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Summary. A technique is described for studying the respiratory function of the
placenta using carbon monoxide, a gas whose exchange across the placenta be-
tween the maternal and fetal circulations is limited by diffusion rather than blood
flow.
During the steady state before the introduction of CO, the normal concentra-

tion of carboxyhemoglobin in the ewe, [COHb]M, is approximately 0.90%, and
that in the fetus is 2.9%, the ratio [COHb]B/[COHb]M being 3.2. In dogs the
corresponding values are 1.9%o, 4.8%7, and 2.4%/.

After the introduction of CO into the mother animal, CO diffused across the
placenta slowly with an equilibration half-time of approximately 2 hours.
The average carbon monoxide diffusing capacity (Dpco) of the placenta during

maternal to fetal exchange was 0.54 ml per (minute X mm Hg X kg fetal weight)
(SD i 0.13) in sheep and 0.57 ml per (minute X mm Hg X kg) (SD i 0.18) in
dogs.
The fetal to maternal placental diffusing capacity in two sheep was 0.54 ml per

(minute X mm Hg X kg).
Calculations considering the relative rates of reaction of 02 and CO with red cell

hemoglobin and the relative rates of diffusion of the two gases suggest that the
true DPO2 should be about 1.2 to 2 times greater than the Dpco or 0.65 to 1.1 per
(minute X mm Hg X kg). This is about 5 times greater than the reported value
of DPO2 calculated from measurements of Po2 in the mixed uterine and umbilical
venous blood. With a diffusing capacity of this magnitude the maternal and
fetal placental end capillary Po2 would approach equilibrium, becoming too small
to measure, and the calculation of DPo2 would be unreliable. We suggest that
the apparent end capillary Po2 gradients of 15'to 20 mm Hg, obtained from sam-
pling uterine and umbilical venous blood, result from a combination of uneven
distribution of maternal and fetal placental blood flow and from placental oxygen
consumption.

Introduction
A convenient measure of the adequacy of

respiratory gas exchange is diffusing capacity,
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which is defined as the milliliters of gas crossing
the respiratory membrane per minute per milli-
meter of mercury of partial pressure gradient.
The placental diffusing capacity for oxygen has
been calculated by several investigators (1-4);
although the results are fairly uniform, there is,
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PLACENTAL CO DIFFUSING CAPACITY

for the following reasons, considerable uncer-
tainty as to its validity as a measure of placental
exchange: 1) Placental oxygen consumption has
been shown to be a considerable fraction of the
total 02 exchanged (5, 6), and we have no way of
determining how this affects the equilibration of
maternal and fetal placental capillary Po2. 2)
Blood bypassing gas exchanging vessels through
shunts, and uneven distribution of maternal and
fetal placental blood flow, will affect the value of
Po2 in the mixed uterine and umbilical vein blood
making it impossible to calculate the true end
capillary Po2 values (7). 3) In addition, there is
no agreement as to the spatial relation of blood
flow in maternal and fetal placental capillaries,
thus making meaningless any calculations of the
mean capillary Po2 values or the mean maternal-
fetal placental Po2 gradients.

In the early part of this century there was a
similar question as to the true oxygen partial
pressure gradients from pulmonary alveoli to the
pulmonary capillaries. Carbon monoxide ex-
changes proved to be useful in resolving this con-
troversy (8-10), and we thought that they might
also be of value in estimating the mean maternal-
fetal Po2 difference. Therefore in the present
study we have measured the placental diffusing
capacity of CO from which we calculated the cor-
responding 02 diffusing capacity and the mean
maternal-fetal Po2 difference. The advantages
of CO for the study of placental gas exchange are
these: 1) The fetal uptake of CO can be accu-
rately measured, since CO is not consumed by the
uterine or placental tissue in appreciable
amounts. 2) In contrast to the maternal and
fetal 02 partial pressures, uneven distribution of
flow does not significantly influence the amount
of CO exchanged or the mean partial pressure
gradient. 3) The maternal-fetal CO partial
pressure gradient is approximately 3 to 5 times
the partial pressure of CO in fetal blood. Ex-
cept for several studies of carbon monoxide poi-
soning in pregnancy (11-14) CO has not been
previously employed to study placental exchange.

Methods
The principle of our method was to place a pregnant ex-

perimental animal on a closed-circuit rebreathing apparatus
into which CO was introduced. At appropriate time inter-
vals samples of maternal and fetal arterial and venous

TABLE I

Vital statistics

Maternal No. of Fetal
Animal weight fetuses weight

kg kg
Dog 7 16.8 4 0.24

9 11.4 4 0.19
10 11.8 3 0.25
11 24.1 10 0.20
12 10.0 8 0.11

Sheep 1 72 2 3.0, 4.0
2 73 2 3.1, 3.3
3 70 2 2.0, 2.1
4 50
5 70
6 55 2 3.9, 4.3
7 57 2 2.4, 2.6
8 43 1 2.4
9 67 2 3.7, 4.0

11 48 2 1.9, 2.0

blood were taken and analyzed for CO, 02, and CO2 con-
tent, Po2, pH, and hemoglobin concentration.

Successful studies were carried out on five near-term
pregnant mongrel dogs and ten near-term crossbred preg-
nant ewes (Table I). The dogs were anesthetized with
sodium pentobarbital (20 mg per kg) and placed on their
left side. Polyvinyl catheters (1.5 mm o.d.) were intro-
duced into the maternal femoral artery and a branch of the
uterine vein. The abdomen was incised in the midline,
and the fetuses were exposed through an incision in the
antimesenteric border of the uterus. Fetal blood samples
were obtained from a branch of the umbilical artery. The
sheep were given a spinal anesthetic (3 to 4 ml 1% lido-
caine hydrochloride) supplemented with barbiturate
anesthesia. A right flank incision exposed the uterine
horn, which was marsupialized to the edges of the ab-
dominal incision. Branches of the umbilical artery and
vein were exposed by a myometrial incision down to, but
not into, the amniotic cavity, and polyvinyl catheters
were passed through these branches into-the main umbili-
cal artery and vein (15).

FIG. 1. CLOSED CIRCUIT FOR REBREATHING LOW
CONCENTRATIONS OF CARBON MONOXIDE.
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After a tracheostomy with placement of an endotracheal
tube the animals were placed on a closed rebreathing cir-
cuit. This circuit (Figure 1) had a volume of approxi-
mately 8 L and consisted of a Harvard respiratory pump

(model 607), barium hydroxide CO2 absorber (Baralyme),
and an oxygen supply with a Scott pressure operated de-
mand valve (model 6480). This circuit was demonstrated
to be airtight under the actual working conditions. The
oxygen concentration was monitored with a Beckman
paramagnetic 02 analyzer (model 11). The rate and depth
of respiration and the Po2 within the closed circuit were

adjusted as the experiment progressed; we attempted to
maintain the arterial Po2 at 100 mm Hg. The arterial
Pco2 was usually less than 40 mm Hg. Blood samples
were collected in heparinized, silicone-greased, glass
syringes, capped with mercury, labeled, placed in an ice
bucket, and analyzed as rapidly as possible.

Analytical procedures

The following determinations were performed on the
blood samples. 02 and CO2 contents were measured by
the method of Van Slyke and Neill (error SD + 4%) (16).
It was necessary to double the ferricyanide and acetic acid
concentrations and to extract for 5 rather than 3 minutes
owing to the slow release of CO. Po2 was measured with a

platinum electrode with a Mylar membrane (error -I 4%).
Pco2 was measured with an electrode with a Teflon mem-
brane (error i 3%). pH was measured with an Instru-
mentation Laboratories glass electrode (model 107-1)
(error i 0.01 U). Hemoglobin was determined by the
cyanmethemoglobin method (error i 0.12 per 100 ml)
(17). Carbon monoxide content was measured with the
infrared absorption method (18), with an error of i 0.006
ml CO per 100 ml, or approximately 0.03% saturation, in
the range of CO concentrations used in these experiments.
Since methane and other heteroatomic gases to which the
infrared meter might be sensitive are normally present in
the rumen of the sheep, we tested for their possible inter-
ference with carboxyhemoglobin determinations by com-

paring sheep blood equilibrated with rumen gas and room

air. We found no significant difference in carboxyhemo-
gLobin concentration and concluded that the analytical
method is insensitive to these other gases. Coburn,
Danielson, Blakemore, and Forster (18) have reported this
infrared analyzer to be 125 times as sensitive to CO as to
methane. The oxyhemoglobin concentration [02Hb] was

determined by two independent techniques. 1) With the
Po2 measurements, the [02Hb] was read from appropriate
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FIG. 2. SHEEP FETAL AND MATERNAL OXYHEMOGLOBIN
DISSOCIATION CURVES, SHOWING CARBON MONOXIDE EFFECT.

The oxyhemoglobin curves are those reported by Meschia
and co-workers (20) at pH 7.4 and 380 C with the curves

of the ewe being an average value of the two types of adult
hemoglobin. The effect of varying concentrations of
carboxyhemoglobin [COHb] is calculated by the method
of Roughton and Darling (23), and the [O2Hb] is that
percentage of hemoglobin not bound as COHb.

dissociation curves constructed for dogs (19) and an average

of the curves for the two types of sheep hemoglobin (20).
2) The [O2Hb] was also determined as the quotient of the
02 content from the Van Slyke determination and the 02

capacity (hemoglobin concentration [Hb] X 1.34), a

procedure that we believe is more accurate because of the
variability of sheep dissociation curves. The animals'
temperature was recorded periodically during the procedure
and found to decrease 2 to 30 C as the experiment pro-

gressed. Corrections were made for the effects of pH and
temperature (21). The presence of COHb also influences
the [O2Hb] curve (22). This effect is illustrated for fetal
and maternal sheep blood in Figure 2, by the method of
Roughton and Darling (23).

Calculations

Placental diffusing capacity for CO (DPco) was cal-
culated from the formula,

DPco [milliliters per (minute X millimeters Hg X kilograms fetal weight)]
Vico (milliliters per minute)

PCOM-PCOF (millimeters Hg) X kilograms fetal weight

in which Vco is the rate of CO transfer across the placenta, Vco (milliliters per minute)
Pcom is the mean CO partial pressure in maternal placental A[COHb]F X capacity X CO "space"F
blood, and PCOF is the mean CO partial pressure in fetal 100 X minutes [2]
placental blood.
The rate of CO transfer across the placenta was deter- where A[COHb]F is the change in fetal [COHb] during

mined by the formula, the period of time under consideration, and capacity in
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milliliters per milliliter is calculated as [Hb] X 1.34.
The CO "space' 'F is defined as the change in total CO in
the fetus divided by the change in CO content in milliliters
per milliliter of blood. For determination of fetal CO
"space," approximately 5 ml of blood containing 100%
COHb was injected into the fetal circulation and the
change in [COHb]F noted over a period of 15 to 30 min-
utes. The fetal CO "space" was usually 15% of body
weight, but the range was from 10 to 15% and this can be
expected to account for variation in the calculation of DP.
Pco was calculated with the Haldane relation (24),

Pco (millimeters Hg)

[COHb] X Po2 (millimeters Hg)I3]
M X [O2Hb]

which Paul and Roughton (25) have shown to be valid in
the presence of reduced hemoglobin, as was encountered in
some of these studies. M is the relative affinity of
hemoglobin for CO as compared with 02, usually given as

210 to 250 (26). The value of M has been reported to vary

with pH (27) and may also be different in maternal and
fetal blood at the same pH. We have determined M for
maternal and fetal sheep blood obtaining 218 and 216,
respectively, at pH 9.1, 190 C, using the method of Rough-
ton (26).
The uterine venous Pco was chosen to represent the

PCOM, and umbilical venous Pco was selected as the PCOF.
The justification for this is discussed below. The average

maternal to fetal gradient, PCOM-PCOF, was then deter-
mined graphically from plots of these mean values during
the time period from 10 to 60 minutes after the introduc-
tion of CO when the maternal-fetal Pco gradients were

relatively large.

Experimental procedures

Three types of studies were performed.
A) Endogenous CO production. In these two studies,

the arterial blood of a pregnant ewe placed on the rebreath-
ing circuit with the abdominal cavity unopened was

sampled over a 2- and 6-hour period. CO production was
determined by measurement of the increase in CO content
(milliliters per milliliter blood) during the period of
observation.
B) Maternal to fetal CO transfer. In these experiments

on six sheep and five dogs an initial period of 30 to 60
minutes was allowed during which the gas tensions in the
closed circuit and in the maternal and fetal organisms ap-

proached a steady state. After this, CO was introduced
into the closed circuit (15 to 50 ml for dogs, and 25 to 100
ml for sheep), and serial blood samples were collected from
the maternal and fetal vessels. Since 5 ml of blood was

required for the determinations on each sample, a single
dog fetus was used for only one blood sample, and subse-
quent samples were taken from the other fetuses. In the
fetal lambs serial samples were taken from the same fetus.
The preparation was continued 3 to 9 hours, but measure-

ments of DPco were made during the first hourof thestudy.
C) Fetal to maternal CO transfer. In an attempt to reach

a steady state with elevated COHb levels in two sheep, we

kept the unanesthetized, unrestrained animals for 15 to 18
hours in a sealed chamber of 3,000-L capacity after they
had inspired 175 ml of CO. At the end of this equilibration
period, the ewes were removed from the chamber, anesthe-
tized, and placed on the closed rebreathing circuit for 1 to 2
hours, a time provided to restore steady state conditions.
The [COHb]M was then lowered as rapidly as possible by
breathing the ewe with 100% 02 on an open circuit for 1 to
2 hours until the [COHb]M had fallen to 1% or less.
During this time the fetal and maternal gases were sampled
and measured in a manner similar to that previously de-
scribed.

Results

Endogenous CO production. In sheep no. 4
and 5, the CO production of ewe and fetus com-
bined averaged 0.4 ml CO per hour (6.6 X 10-
ml CO per hour X kg weight) (Figure 3), ap-

proximating the value in man of 0.4 ml per hour
(28).
Maternal to fetal CO transfer. The 02 and CO

contents and tensions during the control period
are shown in Table II. The average uterine and
umbilical arteriovenous differences for 02 were

4.3 ml per 100 ml and 3.1 ml per 100 ml, respec-

tively, and these values are similar to those re-

ported by others (1-4). Therefore we believe
that our experimental preparation also is in a

similar physiological state. Before the introduc-
tion of CO in the ewes, arterial [COHb]M
averaged 0.86%. The fetal umbilical arterial
[COHb]F averaged 2.9%, with an average ratio
of sheep [COHb]F/[COHb]M of 3.2. In the
dogs the control [COHb]M was 1.9%, a value
more than twice that found in nonpregnant dogs
(29); the fetal value averaged 4.8% making the
ratio [COHb]F/[COHb]M 2.4. During this
control period in both species the [COHb] rose
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FIG. 3. ENDOGENOUS CARBON MONOXIDE PRODUCTION.
Closed circles represent measurements from sheep 4, and
the open circles represent measurements from sheep 5.
The CO production of the ewe and fetus combined averaged
0.4 ml per hour.
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TABLE II

Control values of blood gases

Oxyhemoglobin concentration Poi pH

Mat. Ut. Umb. Umb. Mat. Ut. Umb. Umb. Mat. Ut. Umb. Umb.
Animal art. vein art. vein art. vein art. vein art. vein art. vein

% mm Hg
Dog 7 98 49.5 22 102 31 14 7.48 7.36 7.03

9 98 92 24 173 84 15 7.46 7.28 7.1
10 96.5 74 30 92 41 18 7.55 7.43 7.13
11 96 68 14 88 42 11 7.39 7.32 7.13
12 97 76 8 110 43 9 7.49 7.43 7.27

Mean 97.1 71.8 20 113 48 13 7.47 7.36 7.13

Sheep 1 97 70 60 62 98 39 19 23 7.62 7.55 7.37 7.3
2 92 73 38.5 60 82 51 15 18 7.44 7.40 7.27 7.39
3 97 83 28 44 89 55 13 19 7.55 7.52
6 99 29 57 63 195 29 21 23 7.46 7.35 7.22 7.29
7 95 42 42 58 96 34 15 21 7.36 7.25 7.23 7.18
8 69 20 6 22 44 23 7 14 7.55 7.35 7.12 7.21

Mean 91.5 53 38.6 51.6 101 38.5 15 19.7 7.50 7.40 7.24 7.27

* Po2 = partial pressure of oxygen; Pco = partial pressure of carbon monoxide; mat. art. = maternal artery; ut.
vein = uterine vein; umb. art. = fetal umbilical artery; umb. vein = fetal umbilical vein; [COHbiiF/[COHb]hs = ratio
of fetal carboxyhemoglobin to maternal carboxyhemoglobin; PCOF-PCOM = partial pressure gradient of CO between
mother and fetus.

slightly as time passed, reflecting the endogenous
production of CO. In sheep the Pco averaged
approximately 0.0030 mm Hg on the maternal
side of the placenta and 0.0054 mm Hg on the
fetal side, with a mean tension gradient of 0.0024
mm Hg. This gradient is greater than predicted
because the Pco in the fetal and in the maternal
capillary beds should have been in equilibrium,
except for the relatively small gradient resulting
from the endogenously produced CO in the fetus
(a matter of 2 X 10 4mm Hg; see Discussion).
After the introduction of CO, the [COHb]M

rose rapidly (Figure 4), reaching a peak in 5 to
10 minutes, then rapidly declined to 80 to 85%
of the initial peak within the next 5 to 10 min-
utes and continued to decrease slowly for sev-
eral hours as CO crossed the placenta to the fetus.
It would be predicted that eventually the
[COHb]M should start to rise reflecting endo-
genous CO production; however, this was not
noted in these studies, presumedly because our
observations did not continue long enough.
The [COHb]F slowly rose for several hours as

CO crossed the placenta (Figure 4); the rate of
fetal CO uptake (Vco) averaged 0.034 ml per
minute in sheep and 0.0035 ml per minute in dogs
during the hour after the introduction of CO.
Wise and Drabkin have recently shown that the

hemophagous organ of the dog placenta produces
CO as a consequence of hemoglobin metabolism
(30), but the magnitude of this production is
small. The measurement of Vco will be slightly
overestimated due to endogenous production of
CO by the fetus and the placenta. This CO
production is probably about 2 X 10-2 ml per
hour for a fetus weighing 3 kg, and when con-
trasted with the Vco of 2 ml per hour during the

Co
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FIG. 4. PER CENT CARBOXYHEMOGLOBIN OF MATERNAL
ARTERIAL BLOOD, AND OF THE AVERAGE OF FETAL UMBILI-
CAL ARTERIAL AND VENOUS BLOOD DURING MATERNAL TO
FETAL CO EXCHANGE IN SHEEP 7. The fetal uptake of CO,
Vco, is the product of the change in [COHb] in the fetus
([COHb]J) from 10 to 60 minutes, the CO capacity of
fetal blood, and the fetal CO "space."
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TABLE II

and pH in dogs and sheep*

Carboxyhemoglobin concentration Pco

Mat. Ut. Umb. Umb. ECOHb]F/ Mat. Ut. Umb. Umb. PCOF-
art. vein art. vein tCOHb]M art. vein art. vein FCOM

% mm Hg
2.39 2.34 6.14 2.6 0.0096 0.0051 0.0156 0.0083
1.73 1.94 4.57 2.49 0.0122 0.0071 0.014 0.0069
1.75 2.1 3.6 1.87 0.0066 0.0046 0.0086 0.0030
1.3 1.68 3.85 2.58 0.0048 0.0042 0.0121 0.0076
2.28 2.2 5.92 2.64 0.0104 0.005 0.0223 0.015

1.9 2.0 4.8 2.44 0.0087 0.0052 0.0145 0.0082

1.2 1.54 3.97 3.82 2.85 0.0048 0.0034 0.0050 0.0057 0.0016
1.12 1.1 3.7 3.6 3.32 0.004 0.0031 0.0058 0.0043 0.0017
1.0 1.05 3.8 3.5 3.65 0.0037 0.0028 0.0070 0.0060 0.0035
0.55 0.67 1.76 1.92 3.0 0.0043 0.0027 0.0026 0.0028 0.0002
0.63 0.63 2.3 3.64 0.0025 0.0020 0.0033 0.0033 0.0012
0.66 0.79 1.9 1.9 2.6 0.0017 0.0036 0.0089 0.0097 0.0062

0.86 0.95 2.9 2.95 3.2 0.0031 0.0029 0.0054 0.0053 0.0024

period of CO exchange will result in an error of
about 1%.
The PCOM followed a course similar to that of

the [COHb]M after CO was introduced (Figure
5). The fetal PCOF rose slowly as CO crossed the
placenta. In the sheep, the mean tension gradi-
ent, Pco-m - PCOF, during the 50 or 60 minutes

Pco
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FIG. 5. MATERNAL AND FETAL MEAN PARTIAL PRES-

SURES OF CO (PCOx, PCOp) DURING MATERNAL TO FETAL

CO EXCHANGE IN SHEEP 7. The mean gradient (Pcox-

PcoF) during the period from 10 to 60 minutes after giving
CO is shown by the arrow. Seven hours after the admin-

istration of CO the PCOF had not equilibrated with the

PCOM.

when CO exchange was studied averaged 0.022
mm Hg, and in the dogs, in which relatively
larger amounts of CO were used, the gradient
averaged 0.034 mm Hg. Approximately 7 hours
after introduction of CO the PCOM was 0.019 mm
Hg, the PCOF was 0.018, and equilibration had
not been reached.
The rate of CO transfer (Vco) was linear with

the PCOM -PCOF (Figure 6), a finding indicating
that CO exchange is limited by diffusion rather
than by placental blood flow, and that these
experimental animals were in a similar physi-
ologic state.
The DPco in sheep ranged from 0.61 to 1.98 ml

per (minute X mm Hg) and averaged 1.51 ml
per (minute X mm Hg) (Table III). In the
dogs the range was from 0.072 to 0.155 and aver-
aged 0.11 ml per (minute X mm Hg). In view
of the marked variation in the size of the fetuses,
a perhaps more meaningful expression of DPco
is in relation to fetal weight. In these terms the
sheep DPco ranged from 0.31 to 0.64 ml per
(minute X mm Hg X kg fetal weight), averag-
ing 0.54 ml per (minute X mm Hg X kg) (SD
+[i 0.13). The corresponding values for dogs
were 0.39 to 0.77 ml per (minute X mm Hg
X kg), and 0.57 ml per (minute X mmHg X kg)
(SD i 0.18), respectively.

I
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TABLE III

Placental diffusing capacity for CO (DPco) during maternal to fetal CO exchange*

CO capac-
ity of Fetal CO

CO Mean fetal CO trans- Pcox-
Animal given COHbm blood "space" ACOHbF ferred VCOF PCOM PCOF PCOF Dpco DPco

ml % ml/ml ml % ml ml/min mm Hg mm Hg mm Hg ml/minX ml/min
mm Hg Xmm Hg

Xkg
Dog 7 45.2 37 0.17 36 3.3 0.20 0.0045 0.079 0.031 0.048 0.093, 0.39

9 27.2 28 0.19 28.5 7.3 0.39 0.0039 0.066 0.028 0.038 0.104 0.55
10 27.2 26 0.18 37.6 2.7 0.19 0.0046 0.061 0.018 0.043 0.108 0.43
11 31.6 13.5 0.15 35.0 2.2 0.12 0.0029 0.035 0.016 0.019 0.155 0.77
12 18.1 19 0.18 16.4 2.1 0.061 0.0015 0.042 0.022 0.021 0.072 0.72

Mean 29.9 24.8 0.17 30.1 3.7 0.15 0.0035 0.057 0.023 0.034 0.11 0.57
SD 40.027 10.18

Sheep 1 91 18 0.19 450 4.4 3.74 0.066 0.044 0.010 0.034 1.98 0.64
2 91 14 0.14 451 5.1 3.1 0.056 0.045 0.013 0.032 1.78 0.60
3 45.5 7.7 0.15 300 1.3 0.59 0.011 0.026 0.0086 0.017 0.61 0.31
6 31.6 4.7 0.16 580 2.2 2.0 0.029 0.020 0.005 0.015 1.92 0.50
7 31.6 5.3 0.15 339 2.2 1.12 0.019 0.021 0.0075 0.014 1.39 0.60
8 22.7 6.4 0.17 360 2.4 1.49 0.026 0.032 0.014 0.019 1.37 0.57

Mean 52.2 9.4 0.16 413 2.9 2.0 0.034 0.031 0.0097 0.022 1.51 0.54
SD 4:0.51 :10.13

* Abbreviations in addition to those in Table II: VCOF = fetal uptake of CO; Pcom = mean maternal partial pressure of CO; PCOF = mean
fetal partial pressure of CO.

Fetal to maternal CO transfer. In the two
sheep studied after 15 to 18 hours in a closed
chamber the ratios of [COHb]F/[COHbIM were
2.13 and 2.41. When the ewe was ventilated

.020
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FIG. 6. UPTAKE OF CO (VCO) IN SHEEP DURING
MATERNAL TO FETAL AND FETAL TO MATERNAL CO EX-
CHANGE AS A FUNCTION OF THE MEAN MATERNAL-FETAL
PARTIAL PRESSURE GRADIENT FOR CO (PCOM -PCOF). The
least mean squares regression line, y = 0.59 x, with the
restriction that it must pass through the origin, is shown.
The linear relation suggests that the exchange of CO is
limited by diffusion rather than blood flow in the maternal
and fetal placental capillaries.

with oxygen, the [COHb]M fell to less than 1%
within 30 minutes (Figure 7). The [COHb]F
fell at a relatively constant rate while the ewe
breathed 02. The fetal and maternal Pco fol-
lowed a course similar to that of the [COHb]
(Figure 8).
In these sheep the diffusing capacities (Table

IV) were 1.29 and 1.53 ml per (minute X mm
Hg) or 0.34 and 0.75 ml per (minute X mm Hg
X kg fetal weight). These values are similar to
those obtained when CO moved from mother to
fetus.
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FIG. 7. MATERNAL AND FETAL PER CENT CARBOXY-
HEMOGLOBIN DURING FETAL TO MATERNAL EXCHANGE IN
SHEEP 11.
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FIG. 8. MATERNAL AND FETAL CO PARTIAL PRESSURE

(PCOM, PCOF) DURING FETAL TO MATERNAL CO EXCHANGE

IN SHEEP 11.

Discussion
Placental diffusing capacity for CO during

maternal to fetal CO transfer. After the intro-
duction of CO into the rebreathing circuit the gas

rapidly entered the blood of both sheep and dogs
and reached a peak concentration. Then it was
distributed in relatively rapidly exchanging
extravascular compartments causing the
[COHb]M to fall for 30 to 60 minutes. Most of
this rapidly equilibrating extravascular pool is
probably myoglobin (of red muscle), which binds
approximately 5% of the total body CO at
equilibrium (31). More slowly equilibrating
pools of CO, containing stored erythrocytes, are

the spleen, bone marrow, skin, and perhaps even

Barkans pseudohemoglobin and bile pigments,
and in the pregnant animal, the fetus.
The [COHb]F rose slowly, reaching the

[COHb]M in 1 to 2 hours (Figure 4), and ap-
proached a steady state only after 7 hours at

which time the [COHb]M was 4.1% and the
[COHb]F was 8.4%. The total quantity of CO
taken up by the fetus was quite variable, de-
pending upon its size, the [COHb]M, and the
duration of the study, and was less than that
lost by the mother. Thus, in one experiment
(sheep 3) approximately 10.7 ml of CO left the
maternal blood from 60 minutes, by which time
the rapidly exchanging CO pools should have
approached equilibrium, to the end of the ex-

periment approximately 8 hours later. In con-

trast, approximately 1.13 ml of CO was taken up

by the first fetus and 3.25 ml by its twin for a

total of 4.4 ml CO, or less than half of that given
up by the ewe. As the experiment progressed,
however, the rate of maternal loss approached
the rate of fetal gain. In other experiments a

similar pattern was seen.

During the course of an experiment CO may

have continued to enter slowly equilibrating
pools other than the fetus such as the amniotic
and allantoic fluid, the volume of which in these
pregnant ewes was about 1,000 ml (range
= 500 to 1,500 ml). The measured CO con-

tent of this fluid, when [COHb]M was 7% and
the [COHb]F was 17% (sheep 11), was 0.0000037
(or 3.7 X 10-6) ml CO per ml amniotic fluid, or a

total of about 0.0037 ml. The Bunsen solu-
bility coefficient (a) of CO in saline at 400 C
is 0.0000234 (or 2.34 X 10-5) ml CO per ml
per mm Hg (32) so that at the Pco of maternal
venous blood, 0.02 mm Hg, the expected CO
content at equilibrium should have been ap-

proximately 0.00000047 (or 4.7 X 10-7) ml CO
per ml of amniotic fluid. It is clear that the
amount of CO dissolved in amniotic fluid cannot
account for the discrepancy between the amount

LE IV

Placental diffusing capacity for CO (Dpco) during fetal to maternal CO exchange*

Co
CO Mean Mean trans- PCOF

Animal given COHbm COHbF ferred Vco PCOF PCOM PCOM Dpoo Dpoo

ml % % ml ml/min mm Hg mm Hg mm Hg ml/min ml/min
Xmm Bg XmmHg

X kg
Sheep 9 270 3.12 6.77 0.77 0.013 0.015 0.005 0.01 1.29 0.34

11 300 7.06 16.95 5.1 0.029 0.021 0.0038 0.017 1.53 0.75

Mean 1.41 0.54

* Additional abbreviation: Vco = amount of CO given up by fetus.
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Data are from sheep 7, at mean [COHb]M
maternal pH = 7.5, [COHb]p = 3.5%, and fet
7.2. The change of Po2 along the capillary was c
by the Lamport modification (49) of the Bohr in
assuming concurrent flow, and Pco values were c
by the Haldane relationship (Equation 3). T
maternal-fetal Pco gradient (Pcom -PcoF) is ind
the arrow, and it will be seen that PCOM and
proximate the value of Pco in the respective veil

of CO given up by the ewe and that take
the fetus.
A theoretical calculation of the Pco

maternal and fetal placental capillaries is
in Figure 9, using average data from t]
surements in sheep 7. A number of sim
assumptions have been made including
sumption that the capillaries are unifor
their flow is concurrent (that is, mater
fetal capillaries are parallel and the tw(
streams flow in the same direction), a
blood samples from the uterine and u
veins are truly representative of the end c
blood of the maternal and fetal placenta
lations, respectively. This Figure has b
sented to illustrate the following in:
points: 1) The calculated change in Pc
the capillary is not great enough to in
the use of a single value for the gradient.
largely because the concentration of CO]
not alter very much during one capillary
and although the Po2 and [O2Hb] char
siderably along the capillary, their ratic
determines the equilibrated Pco (see E
3), does not change nearly as much.

Pco of the fetal placental capillary blood is much
less than that of the maternal placental capillary
blood and does not approach the latter even at

UTERINE the end of the capillary. 3) The Pco difference
VEIN obtained by subtracting the values at the venous

end of the respective capillaries is not substan-
tially different from the correct mean difference.

Figure 10, a plot of change in maternal-

UMBILICAL fetal Pco gradient during maternal-fetal CO ex-

VEIN change, shows that, after the first few minutes
of mixing when there is a rapid disappearance of
CO, the change in gradient appears to follow a

*9 LO simple exponential process for a first-order re-
IGTH

action with a half-time of approximately 2 hours.
SSURE OF The sheep fetuses survived 2 to 8 hours after
APILLARY the introduction of CO. In several cases the
CcHANGE.
= 7.7%, cause of death was anoxia secondary to maternal

.al pH = pulmonary edema. Acute blood loss was un-
alculated doubtedly a factor in some fetal deaths, because
tegration 4 to 8 ml of blood was drawn for each set of
-alculated
ale mean determinations and after 4 to 5 hours this could
licated by amount to a significant fraction of the fetal blood
PcoF ap- volume. However, the CO diffusing capacity
11s. was measured during the first hour of the study

when less than 7% of the fetal blood volume had
!n up by been removed and the fetus was in good condi-

tion. Although a high level of blood [COHb]
in the may have been a factor in fetal death, in sheep
plotted 11 twin fetuses both survived a number of hours
he mea- with blood [COHb] at 17%. In the studies on
iplifying dogs, each fetus was sacrificed after a single
r an as- blood sample had been obtained because the
-m, that minimal sample volume represented such a large
nal and proportion of the animal's blood volume.
) blood-
nd that
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PLACENTAL CO DIFFUSING CAPACITY

The calculations of CO diffusing capacity' are
based on several assumptions, including the fol-
lowing: 1) CO is not metabolized or otherwise
lost from the system during measurement. 2)
The "CO space" of the mother and fetus is con-
stant. 3) PCOM is approximately the same as
the Pco in the uterine vein (see Figure 9), and
PCOF is approximately that of the umbilical
venous Pco. 4) The dimensions and spatial
relationships of the maternal and fetal capillary
bed are constant during the measurement. In
sheep 7 during the period of CO exchange calcu-
lation of DPco was 0.60, 0.60, and 0.62 ml per
(minute X mm Hg X kg) over the time period
0 to 15 minutes, 45 to 60 minutes, and 120 to 180
minutes, respectively. This suggests that the
last assumption is valid and that the animals'
physiologic state was not deteriorating during
measurement of diffusing capacity.

It is of interest that the DPco of sheep, which
have a five layered syndesmochorial (35) or six
layered epitheliochorial placenta (36), was the
same as the DPco of dogs with a four layered
endotheliochorial placenta (35).

Theoretical DPco should be the same for move-
ment of CO from mother to fetus as from fetus to
mother, and we find this to be the case (Table III
and IV). This theoretical conclusion is obvious
insofar as diffusion across the placental mem-
brane is concerned, but is less apparent when the
reactions of CO with intracellular hemoglobin
are considered. It is essential to appreciate that
theta, the rate of uptake of CO per milliliter of
whole blood for a gradient of 1 mm Hg of Pco
between the plasma and the interior of the red
cell, applies equally well to the movement of CO
out of the red cell (see Appendix).

In terms of the mass of the organism, the
diffusing capacity of the placenta is similar to
that of the lung. For example, a 70-kg man

1 The term "diffusing capacity" (DP) is perhaps con-
fusing since what is measured is not necessarily the maximal
exchange possible. Actually DP may be less a measure of
the diffusion characteristics of the placental membrane
than of the maternal and fetal capillary blood volumes and
the chemical reaction rates of CO with hemoglobin (33).
Other terms such as "diffusion constant" (1) and "diffusion
coefficient" (34) have been used for placental gas exchange,
but "diffusing capacity" is a term well entrenched in
physiological literature and has previously been used in
reference to the placenta (3).

with normal pulmonary diffusing capacity of 30
ml per (minute X mm Hg) has a diffusing capac-
ity of 0.43 ml per (minute X mm Hg X kg);
our comparable values for the placental diffusing
capacity average 0.54 ml per (minute X mm Hg
X kg fetus). However, on the basis of diffusing
capacity per mass of organ, the placenta is far
less efficient. A 70-kg man would have about
600 g of lung parenchymal tissue (37), giving a
diffusing capacity of 50 ml per (minute X mm
Hg X kg lung tissue), but the 500-g placenta had
a diffusing capacity of only 1 ml per (minute
X mm Hg X kg of placental tissue).

Control values of [COHb] and Pco during the
"steady state." During the control period the
[COHb]M and [COHb]F in the dogs and sheep
were relatively stable, both slowly rising as CO
was produced. The average [COHb]F/
[COHb]M was 3.2, which is higher than that
reported for humans, namely 1.5 (38-40).
[COHb]F for sheep, both during the control
period and under assumed steady state condi-
tions after the introduction of CO, is plotted
against simultaneous [COHb]m in Figure 11.
As a first approximation we assumed that Pco in
fetal and maternal capillary blood are equal, as
is M; then according to the Haldane relation
(Equation 3),

[COHb]F - [02Hb]F PO2M
ICOHb]- [02Hb]M PO2F [4]

The average value of fetal capillary Po2 (PO2,)
by the Bohr integration technique was 20 mm
Hg, and that of maternal placental capillary Po2
(Po2.) was 52 mm Hg. Inserting these values
in Equation 4, we determined [COHb]F as a
function of [COHb]M, and the theoretical line
is plotted in Figure 11. The regression equation
for the theoretical line is y = 2.13 x, and that for
the experimental data is y = 0.70 + 2.1 x. In
view of the numerous assumptions the agreement
between theoretical and experimental results in
the Figure is reasonable, but note that the experi-
mental [COHb]F is consistently greater than the
calculated value of [COHb]F. This may be due
to several factors.
The Pco in the fetal capillary beds will be

slightly higher than in the maternal even during
steady state due to the CO produced by the fetus.
For example, choosing a hemoglobin mass of 18

821



LONGO, POWER, AND FORSTER

CO HBF

PER CENT 10

8

6

4

2

0

0 1 2 3 4 5 6 7
CO HBM

PER CENT

FIG. 11. RELATION OF MATERNAL CARBOXYHEMOGLO-
BIN [COHB]M AND FETAL CARBOXYHEMOGLOBIN [COHBIF
DURING "STEADY STATE" CONDITIONS IN SHEEP. Closed
circles represent [COHb] values during initial control
periods. Open circles represent values when equilibrium
was approached 9 to 18 hours after the introduction of
exogenous CO. The line represents the theoretical rela-
tion assuming a mean maternal placental capillary Po2
(PO2M) of 52 mm Hg, a maternal pH of 7.5, a mean fetal
placental capillary Po2 (PO2F) of 20 mm Hg, and a fetal
pH of 7.2.

g per 100 ml blood (41), an erythrocyte half-life
of 19 days (42), and an average of 100 ml blood
per kg tissue, we obtain a CO production of about
1 X 104 ml CO per (minute X mm Hg X kg
fetal weight). The average diffusing capacity
of the placenta was 0.5 ml per (minute X mm
Hg X kg) so that the difference in maternal and
fetal Pco should be 1 X 10 4/0.5 = 2 X 104
mm Hg. This is an order of magnitude less
than the measured Pco gradient (Table II).
The value of M may not be the same in fetal

and maternal blood. As noted earlier our mea-

surements indicate that there is no marked differ-
ence at the same pH; however, since maternal
and fetal blood differ by 0.1 to 0.3 pH U this
may vary M enough to account for the differ-
ence. If incorrect values of blood pH are as-

sumed, leading to errors in the dissociation curves

used, this also may account in part for the dis-
crepancy noted above. In summary we have no

complete explanation at this time for the appar-
ent discrepancy in the relationship of [COHb]F/
[COHb]M during the steady state. We believe
that the maternal and fetal Pco are nearly equal
during a steady state and that the source of this
slight discrepancy lies in one of the items listed
above or some other factor that we have not con-
sidered. We emphasize, however, that this is a
rather theoretical point and has little effect on
the calculation of the partial pressure gradient
after the introduction of CO or in calculation of
CO diffusing capacity.

Placental diffusing capacity for oxygen (DPO2).
The placental oxygen diffusing capacity for
sheep was first calculated by Barcroft (1). This
"diffusion constant" as he called it was approxi-
mately 0.08 ml per (minute X mm Hg X kg
fetal weight) in fetal lambs during the last tri-
mester of pregnancy. For these calculations
Barcroft used a previously published 02 con-
sumption (Vo2) of 4.3 ml 02 per (minute X
kg fetal weight) (43). The maternal-fetal Po2
gradient was calculated as the difference be-
tween the average of uterine arterial plus venous
Po2 less the average of umbilical venous plus
arterial Po2. Using the same method, Barron
and Alexander (34) and Barron and Meschia (2)
calculated a placental "diffusion coefficient"
varying from 0.1 to 0.2 ml per (minute X mm Hg
X kg fetal weight). Bartels and Moll (4), using
independent techniques, arrived at essentially
the same figure, 0.17 ml per (minute X mm Hg
X kg).
Evidence is accumulating, however, that the

DPO2 is probably valueless as a measure of placen-
tal exchange: 1) Placental 02 consumption is
from one-tenth to one-third of the total placental
02 exchange (5, 6). Although the fetal 02 Up-
take might be calculated from the umbilical
arteriovenous difference X blood flow, permit-
ting an estimate of placental and uterine 02 con-
sumption as the difference of total placental
exchange and fetal consumption, we do not know
where this O2 consumed by the placental tissue
is removed from the blood in relation to the site
of 02 exchange across the capillaries. If even a
small portion of it leaves the blood after the
blood has exchanged with the maternal capil-
laries, the venous outflow Po2 will differ from
the proper end capillary Po2 required for any

822



PLACENTAL CO DIFFUSING CAPACITY

diffusion calculations. 2) Anatomical shunts or
uneven distribution of maternal placental flow,
QM, and fetal placental flow, QF, will also result
in gross errors in the estimate of the end capillary
Po2 from measurement of the Po2 in the uterine
and umbilical veins (7). This is because in
regions of the placenta with high fetal blood flow
but low maternal flow, the fetal end capillary
Po2 will be relatively low. In other compart-
ments with relatively low fetal and high maternal
flows, the end capillary Po2 will be higher. A
mixture of blood from these two regions will
have a Po2 less than the average of the two end
capillary Po2 because this mixture will have a
greater contribution from the compartment with
the lower Po2. Nonuniform placental blood
flow is not merely a minor theoretical objection.
Small anatomic shunts in the fetal vessels of the
human placenta have been reported by several
workers (44, 45). Our own studies in sheep of
the distribution of maternal and fetal placental
blood flow using macroaggregates of albumin,
MAA*, labeled with 125I and Il3l, show gross non-
uniform distribution of placental blood flow.
Approximately one-fourth of the total placental
weight receives less than one-twentieth of the total
blood flow (7). In further studies of 02 exchange
at hyperbaric pressures in sheep, the uterine
vein-umbilical vein 02 difference of about 700
mm Hg is evidence for about 30% physiologic
shunt on either the maternal or fetal side of the
placenta (46). Such a degree of shunting of
umbilical flow has also been demonstrated in a
sheep placenta perfused with dextran containing
dissolved CO (47). Thus as a result of both
placental oxygen consumption and of uneven dis-
tribution of blood flow, the Po2 values in the
uterine and umbilical veins will have an as yet
undetermined relation to the values of Po2 in the
end capillaries. 3) In addition, there is con-
siderable uncertainty as to the geometric arrange-
ment of the maternal and fetal placental capil-
laries. Although in sheep a countercurrent
relationship has been reported (48), there is no
physiologic evidence for this (46, 47). It is thus
apparent from consideration of these three prob-
lems that determination of the mean maternal
and fetal values of capillary Po2 from uterine
and umbilical blood samples by the Lamport
modification (49) of the Bohr integration (8) or

by any other technique is extremely difficult if
not impossible and that it is highly unlikely that
Dpo2 can be calculated with any degree of
accuracy.

If for the moment one accepts the values of
DPco presented in this paper, and assumes that
Dpo2 is equal, whereas theory indicates that it
must be from 1.2 to 2 times greater (see below),
then the end capillary Po2 gradient will be 1 mm
Hg. It is obvious that a gradient of that size
cannot be measured experimentally with any ac-
ceptable accuracy, particularly in view of the
sources of error discussed above, and that there-
fore the Dpo2 cannot be calculated with any ac-
ceptable accuracy. For example, an error in
end capillary Po2 of only 0.5 mm Hg would result
in a 100% error in the calculation of DP02.
The effect of shunting on the values of DPo2

and DPco calculated from umbilical and uterine
arterial and mixed venous blood samples is shown
in Figure 12. In this Figure is presented the
dilemma that faces the investigator who can mea-
sure uterine and umbilical arterial and venous
02Hb, CO, Po2, and pH but who does not know
how much shunt exists. Uneven distribution of
capillary blood flow is considered as a true shunt,
equal on both sides. The calculations are made
assuming typical values for the pertinent data as
described in the legend of Figure 12. The value
of DP is that which must exist for the correspond-
ing value of shunt. For example if there is 20%
shunting and the investigator assumes there is
none, he would calculate DPO2 of 0.42 ml per
(minute X mm Hg), 62%/o of the correct value,
0.68. The corresponding error in DPco, how-
ever, is only 6%. As the shunt increases, the
error in calculated DPO2 increases at a much more
rapid rate, approaching infinity at a shunt of
26%, because for this value, all of the maternal-
fetal mean Po2 gradient can be explained by
shunt alone. The smaller effect of shunting on the
calculated DPc0 results from the following facts:
1) Exchange of CO is limited by diffusion and
not by blood flow, and fetal Pco will not approach
equilibrium with maternal Pco at any value of
shunt. 2) The ratio Po2/[O2Hb] upon which
Pco depends is much more constant over the
physiological range than Po2 so that mixing of
end capillary blood with shunted blood will have
a minimal effect on the mean value of the ratio
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the maternal and fetal placental circulations
shunted, this percentage being the same for the
and fetal circulations. The ordinate is the val
CO and 02 diffusing capacities of the placenta (
DPO2) that would be calculated assuming the folle
stant values: per cent O2Hb in uterine artery =
uterine vein = 66%, in umbilical artery = 15%,
cal vein = 69%; maternal pH = 7.5 and fetal p
hemoglobin 02 capacity = 0.15 ml per ml; oxyhe
dissociation curves of Meschia and co-workers (
current capillary blood flow; fetal 02 consump
ml per minute for a fetus weighing 3 kg (41); [
= 5% and [COHb]F = 2.5%; and fetal CO
0.34 ml per minute. These values are typical of
iments. Each value of diffusing capacity is ti
would be calculated by an investigator in possess
measurable data assumed, if he assumed the corr
shunt.

Po2/[O2Hb], and therefore on capilla
3) The arteriovenous [COHb] diffei
negligible; therefore mixing of end (
blood with shunted blood will not cha
[COHb].

It is at least theoretically possible to
mate the mean maternal-fetal Po2 gradi
principle originated by Haldane and Sm
If one assumes steady state conditions
exchange (except for the miniscule grad:
duced by the production of CO in the feti
the average Pco of both maternal and fei

lary beds should be equal, Equation 4 should
apply, and one should be able to calculate average
values for Po2/[O2Hb] on either side of the
placenta. [COHb]F and [COHb]M can be con-
sidered equal to the respective values in either

02 arterial or venous blood, since the arteriovenous
differences are so small. Po2,/[O2Hb]F and
PO2M/[O2Hb]M should properly be the respective
integrals of these ratios, along the capillary, but
these cannot be defined without prior knowledge
of the course of Po2 along the two capillary beds.
When we used the means of arterial and venous
values of Po2 and O2Hb as the average along the
capillary, and experimental data from sheep 9
and 11 obtained after exposure to a constant con-

30 centration of inspired CO for more than 18 hours,
ID FETAL we obtained Po2 gradients of 30 to 40 mm Hg.
HUNTED As noted above, the calculation of equilibrated

Pco is relatively insensitive to changes in Po2,
CAL CAPIL- assuming chemical equilibrium within the blood,
LND DP2. and by the same token, the reverse calculation,
wthrough of Po2 from Pco is extremely sensitive to changes
s that is in the latter. In this Haldane method one is
l maternal essentially calculating the Po2 from Pco, and the
[ue of the former is not defined within useful limits underDPco and
wing con- the present experimental conditions.
96.5%, in DPO2 calculated from the DPco. The resist-
in umbili- ance to diffusion results from the sum of the
H=o7.2; membrane resistance and the resistance of the
20); con- maternal and fetal placental capillary blood (33)
tion = 13 and may be expressed by the equation,
ECOHb]M
uptake =
the exper-
hat which
5ion of the
esponding

ry Pco.
rence is
capillary
inge the

approxi-
ient by a
ith (24).
for CO

ient pro-
us), then
tal capil-

1 0V1 1
+

1
DPco - OmVCM D OMVCF' [5]

where Om and OF are the reaction rates of intra-
cellular hemoglobin expressed in milliliters of CO
per minute per millimeter Hg gradient of partial
pressure of dissolved gas between the interior of
the red cell and the plasma per milliliter of ma-
ternal and fetal blood. VcM is the maternal
placental capillary volume in milliliters, DM is the
true diffusing capacity of the placental membrane
separating the maternal and fetal bloods in milli-
liters per minute per millimeter Hg, and VCF is
the fetal placental capillary volume in milliliters.
The derivation of this equation, and a considera-
tion of the relative importance of DM and chemi-
cal reaction rates to over-all diffusion, will be
considered in a subsequent communication. Ac-
cording to Graham's law and Henry's law, the
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membrane diffusing capacity for 02 should be
1.23 times that for CO (50). Although values
for 0 for 02 and CO for sheep erythrocytes are not
presently available, based on values for human
red cells, 0 for 02 is about twice that for CO using
average values for mean capillary Po2 (51). To
calculate DPo2/Dpco, one must know the absolute
values of DM and Vc, which are not at present
available. However, it is possible to set limits
on this ratio. As DM/OVc approaches zero,
DPo2/DPco would be dependent upon 0o2/Oco,
which would be 2.0. At the other extreme, if
OMVcM and OFVCF were negligible, DPo2/DPco
would be dependent only upon DMo,/DMco and
would be 1.23. Since VcM and VCF would be the
same for CO and 02, the true Dpo2 should be
from 1.2 to 2 times the DPco or 0.65 to 1.1 ml
per (minute X mm Hg X kg), depending on the
relative contribution to DM and OVc to the DP.
Thus the true value of DPO2 is probably even
larger than the DPco, and the Po2 end capillary
gradient is less than 0.5 mm Hg. Under these
circumstances the end capillary gradient would
be too small to measure, and as noted above, it
would be impossible to calculate the true DP02.

Appendix
Demonstration that the diffusing capacity of the placenta
(DP) is theoretically the same whether diffusion occurs from
mother to fetus or in the reverse direction
According to Equation 5 the diffusing capacity from

mother to fetus may be expressed:

Di'- .[+6]D P oMVCM DM OFVCF

The subscript arrows from left to right indicate that
diffusion is occurring from mother to fetus.

Similarly DP from fetus to mother may be expressed as:

1 1 1 1
Di' - MVCM DMj5 AFVCF
<- *- +-

[7]

where the subscript arrows from right to left indicate that
diffusion is occurring from fetus to mother.

Diffusion in liquids is generally isotropic (52); thus DM

equals Dm. Vcm and VCF are the same regardless of the

direction of diffusion. Therefore any difference between
DP and DP must lie in the differences between 0 and 0.

Theoretically the initial rate of change of ICOHb] inside
an infinite layer of hemoglobin solution immnediately after

the [CO] at the surface is changed instantaneously may be
expressed as [see Equation 3, (51)]:

d[COHb] tanhwc= ('[COI[Hb [-1[COHb]) [8]
dt

where [COHb], [COil,, and [Hb] are the concentrations of
carboxyhemoglobin, carbon monoxide, and -reduced hemo-
globin, respectively, in the surface layer, in milliliters per
milliliter of solution; t is time in seconds; 1' is the reaction
velocity constant for the formation of COHb in (milliliters
per milliliter)-' second-'; 1 is the reaction velocity con-
stant for the dissociation of COHb in second-'; and
= b (1'[Hb])/D, where b is the half thickness of the

hemoglobin layer in centimeters, and D is the diffusion
coefficient of CO in the layer of hemoglobin solution in
square centimeters per second. The term 1'[CO],[Hb]
represents the mean rate of formation of COHb inside the
layer, [Hb] refers to the reduced hemoglobin concentration
inside the layer, and [CO], refers to the concentration of
dissolved CO outside the layer. (Tanh w)/w is essentially
a correction factor to give the average [CO] inside the
layer after the start of the process. If the exchange takes
place in homogeneous solutions, that is, if diffusion is not
involved, (tanh wo)/ca becomes unity. The term 1[COHb]
is the rate of dissociation of COHb. This equation is
equally true whether there is a decrease or an increase in
[COHb].
Although Equation 8 describes the initial stages of CO

exchange in an infinite sheet of hemoglobin solution with-
out a membrane, similar equations can be derived for a
sphere, and the effect of diffusion resistance through a
membrane can be included. These equations turn out to
be similar to Equation 8, except that the correction term,
(tanh w)/co, is different, although still a simple function of
the diffusion coefficient, [Hb], dimensions of the mem-
brane, and the association reaction velocity constant 1'.
Therefore Equation 8 can be used to describe the CO ex-
change of red cells, since for our present purposes, the cor-
rection factor does not enter in.

0 is defined as the rate of change of [COHb], in units of
milliliters of gas per (milliliter fluid X minute X milli-
meters Hg A Pco) (51), and in terms of (d[COHb])/dt
can be expressed as

- d[COHb] 60 1
dt capacity Pco. - Pcoj [9]

where capacity is the concentration of CO that could be
bound by all forms of hemoglobin present in milliliters per
milliliter. Pco. is the partial pressure of CO in millimeters
Hg at the surface of the hemoglobin layer, and Pcoi is the
average value within this layer.

[CO],
Pco. = I

ots
[10]

where a. is the solubility of CO in the fluid just outside the
hemoglobin layer in milliliters per (milliliter X millimeters
Hg).
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If there is any COHb in the hemoglobin layer, it has an

associated Pcoi as follows:

PCo,
1[COHb]
= '[Hb]ai' [11]

where ai is the solubility of CO in the layer in milliliters per

(milliliter X millimeters Hg). If we substitute Equations
8, 10, and 11 into Equation 9:

1'[C0],[Hb]-l[COHb] 60 tanh co [12]

[CO]I 1[COHb] capacity c

a, 1'[Hb]ai

If as is assumed to equal ai, which is experimentally justi-
fied (53), this becomes

=,,'[Hb]60 tanh
E13]

capacity

The value of is independent of the direction of the diffu-
sion flow and therefore DP is independent of the direction
of flow.
The fact that only 1' appears in Equation 13 might lead

the reader to conclude that this applies only to the associ-
ation of CO with Hb, but this is not the case. To calculate
one must always compute an equilibrium constant for

the reaction of CO and Hb, which is the ratio of the dis-
sociation to association reaction velocity constants.
Therefore Equation 13 contains implicitly the ratio 1/1'
and explicitly 1'; in other words both the association and
dissociation reaction velocities are involved.
The presence of 02 will alter the kinetics first by reducing

the concentration of reduced hemoglobin at any time, and
second this in turn will alter 1', because this constant de-
pends on the number of ligands already bound to a given
hemoglobin molecule (53). Although the inclusion of 02

kinetics would render the mathematics difficult to solve, in
general it is permissible to assume that the 02 reactions,
which are faster than those of CO, are in equilibrium.
Thus a finite 02 would merely alter [Hb] and 1' by fixed
amounts, but would not make in Equation 13 dependent
on the direction of diffusion flow.

Equation 8, and therefore the succeeding relations, only
apply to the early part of the reaction of CO with intra-
cellular Hb when the concentrations of Hb and COHb are

uniform throughout the layer. This is an important re-

striction, but unfortunately analytical solutions of the
diffusion plus chemical reaction equations cannot be ob-
tained without it. However, all values of 0 obtained ex-

perimentally are subject to the same limitation, and at least
the data are consistent.

Although we believe it is very clear that theoretically
DP should be the same for diffusion flow in either direction
across the placenta, there is little actual experimental
evidence to support this. We are not aware of any ob-
servations of Oco made during dissociation; the existing
measurements were made during association reactions (51).
However, 0 for 02 is not significantly different whether
measured during the uptake or loss of 02 by cells in sus-

pensions (54, 55). The two measurements of DP from

fetus to mother in this paper were the same as those from
mother to fetus. Equation 5 also applies to diffusing
capacity in the lungs (DL), if one of the 1/0 Vc terms is
deleted, so that any information about the reversibility of
DL would contribute to this discussion. Jones, Ellicott,
Cadigan, and Gaensler (56) have published data on the
increase in alveolar Pco during breath holding, when the
blood contains a large concentration of COHb, which can

be used to calculate DL from blood to gas. Taking the
rise in alveolar Pco from 5 to 20 seconds in their Figure 2
and assuming that the alveolar volume was 5 L, we obtain
a DL of 31 ml per (minute X mm Hg). This is a nor-

mal value, certainly not strikingly different from DL mea-

sured from gas to blood.
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