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Abstract
DISTRIBUTION OF MATERNAL AND FETAL BLOOD FLOW WITHIN COTYLEDONS OF THE
SHEEP PLACENTA
by

Gordon G. Power, P. Steven Dale, and Paul S. Nelson

These studies explore the distribution of.bloo& flow among small
saﬁples of placéntal tissue. Labeled microsphereé (14 £ i um) were
injected into the left véntricle.of six unanesthetized ewes and into the
jugular vein of the fetus in utero. A to£31 of 3,576 samples weighing
31. * 11. (S.D.) mg were taken from seventeen cotyledons and-counted
for flow labels. Maternal and fetal flow ﬁithiﬁ the-éotyledons were
both‘normally distributed with sténdard devigtions,of 44%. The maternal/
fetal flbﬁ ratio was less than 0.5‘in‘92 of ﬁhe cotyledon, between 0.5
and 1.5 in 762; and greater than 1.5 in 21%. Errors due td tﬁe method e
were eStimatéd to contribute léss than 10% of the flow variances. Maternal
and fetal flows were significantly correlated (r = 0.57, p { .001). |
Spatial flow ﬁatterns were Viéuali;éd ﬁsing computerized image'processing;
The distributionbpf maternal andvfetai flow ﬁay‘be a sensitive determinant
‘of Vater transfer, an&'the distribugidn of'their,rétio explains about
SOZ‘of the uteriné-ﬁmbilical venous oxygen tension gradient. Analysis
~ of the correlation between sémples Qs;‘the distance separating them
suggested a weight of roughly 1257mg fof hypothéﬁiéal‘placental regulatory

units.
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The distributioﬁ of maternal and fetal blood flow is an important
determinant of the exchange of oxygen, carBon dioxide and water in the
placenta.iVIt has beén suggested that unevenness in the distribution of

" the ratio of maternal to fetal flow may be responsible for much of the
oxygen tension gradient between the umbilical vein and the uterine vein
(12) shown to be virtually ﬁon—existeht at the end-capillary level (13).
This situation would be directly analogoﬁs to mismatching of ventilation
and blood flow in the lungs, which has been clearly established as a
leading cause of impaired respiratory function (21). 1In addition,
unevenness in the distribution of either maternal or fetal flow may be a
major factor in promoting'water trénsfer to‘the fetus (22).

When first measured, the distribution of placental blood flow was
reported to be markedly uneven. These early studies reported measurements
made in one gram samples of sheep placent# using tagged macroaggregated
albumin particles as flow markers (18). Sugsequently; floﬁ distribution
was reported as more uniform when studied with labeled microspheres,
again .in relatively large (one to four grams) tissue samples (19, 20).
The authors of these previous reports have termed them macrodistribution
studies, recognizing that the samples taken were very large compared
with the dimensions of capillaries and the distances involved in molecular
diffusion. It is possible that inhomogeneities exist within tissue
samples of this size; thus, an averaging of flows may have obscured the
‘true variation between smaller units.

The present study had four basic purposes:_Al) to measure relative
maternal and fetal blood flow in small subdivisions of the cotyledons of
the sheep placenta, 2) to characterize the épatial pattern of flow

"distribution within a single cotyledon, 3) to observe the degree of
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-4¢§rfe1ati§n betweéﬁ matefnal and fetal blood flow, inqﬁiriné for evidenceﬂ
of control and interéction, and 4) to assess the consequences of the
‘observed distribution for respiratory gas exchange and water transfer.

It should be emphasized that theée experiments deal with the distri-
bufibn of blood flow within indi#idual cdtyledons; absolute flow to the
~‘egtire placenta or to whole cotylédons was not measured. We worked with
‘the null hypotheses that blood flb&'ﬁithin the/cotyledon was substantially R
uniform and that variations in flow among small‘pieces of the cotyledon
were random and not large enough to significantly affect placental funcfion.
We‘hoﬁed to obtain tissﬁe samples smalllenough for our results to be gseful
in terms of the theory of placenfal eXchange.

METHODS |

This study was carried ouf by injecting large doses of‘microspheres,
lébeled with different radionuclides;:into the maternal and fetal vessels
flowing toward the placeﬁté.v The twosinjections were timed so that the
_'sphereé would entrap in placental vessels at about the same time. Sinée
the procedure was executed only once in a giveﬁ animal, the circulatory
derangements which might ensue after extensive capillary plugging could be.
lafgely ignored, 'a point which will be discussed further. The results
'obtained chafacterize the distribution'of bloéd flbw basedvon 3,576 samples
bf plaéehfalytissue obtained from seventeen qotyledons téken from six near-
" term ewes and their lambs.

" Four to five days prior to the ekperimenfjthe uterus was exposed
‘through a.ﬁidline abdominal incision under spinal anesthesia (0.004 mg
3tetracéine witﬁ O.Z.ng epinephriné in 2 ml of‘6Z dextrose solution) andv

barbiturate sedation (pentobarbital 7 mg/kg, iv). An injection catheter



'r(PE 90) was inserted into the fetal iugular vein under local ancsthesia.s;
Its tip was advanced until it lay in the thoracic superior vena cava (SVC),.‘
a location from which the inJected spheres would pass through both an | |
‘vatrium and a ventricle, to promote mixing, before perfusing the placenta
; and other fetal organs. The ‘other end. of the catheter was exteriorized
,onto the ewe's back and the animal was allowed to recover.

On the day of ‘the experiment a cardiac catheter was inserted into thev

ewe's right carotid artery under local ‘anesthesia (1/ xylocaine infil-

v ‘b-tration). Its tip.was advanced into the left ventricle (in one instance

- left atrium) while we monitored its location by pressure tracing. Then‘
{ with the eve standing quietly, about fifty million radioactlvely labeled
(“GSc 57Co or 1135y - 3M or New England Nuclear) microspheres of diameteri
l4 3 | (S D. ) um in a 10 ml suspen51on containing 0. 05/ polyoxyethylene
,‘f80 sorbitan monooleate (Tween 80) were - inJected manually over a time |
:;interval of about two sec0nds. Approximately five seconds thereafter,
"aboutififteen million microSpheres (“GSc” 85Sr 103Ru"or 1251), also of
Ldiameter l4 1 um 1n a3 ml suSpen51on were indected into the fetal SVC.
»‘This procedure was carried out in four animals., In addition, two animals :
:were each iniected w1th four different radionuclides, the maternal and
“f:fetal inwections each consisting of a mixturevof approx1mately equal

f numbers of spheres with two different labels. In all cases the suspension N

“'1';was placed in an ultrasonic bath for ten to thirty minutes prior to the

1ginjection, ‘a procedure we have found to be reliable in reducing the number,v
r»of spheres forming aggregates to about one percent of the total. Since
o ’we Were concerned solely with the relative distribution of blood flow

- within the cotyledons, the exact numbers of microspheres and absolute B



blood flows were not determined. The time delay of five secénds was
intended to allow both sets of spheres to arrive at the placenta simul-
taneously (17).

Three minutes after the injections the ewe and the fetus were sacri-
ficed with an overdose of barbiturate; the uterus and placenta were then
removed. Three widely separated cotyledons were selected, removed, freed
from overlying membranes, and frozen. The cotyledons were diced into
cubes about 2 to 3 mm on edge while kept frozen on an aluminum block
partially immersed in dry ice and acetone; The cubes were placed on
tared paper and weighed to the nearest 0.1 mg as quickly as possible to
minimize errors due to water loss, Each tissue sample was then wrapped
in its weighing paper and placed in the bottom of a counting vial which
was labeled with the sample's x-y-z coordinates for later three- |
dimensional reconstruction. Gamma activity of each piece was counted
with a well type counter (Nucleaf Chicago or Packard) for two five-minute
interﬁals.‘ Corrections were made for background and overlap and
' comparisons made with standards containing known numbers of microspheres
to determine the number of spherés present in each sample.

Asban index of‘ blood flow, the relative activity of” each sample was
computed. Relative activity is definéd as:

no. spheres in sample / no. spheres in cotyledon
weight of sample / weight of cotyledon .

Thus if 17 of the spheres were contained in a sample making up 17 of the
weight of the cotyledon, the relative activity of that sample would be
unity, a value which 1f measured everywhere would indicate a homogeneous

"cotyledon. Similarly, the mean relative activity for an entire cotyledon



ﬁustvalways bé equal to one. Measures of the relation betwéen maternal
and fetai flow in the same sample were also‘co;puted by dividing the
ﬁaternal relative activity by the fetal relative activity (maternal/fetal
ratio) and by subtractiﬁg the fetal reiative activity from the maternal
relative activity (maternﬁl—fetal differénce).

Finally, in an attempt to determine the degree of aggregation of the
spheres within the blood vessels of fhe cotyledons, we used two additional
animals; About fifty million non-radioactive microspheres were injected
- into the maternal circulation of one and about fifteen million non-

radioactive spheres were injected into fhe fetal circulation of the other,
Smallvsamplesv&erevtaken from three cotyledons of each placenta. Fi§e
sections, 10 ym thick and separated by a thickness of 50 to 100 um, were
taken from‘each‘sample, stained and examined by light microscopy.

- RESULTS o

Table 1 lists the cotyledon and tissue sample weights, fetal blood
- gas values at the time of study, and‘average numbers of microspheres per
vsample for the individual experimenté. The averagé cotyledon weighed
5.8 £ 3.1 (S.D.) grams. It was cut into anbavérage of 210 * 120 pieces
Qeighing 31. #* li.vmilligrams each. The aﬁerage tissue sample containea‘
470 * 290 maternal sfﬁeres and 690 £ 1050 fetal spheres. Theoreticélly -
these numbers of spheres are éufficient to e§timate blood flow with a
. pfécision of 10% at least 95% ofvthe'time (2). |

Frequency distribution 2£ materna1 and fetal flow. Considerable

unevenness was detected in both maternal and fetal blood flow within
the.cotyledons. ‘Figure 1 shows the observed fréquency distribution of

maternal and fetal flow, expressed as relative activity. The heighf of



reach bar‘represents the fraction.by'weight.offthe cotyledon‘included in
each relative activity interval. These histograms are composite results'

v"obtained by averaging similar histograms for the individual cotyledons. ;

".”Mean relative activity was 1. 0 (by definition), both maternal and fetal

‘relatlve activities had variances of 0. 19 and standard deviations of
,,0.44._ Assuming a sample size of 200 the Kolmogorov-Smirnov goodness
- of fit test (15) showed ne1ther distribution to be significantly different
from a normal distribution (p > «20). The corresponding normal curvesb

' are also plotted in Figure 1.

Relation between maternal and fetal flow. ‘Of‘thevvarious possible
“measures of the relation between maternal-and fetal flow in a particular l'
vsample, the maternal/fetal flowiratio is probably most meaningful phys1o;
logically. The observed frequency dlstribution of this ratio, shown in
Figure 2, dlsplayed a moderate degree of varlability.' The ratio was lessi
than 0 5 in 9% of the cotyledon, between 0 5 and 1.5 in 704, and greater

than 1.5 in 217%. The consequences of the unevenness in this distribution
"withvrespect to‘oxygen'exchange willvbewdiscussedllater.A

Fromvthe standpoint'of theoretical statistics{fitvis more convenient“"

_tq-express the relation between naternal”and‘fetalbflow in terms of the'

: arithmetic difference between then.' A composite’histogramhof the obServed‘
T.distribution of the maternal-fetal difference is shown in Figure 3. The :
~imean was 0.0, the variance was ‘O. 15 and the standard deviation was 0 39‘»
.pvaccording to the Kolmogorov—Smirnov test, the distribution was not. signifi- :

| antly different from normal (p > 20) The corresponding normal distribu—

ition 1s plotted in Figure 3 as a solid curve. . i

O Given the experimental distribution of maternal and fetal flow, statis—'




‘tu‘tical theor§ predicts that the difference between them should be normaiiy:
_diétributedeith a mean equal‘tc the difference’between the tno indiuidualv
“neansv(lio -1.0 = 0;0) and a variance equal to the sum‘of.the two indi-

9 uidual uariances (0.19 + 0.19 = 0.38), provided that thebtno flows are
"independent (8). This'theoreticaliy predicted normal distribution is .

plotted in Figure 3 as a dashed curve. The experimental distribution is
inoticeably less variable,beuggesting a.correlation between maternal and

‘fetal flow. This difference is significant (p < .05) by the Kolmogorov-

Smirnov test. |
The correlation between maternal and fetal flow can also be observed
by plotting the fetal relative activ1ty as a function of the maternal

:relative activity'for each sample in one cotyledon. Figure 4 contains

such a plot for experiment 4, cotyledon 1; ‘In this case the correlation

'coefficient,was 0.58. Table 2 lists the correlation coefficients for all

cotyledons. The average correlation was 0.57, indicating a significant
relationship (p < .001) given a sample size of 200. '

Spatial‘distribution of flow. The x-y-z coordinates of the various

tiaéue‘samples enabled us to look at the spatial distribution of blood flow
, within the cotyledons. This exanination revealed what appeared to beia
tendency for both maternal,and fetal flow to be:lower in the peripheral
kftiSSue:(near the surface of the cotyledcn) and in the central tissue
. (farthest from the surface) than in the tiSSue intermediate between the
surface and the centera
We found it difficult to express this spatial distribtuion quantita- )

tively, but we were able to visualize it more clearly by applying image

processing techniques to the data gathered from the largest cotyledon




o (experiment 2, cotyledon 1). bEven with 511 samples we expected only
merginal results. The statistical distribution of maternal and fetal
flow and their ratio, and the maternal-fetal correlation‘coefficient of
0.55 were all quite‘similar in this cot&ledon to the composite results
for all cotyledons. This suggests, but does not prove, that the spatial
distributions seen in this case are typicai. |

Figure 5 contains a‘series of imagesfrepresenting.the patterns of
maternal and fetal blood flow in sequential cross-sections of this
cotyledon. The color spectrum from red to violet represents high to low
relative activities, respectively. Figure 6 depicts the locations of the
various cross—sections with respect to the intact cotyledon. Each image
in Figure 5 was obtained by first representing the flow,in each tissue
sample as a 4 x & array. Initially, each element of the array was set
eqnal to the‘relativetactivity of the sample. For each cross-section all
of these arrays were then placed into evlarger (128 x léS)varray with a
value of zero for the beckground. The two-dimensional Fourier transform
vwashthen taken of each of these arrays énd«a second-order Butterworth
low-pass filter with a cutoff frequencyvof 0.1 was applied. The inverse
'Fonrier transform was taken to obtain the final images (4);

Aggregétion_g£ microspheres. In order to quantitatively define the

degree of eggregation of microspheres as observed by microscopy, we
-»arbitrarily designated‘two spheres as‘forming’an aggregate‘if their |
centers,were seen‘to be separateduby less than 50 ‘m. In the sectione
-'containing onl§ maternal soheres a total Of}386 microspheres’were visoal—
ized. Sixteen of the spheres were grouped in pairs (4/ of the total) and

six were found in. aggregates of three (2% of the total); no aggregates



of four or more spheres were found; thus a tofal of 6% of the maternal
spheres were seen in aggregates. A total of 566 fetal spheres were
‘ counﬁed. Sixty of these (11%) were grouped in pairs and éix (1%2) were
grouped in threes. Again no aggregates of four or more were detected;
a total of 127 of the fetal spheres were -seen in aggregétes. Figure 7
is a micrograph of one sample taken from a cotyledon which received
microspheres via the fetal circulation. |
DISCUSSION |

| These studies are subject to several criticisms which we feel are
important enough to define and discuss in’some detéil.

Statistical nature of the method. When considering the distribution

of‘blood flow as presented in Figure 1, the question arisés as to what
portion of the observed variabilify'might be explained on the basis of
purely statiétical effects. Theoretically, if n microspheres enter a coty-
’ ledon and each has probability, p, ofiarriving a£ a particular location,
. the némber of spheres actually reaching that location would be a binomial
variable with mean, np, and va:iance, np(l - p). For the values of n an&
p relevant to thesefexperimehts‘a binomial variable may bé very closely
approximated by a nérmal variable with the séme mean.and variance (8).
Inbaﬁ effort to measure this strictly statistical variability, we
injected microspheres labeled with two different radionuclides into the
same vessél. If we let n} and njp represenf_the:numbers of spheres of the
~ two nuclides entering a cotyledon and if we lét p represent the probability
that any particular sphere will reach a specified‘loéatioh within the coﬁy—
. ledon, then the difference between the numbers of spheres of the two

nuclides reaching that location should be approximately normally distri-
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buted with mean, (n; - nz)p; and variance‘(nl + ny)p(l - p). When
expréssed in terms of relative activity, the tﬁeoretical mean becomés zer6'
and fhe variance becomes (nj + np)(l - p)/(nynyp). In six[cotyledéns we
measured nj and ny and assumed p to be equal to the reciprocal of the
number of tissue'samﬁles. 0f the twelve'distribufions (six maternal and
six fetal) obtained experimentally, only three were different from theory
(p < .05) by the Kolmogorov-Smirnov fest, and six agreed remarkably well

(p >‘.20). Figure 8 shows the maternal and fetalldistributions which

were least consistent with theory. The theorefical distributions are
plofted as solid curves. | -

éased oﬁ these results we concluded thét the variance computed from

théory could be used as a relatively reliable predictor:of the purély
statistical contribution to the variability of maternal and fetal flow

in any cotyledon. These théoretical variances were calculated from
numbers of maternal and‘fetal spheres‘énd numbers of tissue sémples and
expressea in térms'bf felative activify, The theoretical maternal variance
‘éveraged 0.004 (2.1% of the.observed'total variance of 0.19) with a ﬁorst
case of 0.014 (7.5% of the observed:total). The theoretical fetal vafiance
‘ avéraged O.QOS (2.6% of the experimental variance of 0.19) with a ﬁorst

: casévof 0.020 (10.5 % of the experimental value). The theoretical variance

of the ﬁate:nal—fetal flow differenéevaverag%d 0.009 (G;OZ of the obéervéd
i vafiance of 0.15) with a worst éase of 0.023 (15.3% of the dbservedﬁ |
variange). Thus, we estimate that our expériméntal distributions of
maternal and fetal.blood flow (Figure 1),probaﬁly>6verestimate flow
varilability byvabout two to threé pércent and that the'experimental distri—

bution of the maternal-fetal flow difference (Figure 3) may overestimate
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its variaﬁility by about six perceﬁt.

‘>It,shoul& Be-noted that counping efrof and variétion in the radio- 
activity of individual microsphéres would also contribute to the obséryed
 variabilityvof-f1ow measuréments; The épparent éccur#cy of the statisticai
prediétibns of the distribution of thé,difference bétween rélative‘activ-'
Witiés méasured‘using two different nuclides indigatés.that these errors
.are probably negligible; in our éxpefiencé, the comBinéd effects of béth |
»efrors coﬁtribute‘variability that is an order of ﬁagnitude smaller than
contributed by the binoﬁial statistics discussed above.

Hemodynamicveffectsvgi the method. Another question which mighf'be

raised inﬁolves the effects'of poésiblé circulatory dérangements, caused:
by the 1njections of miérospherés,»bnbfhe results,of thése experimenté.
“As mentioﬁed earlier the spheres wérevinjectédbfapidly and carried in the
- arterial st:eam as é bolus so as to érrive énd,lodge in thé‘placenta
separated by no more than a few secdﬁds; Aﬁy circulatofy'der;ngement
‘suffiéient,to invalidaté‘the experiments would.ha&évhad to occur within
this time interval. The sudden‘delivery of,microspheres ié‘evidence
against any altefations in fiow patterns caused by.chemiéal or neural o
mechanisms and appears tdvlimit fhe‘éxtéﬁt.of»even'purely ﬁechanicél
effects. | | | |

Iﬁ addition,.ouf‘meééuremenﬁs gave no evidéﬁce df:significant hemody_
, némic alterétions.,;Maternai bloodlpreSSuté‘Wés»ménitoréd during the o
‘experiments. ‘Thé‘general tendenéy wéé fof blbod_pressure‘to fal1 slightly
>foliowiﬁg the injections of microspheres. 'Ihe'largést efféct‘seen was a: ,
 drop of.lolmm'Hg; in moét‘cases fhé maternal'blood‘pregsuré fell betwegn

0 and S_mmng. ~ Thus maternal uterinevflow is not likely to have fallén ‘



vmaterially nor vessels to have collapsed subsequent to the injections,

Fetal blood pressure wasbrecorded only during the experiments using

unlabeled spheres.v No changes were detected when spheres were iniected

into the maternal circulation, and when spheres were injected into the

fetal circulation blood pressure rose about 3 mm Hg. There were no

observable changes in fetal heart rate, arterial POy, PCOp, pH or hematocrit.
In other studies in fetal sheép, injections of one million or more

microspheres 15 ym in diameter have been repeated on five occasions without

significant effects (6). .- In dogs as many as 21 million spheres of 7 to 10

pm diameter have been injected without apparent adverse effects (3).

Other possible systematic errors. - Another problem which merits

consideration is the possible formation of chains of microspheres within
the blood vessels (5). As mentioned previously, we were unable to find
any aggregates of more than three microspheres in the tissue sections we
examined microscopically. Given the numbers of épheres present in the
tissué samples and the fact that roughly 902 of the spheres were trapped
individually, we expect that the variability introduced into our measure-
ments by the aggregation of spheres was minute.

In general, thg mechanisms which might be invoked té question the
validity of these flow measurements would produce varying results depending
on the concentration of microspheres. In Figure 9 are plotted the observed
- variances of maternal and fetal flow for each cotyledon as a function of

the number of maternal or fetal spheres per gram in fhat cotyledon. No
significant linear or quadratic relationship was found between the concen—
‘tration of microspheres and the maternal or fetal variance. " This result

tends to minimize the probability that systematic errors of the method



13

 sigﬁificant1y influenced our findings;

. ‘Physiological implications. These experiments do not clearly

:indicate the source of the variabiiity of b;ood flow or the mechanisms
involved in the correlation between maternal and fetal flow. Some of the
‘Observed flow unevenness is certainly anatomical, reflecting variations
in capiilary volumevper unit tiséue masé. It is possible that a lérge

:  prdpértionVOf the'experimentalrvariaﬁce is due to this distribution of
capillary volume. Another‘potential soufcé of variability is the distri-
' bution of blood flow per unit capillary volume, reflecting variations in
the veloéity of blood flow. Iﬁhomogeneitieé of capilléry flow velocity
in other microvéscular beds have. been well documented (9).

If variations in plécentél‘éapillary flow velocities contribute
significantly to the experimentally measured unevenness of maternal or
fetal flow,kplacental water exchange would be affected. We have used
the mathematical model of Wilbur, et. él._(22) to p:edict placental water
fiux for different values of the variance of matefnal and fetal flow
velocity.‘ A bivériate normal distfibution‘(23)'of maternal and fetal
flow was assumed with equal vafiances and a correlétion of 0.57. The
'resultant curve’is plotted in Figurello. ‘If we speculate that one—héif
of the experimental varignce (0.19/2 = 0.095) were due to flow velocity -
‘differences, it cén be seen from Figqre 10 tQat the contribﬁtion to |
' ﬁlacenﬁal water flux wéuld be about 0.05 ml/min. Since the normal,nét
water flux toward the fetﬁs is only ébout 0.015 m1/min, the possibility
is raised that changeslin‘flbw variability might bringvabout very large
shifts in water transfer,‘concéivablf acting as‘a high-gain control

- mechanism.
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Regardless of its source, uﬁevenness.in the distfibution of thé ratio
of maternai to fétal»blood flow would affect placental oxygen exchangé.
Calculations based on the matﬁematicai model of Hill, et. al. (7,11) were
used.to ascertain the contribution to oxygen exchange by each compartment
- of Figure 2. Following the method detailed by Longo and Power (12) we
arrived at a predicted uterine vein-umbilical vein oxygen tension differ—>
ence of about 6 mm Hg; this expiains roughly 507 of the gradient commonly
observed. These calculations ignore potential cbntributions to the
venous POy gradient due to arteriovenous shunts of sufficient size to
prevent the entrapment of 14 pym microspheres, significant flow variations
between capillaries in the same tissue sample, or variations between
chtyledpns.

Concepts of the placental exchange unit. The tissue samples in this

stﬁdy were small cubes’weighing about 30 mg. The pqssibility of variations
within a single sample suggests the question of how théée'cub;s compare in
size fo the dimensions over which plécental exchange‘is controlled. We N
shall discuss three mainvconcepté of the placental exchange unit, comparing
théir dimensioﬁs and implications for the transfer of gasés and nutrients.xk
vThese are diagrammed in Figure il. |

The classic model for tissue.OXygen exchange has been the Krogh
cylinder, in which a capillary‘ié,considered to pr§vide 09 to a surrounding
-~ sleeve of tissue. This is usually modified for the sheep placenta by
considering maternal andvfetal capillaries as‘two parallel pipes (Panel
A, Figure 11) with diffusion éroceeding only at‘riéht angles to the length
of the‘capillarieé (i.e., ldngitudinél diffusion is ignored) and in which

oxygen is supplied only to immediately édjatent'tissues and capillaries
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(diffusion between more widely separated cylinders is ignored). Thus
tﬁe size of the unit is‘related to the distance between capillaries;
which is readilybcalculated. From the geometry of concentric cylinders
the fractional volume of the capillaries is given by V. /Vy = Rcz/(Rt2 -
Rcz) where V. and Vi are the volumes of the capillaries and the tissue
cylinders, and R, and Ry their radii, respectively. Réasonable estimates
for placeﬁtal capillary volume range from 10 ml (14) to 40 ml (1) in
sheep placentas wéighing about 500 g. The radius of the capillaries (RC)
may be estimated as 4 pm.. Substituting into the expression above gives |
an intercapillary spacing (ZRt) of 29 t§v57 um.- If one assumes an éverage
capillary length of 800 ym it is found that the anatomic placental ex-
change unit weighs only 5.3 x 10‘4 to 2.0 x 1073 mg. The 30 mg tissue
' samples which impressed the authors as tiny .would hévg each contained
15,000 to 57,000 such units.

" Since the simple anatomic model described above cannot do justice to‘
the cdmplicated‘interdigitation of vesseis in the placenta, we next suggest
the concepf of the functional exchange unit. In this model the size of
the placental exchange uﬁit is ﬁetermihed by dimensions that will maintain
a specified oxygen level regardless of anatomy.

We‘define the functional unit as thebmaXimally sized cylinder of
tissue through which és 6xygen molecule can diffuée, under existing
; partial pressure gradients, in sufficient Quantitybto explain measured
transfer rates. We further simplify the défiﬁition by considering matefnal‘
blood as arsource of 02, located aiong the axis of a cylinder and fetal
blo&d as homogeneously distributed in a surrounding outer sleeve of

tissue. Oxygen levels will vary throughout the tissue cylinder depending
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on: 1) distance along the capillary and 2) r#dial distance from the
capillary, as pictured in Panel B, Figure 1l1.

Based on measured oxygen tension in the uterine énd umbilical veins,
wé estimate mean tissue Oy tension within such a cylinder to be about 32
mm Hg. We estimate mean maternal capillary POy to be between 40 and 50
mm Hg, giving a maximum mean capillary-tissue difference of 50 - 32 = ;8
mm Hg. From an integrated form of Krogh's equation, pfesented in convenient
form with aids for calculation by Kety (10), thebradius of the tissue
cylinder is calculated to be about 40 um, and the size of the functional
exchange unit, assuming a length of 800 ym, is found to be 4.0 x 1073 mge.
Each tissue sample we studied would have contained 7500 such upits. |

We finally consider the definition of the exchange,unit as a region
containing daughter branches of a vessel whose resistance, size and response
tolcontrol stimuli may vary. As shown in Panel C, Figure 11, blood enters
through a large inflowing branch whiéhbundergoes succeséive subdivisions.
The blood is then considered to pass through Qessels that impose a signifi-
cant resistance to flow. Resistance may vary with location, possibly due
to passive anatomical arrangements, or perhaps with time, due to active
control mechanisms. The exchange unit is considered to be the capillary
bed descended from a single such fesistance vessel (circled with a broken
line in Panel C, Figure 11).

Clearly these regulatory units are appreciably larger than the
anatomic and functional units already describéd. Eurthermore, their
boundaries may be blurred when oxygen diffuses between ad jacent caﬁillaries
that may be fed by different resistance vessels. A clue to the dimensions

of possible placental regulatory exchange units was obtained when the
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«

N.foilowing'Eomputer.study was perfqrméd.‘

Computer simulation of various tissue sample sizes. .Given the

;6bsérvéd unevenness in the‘distribution of plécental blobd.flow, we
‘épproached thebques£ion qf what we would have observed had.we chosen
iafger or smaller dimensions for éur subdivisions of the cofyledons, We
weré ihterested in comparing our results with those of other investigators
‘and determininé if the unévenness we.detected is charaéteristic of éome

. basic substructure within the cotyiedon. In order td answer this question
- without numerous repliéations of the experiments, we relied on computer
analysis of our original data. We attaékéd the problem in terms of the
correlation in blood flow between samples seﬁarated by varying distances.

- For each cotyledon all possible rectangular distances between two sam— -

ples, ¢ Ax2‘+ AYS + AZZ, were determingd; The relative activity of each
sample ﬁas»compared to the average relative activity at the specified
- distance away. For each distance, the maternal and fetal correlation
coefficient w;s calculated within each cotyledon. Results for the
.different cotyledons were évefaged;_the composite relationships are
plotted in Figure 12. | |

The flow correlation (both maternal ahd‘fetal) between immediately
o adjacent samples was highly significant, but the correlation decreased to
éero at a separation equal to. the dimension qf about tﬁovéamples. Thisv
finding is consisténf with the spafial organization of flow displayed-in _
Figure ‘5;‘ Based on these‘resultslwe considered a hypothetical spherical
:egﬁlatory-unif withyﬁ radius equal to the dimension of a single tissue
sample. 181nce the average éample weighed 30 mg, this weight wou1d>be 36 X

4v/3 = 126 mg. Whether this value simply reflects an anatomical character-
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'-[:'istiobor is evidencevfortactipe reguletioo remeins to be‘deﬁermined.
Theoreticallypbif there were no correlafion befween edjacent samples,

thevobserved flow veriance_shouid be ioversely'proporfionel to the size of

'vphe'sampies.’»As derived above, this should be approximately true for_‘ |

'Hsamplesblargef'tﬁan ebout>125 ﬁg.' This effect is probably sufficient to
aecoonf for the'discrepancy betweeo the present study.and the work of ;

Renkin,.et. al; (19, 20) whojobtained variaﬁces‘afoond one-tenth of our

B veloes; The,epparent substantial,agreement between oor’present work'end

~ the earlier stodies of Power, et.‘al.‘(IS) is probably articfactualksince
rfheveerlief experiments used:muoh larger tiesoe samples. The earlier“‘

';.pethod‘ueingvmacroaggregated albumin'particles may have’overestimated

‘ true flow variability. | |

It would be temptiﬁg to generalize from Figuxe 12,£hat'had we taken

o . progressively smaller tiSsue-samples we would have found increasing correla- .

e'tioh befween edjacent samples. If phie were,troe our results would be
p'good estiﬁatee (pérhaps somewhat toollow)iofvthe variability of flow
 emopg:sma11er plaeental subdivisiops.' However, such speculetion might
oe»oubject‘to huge errors given.our laokeof information>0n the distributiOnv‘
46f flowbpifhin the.ﬁissue»samples,:at‘toe capiliery ievel. »
'>SUMMAkY v‘ , : ; S , o
These experiments offer evidence that blood flow is unevenly distrl—v
1*'buted among 30 mg subdivisions within cotyledons of the sheep placenta. |
‘”The nonuniformity seems to exhibit spatial organization and should be
observable.among tissue samplee as 1arge ae about 125 mg. A portion.of
f;#hispunevenness ie pfobablybeffectiVe as a determiﬁant of placentaivoetervp

'veexChange. ‘Although a significant correlation exists Betweeh'maternal v.k
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and féﬁal flow, there»étill appears to'Be enough mismatching to explain
a>6 mm Hg ﬁterine-umbilical venous szﬂdiffereﬁce. Further investigation
1s required to-determine‘tﬁe mechanisms involved in ﬁhe co;relatioh
between maternal and fetal flow, and the roie, if any, of changes in

flow variabiiity in the active regulation of water exchangé. We conclude
Lthat flow inhgmogeneity is a major cause of less than ideal placental

 exchange during normal pregnancy.
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TABLE 2 R Correlation'betweén maternal and fétal flow in
-individual. cotyledons ’ '

Experiment and |  Correlation

Cotyledon , ~ Coefficient | Significance

,‘1 ; 2 : : o ‘ o ": 0.18 ‘ ,: . ‘ insignifi¢ant
1-3 -0 SRR p < .05
2-1 Do 0.55 [‘ o p < .001
2-2 0.3 p< .05

-3 oss  p << .00L.

-1 o0 . p< .00l

o 0.83 I p << 001

-3 - C0.63 © p << .001

MW W W N
1
N

F)
|‘:
N

-1 o8 p< .00l
0.53 . p<< .00l
-3 ~i,,_ 0.59 . | b << .001
B 0.80 o . p<< .00

v s
|
[

-2 e 0.72 . 'p << .001

W
i
w

077 p < .00l
6 5 2 o :’ 0.86 . p<< .00l

6-3 085 p< .00l

CMeam 0.7 < .00
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- LEGENDS FOR FIGURES

Figure l. Frequency distribution of maternal and fetal blood flow within
the average cotyledon. Flow is expressed as relative éctivity‘and
frequency is expressed in terms of percent by weight of the cotyledoﬁ.'
The error bars indicate standard errbrs of the means. ' The standard
deviation.of both maternal and fetal relativeiactivify was 0.44; the
'éorresponding normal curve is shown. The number of samples with

maternal or fetal relative activity greater than 2.0 was negligible.

Figure 2. Frequency distribution of the ratio of maternal to fetal blood
flow within the average cotyledon. Frequency is expressed in terms of
the percent by weight of the cotyledon. The error bars indicate
' \

standard errors of the means. The number of sampies with maternal/

fetal flow greater than 4.0 was negligible. .

Figure 3. Frequency distribution-ofvthe differeﬁce between méternal-and
fetal blood flow within the average cotyledon. Flow is expressed as
maternal minus fetal relative activity. ‘Frequency is expressed in
terms of the'pércént by weight of the cotyledon. The error bars
indicate standard errors of the means. The.sfandard deviation of
‘maternal-fetal relative activity was 0.39; the_solid_curve represents
the corresponding‘norﬁal distribution. The distribution predicted
from Figuré 1, assdming maternal aﬁd fetal flow to be independent;,.

had ‘a standard deviation of 0.62 and is plotted as a dashed curve.



Figure 4. Fetal vs. maternal blood flo§ in experiment 4, cotyledon 1.
Eaéh poiﬁt represents one tissue sampie from the cotyledon. Flow
is expressed as relativé activity. The correlation coéfficient
was 0.58 (N = 230, p << .001). A symmetrical regressioﬁ line is

shown.

Figure 5. Spétial distribution of maternal and fetal blood flow in experiment
2, cotyledon 1. Each image represents a crosé—section of the cotyledon..
The color spectrum from red to vioiet represents high to low relative
activities, respectivelﬁ. The positions of the differeﬁt cross~sections

with respect to the intact cotyledon are indicated in Figure 6.

Figure 6.',Schematic drawing of an intact cotyledon. Each labeled cross—

section corresponds to one pair of images in Figure 5.

'»»Figure 7. Micrograph of a tissue sample containing non-radioactive micro-
spheres in only the fetal circulation. Microspheres are indicated by

arrows; one aggregated pair of microspheres is seen in this example.

Figure 8. Statistical scatter of the microsphere method. The frequency
- distribution of thg difference between maternal‘relative activities‘
measured by two different radionuclides (experiment 6, cotyledén 2)
and between fetal relative activities measured by two additional
~nuclides (experiment 5, cotyledon 1) are shown. According to the
Kolmogorpv—Smirnov'goodness-of fit test, these were the maternal and

fetal distributions least consisteﬁt with theoretical predictions
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'based on binomial statistics. The theoretical distributions are

- plotted as solid curves.

Figure 9.‘fofects,of’varying numbers'of micrOSpheres. ‘lhe‘variance of
‘naternal and fetal relative'activity.measured in the individualicoty—
ledons is plotted vs. the number of microspheres per gram in the.coty-v
1ledon. The composite variance (as shown in Figure . 1) is 1nd1cated by
dashed.lines,“The correlation coefficient for the maternal measure- .
ments was 0.25; for the‘fetalhmeasurements it‘wasbotlQQ Standard
regression techniques detected no significant linear‘or'quadraticﬁ

,relationship.

‘Figure 10. . Theoretical relation between water transfer and flow unevenness. .
;'Contribution to placental water flux (toward the_fetus)hdue to blood

flow unevenness is.plotted vs. flow variance. A bivariate normal

A
S

vfdistribution was assumed for maternal and fetal flow, with equal
variances and a correlation of 0. 57 " This figure should be inter-
preted as predicting changes in water flux produced by changes in

'the veloc1ty component of flow variance from some hypothetical

normal, steady-state value.

VFigurerllg Three concepts of thevplacental exchange unit.. 'A' shows an
anatomic unit whose size depends on the distance between maternal and
‘fetal capillaries. ~'B! shows a functional.unit whose size depends on

/the maximal dlmensions that will maintain a specified exchange rate

- for 02-,"C' shows a regulatory unit consisting of daughter branches -

o from an upstream resistance vessel.
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'_?1gure 12. Correlatioﬁ between samples vs. distance between samples. Each
ﬁoinf (éxcept at zero distance r = 1.0 by definition) rebresentszthe
’measured‘flow correlation (maternal or fetal), in the average cotyledon, -
betweep-tissue samples separated by the giveﬁ distance. Distance is
-expressed in afbitrary‘units corresponding to the dimensions ofkone

tissue sample. The error bars indicate standard errors of the means.
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