  A negligible amount of microspheres should escape from the

target· organ.                                                          1

4. The ainount of tissue sampled for analysis should be adequately

large.

5. Labels should not react with biological fluids and become free.

All of these precautions have been incorporated in our method.

None of the methods previously available to measure uterine flow was

able to measure maternal placental. blood flow.   With the microsphere

method we have bean able to determine the absolute uterine blood flow

and its distribution to the placenta, endometrium and niyometrium.

. We have also determined total umbilical blood flow and its distribution

to the cotyledons and intercotyledonary chorion in sheep. The total umbil-

ical blood flow calculated according to the microsphere and steady-state

diffusion methods was compared and showed excellent agreement. with one

another.

The information obtained from these studies is re'levant to analysis

of  data on transplacental diffusion. Previous · studies  on the transplacental
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diffusion of inert molecules, from fetus to mother in sheep, has shown

that the placenta simulates a concurrent exchange system in which uterind

and umbilical veins  do not attain equal concentration  of the diffusing  sub -

stance, even under conditions of flow-limited diffusion. This difference may

-            be due,  in part,  to the fact that uterine vein blood is a mixture of blood

coming from the placenta and from uterine structures which do not take

part in maternal-fetal exchange. This venous admixture accounts for

about 50  per cent of the measured concentration difference between umbil-

ical and uterine veins. Another 10 per cent of the concentration difference

between umbilical and uterine veins may be  due to uneven distribution of

uterine and umbilical blood flows.    We' have been unable to demonstrate

a wide variability in the macroscopic distribution of placental flows and

this is probably due to the fact that the uterus was not subjected to severe

trauma and the animal was free from acute stress.  Thus, the residual

inefficiency of placental exchange when compared to an ideal concurrent

exchange system may be due to intracotyledonary shunts.

Prior to our studies one might have assumed that the low PO2 in the

umbilical vein was  due to the presence of a large intercotyledonary shunt,

of umbilical blood flow, arterial venous shunts, or both.   The per cent of

radioactivity which is shunted across the uterus through vessels greater

than 25 microns in diameter ranges from 0 to 1. 2 per cent and across

the umbilical circulation 0.28 per cent. Therefore, this type of shunting

plays a relatively minor role.
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III. Scientific Scope
\

A.  Objectives for the cgming year:

1. To measure the magnitude and distribution of uterine blood

flow in primates.

2...To measure total fetal.cerebral blood flow and its distribution

-in sheep as well as regional regulation of flow.

3.  To measure absolute uterine and umbilical blood flows in sheep,

as well as their distribution and umbilical perfusion ratio
uterine

after partial occlusion of uterine or umbilical flow.

B. Procedures

1.  Measurement of total uterine blood fl'ow and its distribution

in primates.

Pregnant Rhesus monkeys will be studied in the last month of pregnancy.

Polyvinyl catheters are inserted in both maternal femoral arteries,  both

uterine veins- and maternal carotid artery under sodium pentothal anesthesia.

Radioactive microspheres are injected into the maternal arch of the aorta
.--------Ii--

via the carotid catheter over a period of 2 minutes. During the inJection of

microspheres, blood samples are drawn at a constant rate from both femoral

arteries and both- uterine veins  over a period of 4.minutes.

At the conclusion of the experiment the pregnant uterus is removed and

the myometrium, endometrium and placenta are separated by blunt and sharp

dissection and homogenized separately.- The total weight of each homogenate

is measured and 4 gram aliquots are pipetted in six test tubes. The micro-
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spheres are collected at the bottom of the test tubes by centrifugatiori and

their radioactivity determined by placing the tubes in ·a well-type gamma\

scintillation counter. The total counts per minute for each homogenate

are calculated from the mean cofints per minute per gram in the six
1

-            aliquots and the total weight of the homogenate. The fraction of uterine

- blood  flow  to each structure is calculated  as the ratio of radioactivity  in

one homogenate over the sum of radioactivities in all three homogenates.

Total uterine blood flow is determined from the amount of radioactivity in
1

the blood samples and the total radioactivity in the target organ.

After adequate mixing of microspheres has been demonstrated by com-

parable concentration of microspheres in 8ach fernoral arterial sample and

a negligible amount of microspheres escape from the uterus in acute animal

preparations, total uterine blood  flow  and its distribution  can  then be deter -

mined in a chronic animal preparation. A chronic animal preparation would

only require a carotid catheter for injection of microspheres and a femoral

arterial catheter for an integrated arterial sample. Following insertion

of catheters the animal will be placed in a chair and total uterine blood flow
  with its distribution determined 72 hours post-operatively.

Our goal is to determine the maghitude and distribution of uterine blood

-.          flow in stressed (i. e. exercise, acidosis, hypotension and hypoxia) andun-

stressed pregnant primates and relate it to gestational age and fetal weight.

This is important to study in primates since the effects of stress on the

distribution of blood flow to the uterus could be different in other mammals,

when compared to primates.
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2.  Measurement of total fetal cerebral blood flow and its distribu-
\

tion in sheep.

A method for measuring organ blood. flow with the use of radioactive

1

microspheres has been developed in our laboratory.  This in conjunction

wwith our chronic animal preparations containing indwelling fetal and mat-

ernal catheters · affords  us the opportunity to study fetal cerebral blood  

flow in unanesthetized, unstressed fetuses as well as its distribution to

different areas of the brain.                                      1

Polyvinyl catheters are inserted under spinal anesthesia into the right

and left supraclavicular arteries· for a distance  of 1 inch which places  the

tip of the catheter in the carotid artery on each side without obstructing

the flow in the carotid artery. Catheters are also inserted into a fetal

hindlimb vein and the sagittal vein. A bolus of microspheres is in ected

over two minutes through the fetal hindlimb vein and integrated samples

obtained at a constant rate from the carotid arteries and sagittal vein over

a period of four minutes. The total amount of radioactivity in the target

. organ  as   well  as  in the blood samples are deter mined  and the total    cere-

bral blood flow with its distribution calculated.

Fetal cerebral blood flow is measured according to the above technique

at the time of surgery and again 72 hours post-operatively with radioactive

51       141
microspheres of different labels (Cr and Ce ), and related to gestational

age and fetal weight.  We will also measure the magnitude and distribution

of fetal cerebral blood flow under conditions of hypoxia, acidosis and

hyperoxia.  It is our goal to relate fetal cerebral blood flow measured in
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stressed and unstressed fetuses in chrohic animal preparations to the

\btage of development in different areas of the brain urider different

physiological· states.    In this way, one could establish whether blood

   flow to
the different areas of the brain was synchronized with the growth

-               rate ·of that area or not.
"

-                           3.  Measurement of total umbilical and uterine blood flows in

sheep, their distribution and umbilical perfusion ratio  after
uterine

partial occlusion of uterine or umbilical artertial flow.

Pregnant sheap in the last 30 days of pregnancy will be studied. Under ·

spinal anesthesia, polyvinyl catheters are inserted into the hindlimb vein

of the fetus, umbilical artery and maternal carotid and femoral arteries.

Inflatable occlusive cuffs and electromagnetic flowmeters will be placed

on uterine and umbilical arteries and the animal permitted to recover.

Thirty per cent of either uterine or umbilical flow will be occluded and

observations made with electromagnetic flowmeters on the resulting

changes  of the other flow. Radioactive microspheres  ·of different labels

51 141
. ( Cr.     and Ce ) are then injected over two minutes simultaneously into

the maternal aorta. via the carotid catheter and the fetal inferior vena-

cava via the hindlimb vein catheter 48 hours post operatively. During

the injection of microspheres, blood samples are withdrawn from the

maternal femoral and umbilical arteries at a constant rate over 4 minutes.

At the conclusion of the ·experiment the pregnant uterus is removed and

the myometrium, endometrium, intercotyledonary chorion and cotyledons
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are separated by dissectiori.  Each of these tissue layers are homogenized

  and the total weight of each.homogenate determined.    Four gram aliquots'

of each homogenate ire pipetted into six tes<tubes.and the radioactivity in

each tube determined. The total radioactivity for each homogenate and the

-                     fraction of umbilical and uterine blood flow  to the various tissue layers  are

-          then determined.

At the time the uterus is opened each cotyledon is assigned a number

and a tracing made of the uterus and cotyledons. Each cotyledon is dissect-

ed out from the uterine mucosa and frozen to avoid loss of fluid during sub-

sequent procedures. The cotyledons are cut into slices less than one cm

thick and placed flat on the bottom of a numbered, wide counting vial so that

the tissue is less than one cm above the bottom of the vial. The· weight of

the tissue is determined by weighing each vial before and after adding the

tissue.

The samples are then analyzed for radioactivity with an automatic

dual channel gamma counter_.with a  3  inch.crystal.detector  and_a.wide.

well. The distribution of radioactivity on the materhal and fetal sides

of the cotyledon and the distribution of fetal radioactivity ratio are then
maternal

determined.

Our objective is to determine if there is any regional regulatory mechanism .

on uterine or umbilical blood flow.

IV. Technical Progress Report from 1/1/68 to 9/1/70

In  the past three years  we have developed a technique  in  our  lab -

oratory to measure both the total flows as well as the distribution of

-' r
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uterine and umbilical flows in ewes free from acute, severe surgical

stress. This method employs radioactive· microspheres which in the     \

past  have  been  used to measure only distribution  of flow within  a  tar -

get  organ. The technique  for: measuring the magnitude and distribution

-            of umbilical flow has been described (1) and shows excellent agreement

'when.compared with the steady-state diffusion method primarily dev-

eloped in our laboratory. If proper precautionary measures are taken,

a  catheter  for the injection  of. a bolus of microspheres and another  cath-

eter for the withdrawal  of an integrated arterial sample are the only

catheters required for measuring organ flow by the microsphere tech-

nique.  This .is a major advantage over other, methods requiring exten-

sive surgical trauma and manipulation.

The arterial concentration of microspheres in conjunction with the

total number of microspheres found in the target regions  is used to  cal-

culate both the magnitude and relative distribution of flows provided that

a negligible amount of microspheres escape from the target organ.  The

blood flow through a given target organ is calculatd by the following

equatiorl:

number of microspheres in target otganinl blood/min -
t=X

Ctdt

t=o
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Ct represents the number.of microspheres per milliliter of arterial

blood at time t. The integration is done mechanically by withdrawing
\

blood at a conktant rate from the arterial system directly into a gamma

radiation counting tube. · One milliliter of saline is placed in the bottom

-            of the tube and the remaining space is filled with mineral oil.  The tube
.

-             is closed with a rubber stopper containing two holes. A polyethylene

catheter is passed through one hole, and one end of the catheter is

placed in the saline layer of the counting tube and the other end connected

to an arterial catheter. Thick-walled polyvinyl tubing (2.5 mm o. d.,

1.0 mm i. d. ) is passed through the second hole,  and one end of the

tubing is placed in the oil layer of the counting tube and the other end

connected to a 10 ml glass syringe. One-third of the syringe is filled

with mineral oil and the syringe is placed in a Harvard pump.  The

blood sample is collected at a constant rate below the oil layer by pump-

ing the oil from the test tube into the syringe. The microspheres are

then concentrated in a pellet at the bottom of the counting tube by centri-

fugation.  Thus, the total number of radioactive microspheres withdrawn

from the arterial catheter over a known period of time can be precisely

determined.

A. Umbilical Circulation

In 10 sheep fetuses of 90 to 150 days gestatlonal age (Tablel) poly-

vinyl catheters (0. 58 mm i. d. ) were inserted in the main umbilical vessels

under spinal anesthesia. A double lumen catheter made of two polyethylene

catheters (0.58 mm i. d. and 0.28 mm i. d. ) held together at the tip by a

silicone sleeve was inserted  into a fetal hindlimb vein.     A 15% solution of
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antipyrine was continuously infused  at  the  rate  of  0.. 1 ml/min. through

the smaller catheter; the larger catheter.was used for the injection of      '

radioactive microspheres.  The uterine and abdominal incisions of the

ewe were closed and both mother and fetus were given heDarin intra-

- venously. Fifty minutes after the start of antipyrine infusion into the

- fetal hindlimb vein, 0.6 ml samples were obtained from each umbilical

vein and artery for antipyrine analyses.   Four sets of samples obtained

at 5 minute intervals for 20 minutes were analyzed for antipyrine con-

centration  with an autoanalyzer.      At  the  end  of  the 20 minutes, micro-
169 51

spheres tagged with either Yb or Cr (150 jic) were inuected manually

into the fetal hindlimb vein over a period of .2 minutes. During the· injec-

tion of microspheres, blood samples were withdrawn by the Harvard pump

at a constant rate of 1. 125 ml,/min. from the urEbilical arteries for· a total

of 4 minutes. Integrated umbilical vein samples were obtained manually

with plastic syringes. After completion of this procedure,  sets of blood

samples for antipyrine analyses_ were again abt.ained.fr.om_maternal..anti...

fetal catheters at 5 minute intervals for 20 minutes (Figure 1).

The pregnant uterus was then removed.    All of the cotyledons and entire

cotyledonary chorion were ·separated, separately weighed and homogenized

after the addition of. approximately equal amounts of water by weight.     Six

aliquots from each homogenate were collected in counting tubes· and the

volume of each determined gravimetrically. The total counts per minute

for each homogenate was calculated from the mean counts per minute per

gram  in  the six aliquots  and the total weight  of the homogenate.      The  frac -

tion of umbilical blood  flow  to each tissue group, cotyledons and inter -
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cotyledonary chorion was calculated as the ratio. of the total radioactivity
\

in one homogenate' to the total radioactivity of both. The total radioactivity

of both the placental cotyledons and intercotyledonary chorion was used to

calculate umbilical blood flow according to the following equation:

blood flow (ml/min) _number of microspheres in target organ x 1.125
=                               number of microspheres in arterial sample

Microspheres  of two mean diameters,   25 and  15,u, were tested;  95%

were  within +   5 Bi  from  the  mean. The concentration of microspheres inject-

ed was 20 mg/ml and it had no effect on uterine or umbilical flows (Figure

2).

The amount of radioactivity per microsphere was determined before each

experiment in the following way: a drop of suspended microspheres was placed

on a glass coverslip, and a photomicrograph of the drop obtained. The glass

coverslip  was then placed  in  a  test  tube  and the total radioactivity was deter -

mined by placing the counting tube in a gamma scintillation counter.   The

amount of radioactivity per microsphere was calculated from the total counts

per minute on the coverslip and the number of microspheres determined by

visual counting from the photomicrograph.

The number of microspheres in the integrated umbilical artery samples,

in the total tissue mass of cotyledons, and in the intercotyledonary chorion,

as  well  as the percent of total flow distributed  to the intercotyledonary  chor -

ion are presented in Table 1.  More than 99% of the radioactivity in the

umbilical blood was cleared by the umbilical vascular bed.  The per cent

of radioactivity shunted across the umbilical circulation was only 0.28 f

0.13 arid 0.15 f 0.06 S E M for the 25 and 15 p microsphetes, respectively.

The mean distribution of umbilical flow to the intercotyledonary chorion was
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6.2  +   0.8% of the total.

Total umbilical flows calculated according to the inicrosphere and    *

steady-state diffusion methods were compared in 9 of 10 fetuses. During ·

      injection of microspheres, · the umbilical  flow  was not significantly differ -

ent from the flow measured in the 20 minutes prior to the injection (mean

" per cent diffierence  +  0.3 ·t  1.8 S E  M)  (Figura  3).

As the fetus grows the cotyledonary flow signigicantly increases while

the intercotyledonary flow remains essentially unchanged (Figure 4).

B. Uterine Circulation

Fourteen pregnant sheep in the last 2 months of. pregnancy were  stud-

ied.  . Polyvinyl catheters were inserted into a maternal femoral artery,

both uterine veins, and umbilical artery and vein. The umbilical vein

catheter was used for the. infusion of ·antipyrine at a constant rate..  In

addition, a polyethylene catheter for the injection of microspheres was

inserted for 25 cm. under local. anesthesia into the left carotid artery,

which placed the catheter' tip within the arch of the aorta.

51 85 125
Plastic microspheres labeled with Cr or Sr or I were initially

used.  If the amount of free isotope in a given shipment of microspheres

was higher than 1 per cent, the microspheres were washed with saline

and resuspended in a mixture of saline and glycerine (2:3.by volume)

prior to injection in the animal.   It was noted that a fraction of the I125

85
and Sr label tends to come free upon contact with plasma.   For that

51
reason, the Cr label was preferable and used exclusively in the more

recent experiments. Fifty minutes or more after. the start of antipyrine

infusion  into. the umbilical vein, blood samples were obtained  for  anti -
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pyrine analyses from the maternal artery, both right and left uterine
\.

veihs and the umbilical artery. Blood samples were obtained at 5 minute

intervals over a period of 20 minutes.  At the end of this 20 minute period,

/ radioactive microspheres were injected into the maternal arch of the aorta

over a period of 2 minutes. During the injection of microspheres blood
.

samples were drawn at a constant rate (1 ml per minute) from the fem-

oral  artery  and both uterine veins  for a total  of 4 minutes. After  the

completion of this sampling, blood samples were again olptained at 5

minute intervals· for antipyrine analyses from maternal and fetal catheters

for a period of 20 minutes.

The pregnant uterus was then removed and the myometrium, endo-

metrium and placental cotyledons were separated by blunt and shal'p

dissection and homogenized separately.. The volume of each homogenate

.was measured and 4 ml aliquots were pipetted in six test tubes.   The

microspheres were collected at the bottom ·of the test tubes by centri-

fugation and their radioactivities determined by placing the tubes in a
Sh'.

well type gamma scintillation counter. The total co* per minute for

each homogenate were calculated from the mean counts per minute in

the six aliquots and the total volume. The fraction of uterine blood

flow to each structure was calculated as the ratio of radioactivity in one

homogenate over the .sum of radioactivities in all. three homogenates.

Microspheres of three different mean diameters,  50,  35 and 25,u,

were tested. Table II shows that no appreciable amount of microspheres

crossed the uterus, even in the 25p range. Therefore, the degree of
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-« arteriovenous shunting -in the uterus through vessels greater than ·25 u

in diameter is negligible.                                                          f

Table. I[I presents the distribution of microspheres to the three major

structurek of the pregnant sheep uterus.  In 5 of the 14 animals studied

differing antipyrine concentrations in the two uterine veins and/or mal-

- positioning  of the catheters in small branches  of the uterine venous  cir -
.

culation prevented reliable calculation of flows.   In the remaining 9

animals, the uterine blood flows before, during and after injection of

the microspheres were determined. The flows measured during the

inJection of microspheres are shown in Table III. Uterine blood flow

during the infusion of microspheres was not significantly different from

the flow measured in the 20 minutes prior to infusion (mean per cent

variation -4.3 t,4.0 SEM).           -

When the regional blood flows are plotted against fetal weight (Fig-

ure 5), it is apparent that as the fetus grows, the flow to the cotyledons

increases markedly, while the flows to the .uterine muscle and endomet-

rium show no significant changes.

Durign the past year the distribution of uterine blood flow has been

studied in seven pregnant rhesus monkeys varying in gestational age from

130 to 160 days. Polyvinyl catheters were inserted into a maternal femoral

artery, both ovarian veins which are the major source of uterine drainage

and into the left carotid artery with the tip of the catheter in the descending

aorta. Microspheres labeled with Cr and varying in diameter from 15 to51

'6
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50)1 were injected into the maternal descending aorta over a period of

2 minutes. During the injection of microspheres blood samples were    \

drawn at a constant rate (1 ml per minute) from the femoral artery and

both ovarian veins for a total:of 4  minute-s. The pregnant uterus was  then

removed and the myometrium, endometrium and placenta were separated

- by  blunt and sharp dissection. and homogenized separately. The radio-
t

activity  in  each  of the homogenates was determined  by the method  des-                  '

cribed· in studying the pregnant sheep uterus. Table IV shows  the  dis-

tribution of uterine flow to the major tissue layers and the total uterine

blood flow. Further observations are necessary in attempting to relate

uterine blood  flow  and its distribution with gestational  age.

C. Macroscopic Distribution of Blood Flow in the Placenta

We have previously demonstrated that the sheep placenta physiolog-

ically simulates a c6ncurrent exchanger, however, it differs significantly

from an ideal concurrent exchanger in that equilibrium of uterine and

umbili.cal_vein concentrations is not attained even under conditions of flow-

limited diffusion. As shown in Figure 6, the umbilical vein-to-uterine

vein concentration difference for molecules with flow-limited transplac-

ental clearance (e. g. antipyrine and tritiated water) averages 20% of the

umbilical artery-to-uterine artery difference.  The data obtained from

three studies (present report,  2 and 3) permit a calculation of the· umbilical

and uterine venous concentration differences for antipyrine or tritiated

water before admixture with non-cotyledonary venous blood. TheSe

calculations  have  been  made and indicate that venous admixture of cotyl-

edonary with noncotyledonary blood in both uterine and umbilical circula-
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tions may ekplain approximately 50% of the measured concentration

difference between umbilical and uterine veins. \

It has bden postulated by Power, et al (4) that the inefficiency of

placental exchange may be due to uneven maternal perfusion to fetal
1

- perfusion ratios. Their study showed large variabilities of maternal

.and fetal blood flows which were randomly distributed   per  gram of

placental tissue. This observation prompted us to investigate the ratios

of maternal perfusion to fetal perfusion in the sheep placenta.

Twelve pregnant sheep in the last. month of gestation Wvere studied.

Polyvinyl catheters were inserted into a fetal hindlimb vein and a branch

of the umbilical artery under spinal anesthesia. The following day a poly-

vinyl catheter was placed under local anesthesia in the descending aorta

above the level of the diaphragm via one of the carotid arteries with the

aid of x-ray fluoroscopy. In order to varify that the catheter did not

enter accidently a branch of the aorta,  5 cc of saline at room temperature

were injected rapidly into the catheter and the resulting temperature change

noted in the opposite femoral artery by means of a thdrmister probe insert-

· ed 8 cm into the vessel. T.venty-four hours after the. fetal catheters  had

been inserted, radioactive microspheres. were injected simultaneously into

the maternal aorta and the fetal inferior vena cava.  In each experiment the

51mother received 150 microcuries  of 25 micron diameter C labeled micro-

spheres.  In the first eight experiments the fetus received 25 microcuries
169

of  15 micron diameter Yb labeled microspheres. These experiments

were done in unrestrained, awake and unanesthetized animals.  In the last

four  experiments the fetuses received 25 microcuries  of' 15 micron diameter
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141
Ce w.hile the mother- was under spinal anesthesia. The spheres were

injected over a 2 minute period with the exception of the last experiment \

in which they were ihjected over a period of 30 seconds.    At the end of the

experiment the ewe was killed and the uterus  with its contents removed

-           for tissue preparation and counting.

-                     . The uterus was then cut open, fetus removed and the uterine wall

spread  out ·on a flat surface. The allantoic and chorionic membranes  were

dissected away. Each placental cotyledon was then assigned a number and

a tracing made of the uterus and cotyledons. Each cotyledon was dissect-

ed out from the endometrium and cut into slices.

In the first eight experiments each slice .was placed in a numbered

plastic test tube and the weight of.each slice ·determined by weighing each

test tube before and after adding the CQtyledonary slice. The tubes were

then placed in a freeze dryer for 48 hours and the freeze dried tissue

crushed.   Ten ml of 2N NaOH was added to the tissue powder in each tube

.and_incubated_for._2_ho.ursiat .709.C. The tubes  were then centrifuged and

counted for radioactivity. Samples of the supernatant were also counted

to ensure that the microspheres were in a pellet at the bottom of the tube.  ,

Less than 1% of the radioactivity in the tubes was found in the supernatant.

A  maj or disadvantage  of this method  is  that the plastic tubes  tend  to  warp

during the incubation and making it impractical   to   use   an automatic count-

ing device. Because   of this disadvantage the tissue   from  the   last  four  

experiments was treated differently. In these studies the cotyledons were

carefully cut into slices less than  1 cm thick and placed flat on.the bottom
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of a wide counting vial so that the tissue was less than 1 cm above the

bottom of the vial. This procedure now permitted the use of an automatio

141      51
counting device. Wax molds were made 1 cm in height with Ce or Cr

labeled spheres embedded in one end. These molds were counted with the

- spheres first at the top and then at the bottom.  The two counts were com-

pared and the effect of a height of 1 cm above the bottom of the well deter-

141       51mined. There was no difference between the behavior of Ce and Cr

in this study.

The distribution of microspheres over the surface of the placenta was

mapped in three  ways:
169 141

a. The distribution of Yb or Ce on the fetal  side.

51b. The distribution of Cr on the maternal side.
51 169      51   141

c.  The distribution of the ratio of Ct /Yb or Cr  /Ce

For illustration, cotyledons represented in solid print contain more micro-

spheres per gram than the average for the whole placenta. Cotyledons

represented in outline contained fewer microspheres than the average

for the whole placenta.

Three relative activities were defined and calculated for each cotyledon:

1. Fetal Relative Activity = Rf
141 169Rf =· Ce or Yb in cotyledon x Weight of all cotyledons

Cotyledon weight Ce·'-41  of Yl)109 inall cotyledons

2. Maternal Relative Activity = Rm

Rm = Cr 51 in cotyledon    x  Weight of all cotyledons
Cotyledon weight Cr in all cotyledonsol

3.  Maternal - Fetal Activity Ratio = Rmf = Rm
Tril

-
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The transplacental clearance of a substance, where the exchange is
\

not  limited· by the permeability  of the placenta,   can be shown  to be depend-

ent on the arrangement of exchanging vessels and on the magnitude of the

/  uterine and umbilical flows through the vessels.  If the arrangement of

the capillaries is known then the clearance of such a substance in a slice

of tissue can be calculated from the blood flows to that slice. The advantage

of this approach is that the clearance for all tissue slices are additive, hence,

the physiologic effect of flow variability over the whole placenta can be  de-

fined quantitatlvely by one number and the data from several experiments

can be pooled.

Eight sheep together with the treatment applied, the number of cotyledons

in each placenta, the number of slices into which each placenta was cut for

analysis and the % decrease in clearance (AC) of a flow limited substance

.in a concurrent exchanger that would be introduced by the uneven distribu-

tion of flow as observed in cotyledons and slices of cotyledons are present-

ed in Table V. The total number of counts per miriute observed in each

placenta,  the weight of each placenta and the average bounts per minute

per slice of tissue are given in Table VI.

The distribution of the isotopes over the surface of the :placenta

of sheep 12 is shown in Figure 7. It contains three drawings of the opened

uterus. The upper left and right drawings represent the distribution of

microspheres per gram of placenta in the maternal and fetal sides of the

placenta, respectively. The lower drawing represents the distribution

of the maternal/fetal activity ratio.
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The  cotyledons in solid print have a ratio higher  than  1  and the cotyledons

in  outline  have a ratio lower  than  1. The uneven distribution  is a regional  phen-

omenon. The solid and outlined cotyledons are not randomly mixed but are

gathered together in discrete areas. These groupings could not be distinguish-
1

ed by visual inspection of the gross placenta.

-           "     The distribution of relative activites for the eight sheep which received

two isotopes are given in Table 7 and the data of Power, et al (4) superimposed

on our  data in Figure  8.    The  data were pooled graphically by plotting per cent
1

placental weight  in a cumulative manner against the absolute value  of  (1-  rel-    ·

ative activity) - the evenness of the distribution being judged by the steepness

of the slope (Figures 9,  10,  11).   The data from our experiments are consist-

ent and reflect a more even distribution of microspheres than do the data in

the literature.

The effect of the observed flow distribution on the flow-limited clearance

of an inert molecule in a concurrent exchanger is shown in Table 5.  It can

be seen that the uneven distribution of flows.observed in these experiments

would have a negligible effect on the placental transfer: of a very permeable

substanhe.

The absence of. wide variability in tha macroscopic distribution of plac-

ental flows is probably due to the fact that the uterus was not subjected to

severe surgical frauma at any time during the experimental procedure

. and was free from acute stress at the time of the microsphere injection.

D. Fetal Cerebral Blood Flow In-utero.

In  the  past  year  we have developed an acute  as  well. as chronic experimental
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model in the sheep to measure fetal brain flow in-utero and the distribu-
\

tion of cephalic flow to the brain,  head,  skin and eyes. Under spinal anesth-

esia' the pregnant· ewe's uterus is opened and polyvinyl catheters are inserted

/   for 1.inch into the right and left fetal supraclavicular arteries which placed

the tip of the catheter into the respective carotid artery without obstruct-
"

ing its flow. Polyvinyl catheters are also inserted into either a sagittal or

fascial vein and into a hindlimb vein for the injection of microspheres.

Cerebral blood  flow was measured either immediately following  the  oper -

ation or 24 to 72 hours post operatively.

The distribution of cephalic flow and fetal brain flow were measured

immediately after surgery in 12 fetuses varying in gestational age from

130 to 150 days (Table VIIT). Plastic microspheres labeled with Cr or
51

141Ce with  mean diameters  df  15 and  25 p were  used.     The  microspheres

· were  injected  into the fetal hindlimb  vein  over a period  of 2 minutes.     Dur -

ing the injection of microspheres blood samples were drawn at a constant

rate (1.086 ml per minute) from both supraclavicular arteries and from

 
the fascial vein for a total of 4 minutes. In seven of the twelve animals

fetal brain flow was repeated within 9ne hour after the initial measurement.

The fetus was then removed from the uterus and its head decapitated

at the base of the skull. The cranium was opened and the brain removed and

weighed.  The skin, eyes and head were separated and separately weighed.

The brain and head were homogenized separately after the addition of approx-

imately equal amounts of normal saline by weight. Aliquots from each homo-

genate were collected in counting tubes and the volume of each determined
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gravimetrically. The total counts per minute for each homogenate was
\

calculated from the mean counts per minute per gram in the aliquots and

the total weight of the homogenate.   The eyes were placed into separate

counting tubes and the total counts per minute for each determined.  The

entire skin was cut into fragments, placed into previously weighed counting
- tubes which were weighed again after the addition of the tissue and the total

counts per minute measured. The fraction of cephalic flow to each tissue

group,  skin, eyes, head and brain was calculated as the ratio of the total

radioactivity in one to the total radioactivity in the sum of the four tissue

samples. The total radioadtivity in the fetal brain was used to calculate

brain flow according to the following equation:

blood flow (ml/min) = total counts per minute in brain x 1.086total counts per minute in arterial sample

The total counts per minute in the brain, the mean counts per minute of

the arterial samples, braih flow and distribution of cephalic flow are pres-

ented in Table VILI. The mean difference of counts per minute between each

arterial sample was 7.3%.  More than 97% of the radioactivity in the cerebral

blood was cleared by the cerebral vascular bed.    The mean brain flow was'

111. 1 ml/100 gm/min.    The mean distribution of cephalic flow to the brain,

head,  skin and eyes was 44,  42, 10 and 4% respectively:

In eleven fetuses brain flow and the distribution of cephalic flow were

determined 24 to '72 hours post operatively. The gestational ages of the

_ fetuses ranged from.127  to  150  days. In these experiments a catheter  was

inserted into  the sagittal vein ·rather  than the fascial vein. Cerebral blood
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flow was repeated within one hour in three of the eleven fetuses.

The total counts per minute in the brain, the mean counts per minute' of

the arterial samples, brain flow and distribution of cephalic flow are present-

ed in Table IX.   The mean difference of counts per minute between each art-

- erial sample was 8.3%.   More than 99% of the radioactivity iri the cerebral

" blood was cleared by the cerebral vascular bed.   The mean brain flow was

120. 6 ml/100 gm/min.  The mean distribution of cephalic flow to the brain,

head,  skin and eyes was 38,  46,  12 and 4% respectively. -

The distribution of cerebral blood flow to the brain was estimated in three

fetuses (Table X). The  gestational  ages  of the fetuses ranged  from  127  to

150  days.     The mean distribution of cerebral  flow  to  the. cerebrum,   mid-

brain, cerebellum, medulla, olfactory bulb and the pituitary gland was

19,  17,  15,  18,  12 and 19% respectively.
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University of Colorado

Contract No. AT (11-1) - 1762
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1. Estimated Total Actual Costs at the End

of the Current Period $ 14, 026

2. Total Amount Chargeable to AEC $ 14, 026

3. Cumulative Support Costs 28,052

4. Total 42,078
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SRSA Budget

\University of Colorado

Department of Obstetrics and Gynecology

Contract No. AT (11-1) - 1762

-                                           January l, 1971 - December 31,  1971

A - I[ (a) - Reimbursable Portion

1. Supp6rt Personnel

Lynda Harrington, Research Technician $ 7326.00

2. Indirect Costs                                    ·              1834. 00

25.04  % of Salaries

3. Supplies and Materials

30 sheep @ $ 80.00 each                                        2400.00

Housing, care and feed of animals 2000.00

Chemicals and glassware 2000.00

Radioactive Microspheres 1500. 00
Total $ 7900.00

4. Equipment

Rerital of Nuclear - Chicago Model 4233,
Two Channel, AutoGamma Counter @
$ 330.49 per month , 3966.00

5. Publication, Anticipate  2 @ $ 250.00 each 500.00

6.  Travel to Scientific Meetings in U. S. A. 600.00
Two Travelers

7. Retirement (PERA) 608.00

Total Project Cost $  22,734.00

...



28.

A - II (b) -Items Excluded from Cost Sharing to be
\Furnished by University

200 hours of time in animal operating room

A - H (c) sUniversity Contribution of Principal Investigator

-                                      Edgar L. Makowski,  M. D., Professor 40%
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Tabl.e  I

*                                    EXPERIMEN·TAL DATA ON THE MICROSPHERE METHOD

Experiment Isotope Size of Counts per
'

Number of 1VIicrospheres Umbilical Flow Inter-

Number Microspheres Microsphere Umbilical Cotyledons Inter - Microsphere cotyledonary
(microns Artery cotyledonary Method Flow x 100

Chorion (ml/min) Umbilical
Flow

1                   169·yb          25 7.6 1006 337,300 17,000 396 4.8

2                                   169Yb                   25 6.1 1520 217.·, 000 18,000 174 7. 5

3                              169Yb                 25
5.3 303 110,400 4,000 425 . 3.8

4                                  51 Cr 25 1. 27 788 335,500 33,000 : 526 9.0

5              51          15 0.23 6414 3,267,000 234,000 614 .6.7Cr

6          51       15 0.19 4279* 944,700 123,000 281 11. 5
Cr                               4284

7         .51Cr     15 0.32 6766 3,516,000 169, 000 722 4.6
5715

8                                   51 Cr 25 2.02 1394* 439,400 8,000 3'76 1.8
12.,78

9                                   51 Cr                 2 5 1.29 987* 404,300 16,600 463 3.9
1057

10           51       25 1.73 471* 197,300 16,600 509 7. 5 ·Cr 472

* Sample from each umbilical artery obtained simultaneously.



Table II .,

Per Cent of Radioactivity Shunted Across the Uterus.

Diameter of Type of isotope Uterine artery Uterine vein Uterine vein x 100
microsphere                                               (c. p. m. /ml) (c. p. m. /ml Uterine artery

(U)

125
-50                I                       73                    0                  0

125
50                  I '

1,605                           7                    0.4

85
35               Sr                    494                   2            ' 0.4

51
25 Cr 161                                                             2                                             1.2

51
25 Cr 299                    0                 0

51
25                                                   Cr                                                                  71                                                             0                                                   0

51
25 Cr 135                   0               0

51                                                                            '
25               Cr             ·      58                  0               0

\



Table III

I Per Cent Distribution of Uterine Flow

Fetal Weight Gestational Age Uterine Flow Cotyledons Endometrium Myometrium
(grams) (days) (ml. /min. ) (96)                     (%)                     (95)

1,116                    83 430 63.3 25.2. -11.5

1,302* 115 76.2 18.3 5.5         r

1, 688 118 493 88.7 10.7 0.6

1,884 125 728 84. 5 8.4 7.1

. 2,020 120 525 80.7 16.3 3.0

2,088 124 612 84.2 13.7 2.1

2,426 120· 797 82.6 14.3 3.1

2,900* 146 91.2 4.0 4.8

3,000 134 91. 5 7.0 1.5

3,384 139 1,100 84.8 12.3 ..2.9

3,556 136 1,038 80.0 17. 5 2.5

3,956 Term 85.3 11.2               .3. 5

4, 152 Term 1,409 88. 1 7.7 4.2

5, 128 Ter m 77. 1 20.4 2.5

* Twin pregnancy



Table IV

. Per cent Distribution of Uterine Flow in the Rhesus

Animal Diame r Fetal Uterine Placenta Endometrium Myometrium
Nos. of Cr Weight Flow (%)                              (%)                                     (%)

spheres (grams) (ml/min)
in microns

R - 54          50     ' 256.0 37.1 56.0 32.1 11..9 .

R - 45             25 392.1 13.0 64.2 12.4 23:4

R - 52             25 392.3 14.6 84.9 1.0 14.1

R - 22 . 15 422.3 14.2 65.9 24.0 10.1

R  -  43                               25 439.7 23.0 74.4 3.1 22. 5

R - 53             50 457.7 10.4 90.5 0.9 8.6

R  - · 49                               25 520.4 19. 1 59. 0 14. 5 26. 5

\



Table V
.:-\

· 3.4

The % decrease in clearance (6 C) of a flow limited suD<cance in a cancurrent  t
exchanger that would be introduced by the uneven distritution of flow as observed

in colyledons and slices of cotyledons using radioactive microspheres in the
umbilical and uterine circulations of 8 sheep .together with the treatment applied,
the/number·of cotyledons in each placenta and the number of slices into which each

placenta was cut for analysis.

Sheep Number of %6 C Number of ZA C
. number Treatment cotyledons cotyledons slices slices

5 Awake 103 2.32 142 3.09

6        Awake             70            0.89             87         1.49

8        Awake            79            2.66            93         2.93
.\

9 Anesthetised 86 1.47 222 2.30

10        Anesthetised     38 1.2 180 1.96

4        Artery Occluded 37 3.27 125 3.42

11        Artery Occluded 72 0.72 223 1.37

12        30 Sec Injection 82 0.60 182 0.82

Mean 1.64 2.17

Standard Deviation 0.93 0.86



Table  VI ··

\

The isotopes used on the maternal side and the fetal side of the placentas

of 12 sheep together with the total counts per minute (cpm) of each isotope
.

in each placenta, the average cpm in each slice of tissue and the total

weight of each placenta.

Sheep Maternal side Fetal side Placental
weightNumber  Isotope  Total cpm  cpm/slice  Isotope  Total cpm cpm/slice (gms)

1                                       169Yb 1,676,333 15,102 431

2                                      169Yb 6,107,653 111,048 193

3                                       169Yb 1,156,070 17,516 285
51

4 Cr 43,358 347 Yb 504,493 4,036 201
169

51
5 Cr 374,625 2,638 169Yb 1,006,674 7,089 411

6 Cr 249,781 2,872 Yb 1,040,208 11,956 428
51                             169

7 --- Yb . 359,350 2,764 392
169

.518 Cr 128,620 1,383 169Yb 687,431 7,392 346

9 Cr 366,387 1,650
14151

Ce 4,929,728 22,206 336

10 Cr 441,277 2,452
14151

Ce 2,511,911 13,955 222
5111         Cr 1,739,013 7,798 Ce 1,042,134 4,673 .

218
141

12 Cr 916,751 5,037 Ce 3,907,901 21,472 219

51                             141



Table ,VII
i    - rhe percent  of each placenta  by  weight  distributed  among -tne  rdlative  acclvlties   that!

i     were observed in that placenta on the fetal side (F), the maternal side (M), and the
1

11.

ratio of the two (M/F) for the 8 sheep that received both radioisotopes.  The relktive

activity is divided into 18 groups ranging from 0 to  1.65.  Each group has a range of

     9.1 and is designated by the central value, eg. the range 0.4 to 0.5 is designated 0.45.
1

1 /     Percent placental weight in·each relative activity categoryi ..
 No--side O.05 0.15 0.25 0.35 0.45 0.55 0,65 0.75 0.85 0.95 1.05 1.15 1.25 1.35 1.45 1.55 1.65>1.65
'

1 4 7    0   0 0 000 9    0    13   26   20   22   10   0    0 0 0    0
i

:M 0 0 0 0 0 0 0 6 1 3    47    15     9     0 5 5 0 0     0

1 * 0 O 4 0    0.0    0   11    28  '19   13  .13    1   7    0    1    7    0
1,

b F 4 0 0 3 1 1 3 2 12 25 32 13 1 1     0      0    '0   1L

0    0    0    1    1    0    4    2    13   21   29   18   10   1    0    0    0    0i

i rNVE                 0 0 0    0    1    1    2    5    19   28   16   12    5   1    1    1    2    6  i!6  F       0     0      0     0      1     0     0      1      11    44    26    13     3 0 1 0 .O.   0'

'E M O 0 0 0.0 0    0    6    20   26   25   13    2   4    2 2· 0 0
: ME' 0 0 000055 17   25   19   16    8   4    1 C 0, 08 F  01 0 422 7   14     1    5   13   31   13   7    0    0    0    0
: M          ·1 0 302 3    6    2    10   15   19   16   18   2    1    0    1    1

1\*F 1 0 1 6 2     1     1     0     7 27166 7   12   2    5    5    0    79 F O O O 0 0 0 0 4    20   40   20    7    6 1 0 0 0    2
M 0 0 0 000 0   13    19   27   13   14    6 4 3 0 1       0

MEi' O 0    0    0    1    3    3    7    27   18.  13   10    7 3 3 1 1      31 O F     0    0    0    0    1    0    0    8.   20   23   19   21    8   0· 0 000
M 0 0 0 0 0 0    3    5    11   35   26   12    7   1    0 0 0    0

AeF O 0    0    0    0    2    4    9    13   32 8 5 9 7   10 0 0    11 1 F 0 0 0 0 0 0 5 1 916471900 300 0  -
.-M O O 000 0    33    16   21   40   10    2 4 1        0 0 0

MIP O 0 0 0    0    0    2    7    11   36   24   15    1 0 100
1 2 F-    0   0   0 0 0 0 1       1        9     40     39       8       1     0   .  0       0       0       1    1 1

·

910    0    0 0
0       0       1       9       21      23     19      16       6     3       1       0       0    ,  11 MF O 0 0 0 0 0 0 329

23   22   10    7   3    2    0    1    0   ]

i-
2.



Table VIII
....

Acute Fetal Cerebral Blood Flow and Distribution of Cephalic Flow

Anim Gesta - Brain Total Mean Fascial % Brain Flow Distribution of Cepahlic· Flow in % ,
Nos. tional Vqgt CPM Arterial Vein A-V ml/100 grn/

Age (Gms) Brain CPM CPM I)iff. min Brain Head      Skin      Eyes

(Days)
42 130 49..'7 2, 509, 517 94,760                                 58               62         2'7       6        5

10 135 55.2 296,232 5,2'75 111          35      51    11 ·   3

313,484-- 5,068 122          51      37     8      4
1

S-24 135 54.7 405,831 9,032 89         36      45    15     4
&,5- 130,738 2,673 97 .       51     37    9     3

.. r· -•-.'- -til

X-2 136 52.7 210, 8'79 4,213 314 7. 5 103          33      49    15     3

X-21. 137 56.7 518,880 10, 86'7 303 2.8      91          45      42 . 10           3

732,000 13,906 144 1.0 101          47      41    :9      3 ·

· :: 454 137 49. 5 2,643,107 35,36'7 442 1. 3 168

33 140 50. 5 493,922 7,010          89 1.3 1 5 1                       43                44            9               4

584,848 7,015      96 1.4 179         54      38     3      5

43 141 58.9 778.975 15,301 377 2. 5        94           50       34     9       7

77'7,228 12,532 1,060- 8. 5 115                       62                2'7             6               5

.X-19 147 50.9 465,647 ·

10, 627 183 1.7          94          ·  42        46      8        4

X-3 148 49.6 205,196 7,786          84     1.1           58             15         60      24        1

154,346 4,349 . 93 2.1                        '78                             23                    59             1 6                 2

S-25 150 '59.8 220,419 3,564 112         39      47     9      5

569,030 6,8 5 7 150                        52                3'1            6               5

S-8 150     -  63.2  ' 1„488,854 18,339 140· ·       52      34     9      5

'l                                                                                                                           1



                                          Table IX
D

Fetal Cerebral Blood Flow and Distribution of Cephalic Flow
1 24 to 72 hours after surgery

Animal Gesta - Brain Total Mean Sagittal % Brain Flow Distribution of Cephalic Flow in %
NOS. tional Wgt CPM Arterial Vein A-V ml/100gm/

Age (Gms) Brain CPM CPM Diff. min Brain Head Skin Eyes
i (Days)

5 127 44.8 171, 588. 3,885 0 <1% 107         36      48     11     5

1

1

19A* 135 45.4 4,688,423 96,098 119
#19 B 135 47. 5 1,905,405 11,863 118

' 022 137 50. 6 503,590 10, 966         34 <1% 99 34 15 16 5
22 137 48.9 2,826,595 64,805                    97

28 138 4'1. 5 7,767,519 173, 960 102

15 139 54. 5 7, 516,024 84,.486 177

20 140 57. 5 3,757.711 66,921 106        43      43    11    3

24 150 57. 9 676,272 15, 125                             84            30        55.  ·  10      5

25       150 50.9 902,442 22,209 . 111 <1% 87 36 47 13 4
700,524 . 10,200 6. <1% 147 , 36     46    14    4

1 A   . 150 49.8 542,684 7,083 0 <1% 167         41      45 .   11     3
:

1,461,592 19,  8 5 9                       60 <1% 160         45      40    12    3

* Twins

-

1



D,

Table X
f

Distribution of Fetal Cerebral Blood Flow

Animal Gestational             %                   90                    %                 %                 %             %
Nos. Age (days) Cerebrum Midbrain Cerebellum Medulla . Olfactory Pituitary

Bulb Gland

185 127 19.82 16.49 15. 89 17.29 12.60 17.91   '

435 130 21. '77 1'7. 38 14. 48 20.81 6. 67 18.89

R-3 150 16.10 17. 69 14. 49 16.41 14.89 20.42

.

. /

\

\                                                                                                                                                                                                                                                               "


