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INTRODUCTION

- The memmalian fetus functione as & parasite,
deriving all its needs from its mother, the host. The
regpiratory function of the febus is dependent upon the
maternal pulmonary function, the gualities and cireculation
of both the matermal hlood streem and the fetsl blood stresm,
and the placents, where trenasfer of the respiratory gases
ecéura between the two blood streams, The entire physicloge
lcal state, including respiration, of the febtus has long
defied the precise study given to other phases of physiole
ogy. The respiratory physiology of the pregnant mammal is
not well understood.

In this study, an attempt has been made to measure
carsfully the relationship between the contents and partiasl
pressures of oxygen and carbon dioxide in blood samples
taken from both the mother and the fetus at term., These
dissociation curves are plotted on the recently developed
05=C0p {1) diagrem,



REVIEW OF THE LITERATURE

Past work dealing with the probleme of fetal resw
piration has, by and large, been insdeguate and frequently
contradictory., This has been largely dus %o the inaceessi-
bility of the intrae-uterine organ and the difficulty in
maintaining it in its normel physiological sbtate during
the menipulations necessary for study. For this review,
the published work has been subdivided into the four groups
ligted below.

(1) Qualities of the fetal and maternal blood

dealing with oxygen and carbon dioxide transe-

port.

(2) Oxygen capacities and oxygen and carbon dioxide
gontents found in maternal and fetal vessels.

(3) The placenta.

(1) Petal and maternal blood flow.

Qualities of the Fetal and Maternel Blood Desling
with Oxygen end Carbon Dioxide Tremsport. It has long been
established that there are qualitative differences between
the hemoglobin produced by the fetus {fetal hemoglobin) and
that produced after birth (commonly called adult hemoglobin)
(2-8), This is true for all mammels studied, The differe
ence in hemoglobin has even been detected in non-memmalien
species, such as the frog and chieken (9,10). In mammals,
differensces have been observed in orystal structure (4,6),
solubility (4=6), resistance to alkeli denaturation (i),



end effinity for oxygen (3,7,8). In all memmalian fetuses
except man, fetal hemoplobin will asscciate with & greater
amount of oxygen, at like partial pressures of oxygen,

than will the adult form, elthough the two hemoglobins

have identical oxygen capacities. On the conventional oxy-
gen dissooliation curve, these fetal hemoglebin curves lie
to the left (and/or above) of that of the sdult, In humans,
however, the fetal hemoglobin curve lles to the right of
that of the adult, indicating less affinity for oxygen at
the same partiasl pressure (3,4,7).

One group of investigators (7) reported that the
humen fetal and maternal oxygen disscoiation curves became
identical when their ionic environments were egualizod by
dialysis of hémalyzed blood, Admitting that the two were
chemically different, they argued that the di{fferences in
oxygen affinity were entirely attributable to the ilonic
environment of the hemoglobin, The conolusion of these
investigators has not been generally acaepted,

For all mammals, including men, the oxygen digsoe
clation curves of fetal erythrooytes lie to the left of
these of the adult (3,6,11-13), There is an influence of
the stroma or membrane of the red blood cell that markedly
alters the affinity of oxygen by hemoglobin (3) but does
not alter the oxygen cepacity. Both fetal and adult erythro=-
cytes diminish the oxygen uptake of thelr contained hemoglow
bins, but this effeoct is much more pronounced in the adult

cells, Hegardless of the oxygen affinities of liberated



hemoglobin, the erythroeytes of the fetus have & greater
affinity for oxygen than do those of the adult, at like
partial pressures, Again, the oxygen capascities are idene
tical,

In addition to the difference in displacement of
the fetel and mabernal oxygen dissoolation curves, thers
is a difference in their curvature (11i=14)}. The fetal
curve is steeper, having a greater affinity for oxygen
between 25 and 65 mm,. Hg partial pressure of oxygen than
does the adult blood {13), Above 65 mm., Hg and below
25 mm, Hg partisl pressure of oxygen, the fetal blood has
decreased affinity for oxygen, compared to adult blood (13).
This, 1t 18 ergued, ensbles fetal blood to btake up oxygen
more readily at the placenta where the partial pressures
of oxygen are between 25 end 65 mm. Hg (13)., The decrsoased
affinity of fetal blood, below s paﬁ%ial pressure of oxygen
of 25 mm, Hg, is belleved to allow the blood to give up
exygen more readily at tissue partial pressures of oxygen.
In fetal sheep, the oxygen dissceilabion eurve becomes more
glmilar to that of adult bloed in both oxygen affinity end
eurvature, as pregnancy progresses (11},

Increased hydrogen ion concentration, influenced
by both carbon dioxide and nonevolatile acids, deorssses
hemoglobints affinisty for oxygen {2,11-16), HMuch has been
written of the "acidosis" of pregnency (2,11-14,17,18).
Direct pH measurements on maternal blood have not showm

this ecidosis (19,20)., Kalser {21) noted a pH of 7.38 in



maternal venous blood, In blood-gas equilibration studles,
the oxygen dissocistion curves of maternal blood were
ghifted to the right, suggesting increased hydrogen lon
concentration, These, however, were performed under condi-
tions of econstant partial pressures of carbon dioxids
(2,11-1}1), By the constant partial pressure of carbon
dioxide, any in vive resplratory compensation of acidosis
would be obsocured, Therefore, the displscement of the
maternal curve to the right does not alone indicate maternal

agidosis, ﬁonuvolatile aatiana muet, however, be imcraased.

Equilibration studies done at constant pH showed no dise @Ao’,ﬂf' P
placement of the maternal oxygen dissociation curve (12), ggiéai

Increesing the non~volatile acid content in any 2
blood csuses & lowering of the ecarbon dioxide dissociation

curves, with deeressing affinity of blooed for carbon
dioxide. Such decressed carbon dioxide affinity has been
noted in the bloods of both the mother and the febus, in
men and other animels (13,1),18-20,22). Por the goat, the
carbon dioxide ourves are depressed to a greater extent in
the maternal blood than in the fetal bleod (2,18). In the
human, however, the carbon diloxide affinity 1s less in the
fetal blood than in that of the mother (13,14). Both arve
equally depressed in the sheep (23).

Host studies suggest that the "nonevolatile! some
ponent of the blood consists of lactlic and pyruvic acide in

the fetus (24=-27). One report lists an average maternal
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blood lactate content greater than that in fetal blood (27),
Ketone bodies have not been found in the blood of newborns
(26)., Others found an inoresmsed chloride ion concentration
in the blood of the newborn.(28)., Low serum sodium concen=
trations were found in two premature infants {(14). Whatever
the cause, both the fetus and the mother have decreasged
carbon dioxide combining powers.

In humens, the blood pH of the mother is normmal
or slightly lowered {19-21), the fetal blood pH being more
markedly lowered (21). The mother, then, is elther in a
state ogtﬁgagénaatedkmmtabmlie acidosis aroﬁgépenaaheﬁ
respiratory elkelosis. She, therefors, must be hyperventie
lating, either as a compensatory or primary phenomenon,
Alveolar partial pressures of carbon dioxide were found to
drop early in pregnancy from the nonepregnant adult "normal”
of about 4O mm. Hg (19,20). A%t slx months gestation, the
alveolar partlal pressure of carbon dioxide stablliszed at
32 mm. Hg (20). There it remeined until lebor when it
trensiently decreased still further (19}, Within a few
deys after delivery, the alveolar partial pressure of cape
bon dioxide returned to LO mm, Hg (19-20). Alkali reserve
{carbon dioxide combining power) determinations showed
changes ooocurring in & corresponding fashion (19«20}, Thes
serum pH did not change (19-20). An interesting possibility
has been suggested 28 sn explanation of the mechaniam
responsible for these changes, though no proof is given

(20). This postulates a hormonal ceuse of an initial hypere

alkaost
ventilation resulting in respiratory aaiéhgia (20)}. The



evidence in support of the postulate rests in two observa-
tions. >Pi?sb, alveolar partiasl pressure of carbon dioxide
levels undergo cyclic changes during the menstruasl cyole,
belng lowest during the luteal phase, when progesteronc is
gecroted 1h greatest smounts, Secondly, thisz must be =
hormonal effect because the drop in slveolar partial prese
sure of carbon dioxide and slkall reserve ococcurs early in
pregnancy (first few weoks) when the fetal mass is negli-
gible, This is a2 striking challenge to the notlon that
acidosls is primarily responsible. The issue remains

o

unsettled,

Oxygen Cepsgities snd Oxygen snd Carbon Dioxide
Contents FPound in Maternal and Fetal Blood Vessels., The
actual concentrations of the respiratory geses found in
maternal and fetel bleood streams show great veriation and
proper evaluation of the published data is very difficult.
Proper technique and caveful handling of both the tissues
and blood vessels concerned is of paramount importence.
Any undue tension created by opening the uterus at caesaresn
section tends to embarress uterine blood flow, resulting in
low oxygen and high carbon dioxide contents in the blood of
both the fetal umbilical artery end vein {29). In esddition,
even the slightest btraume to the fetal wmbiliocal artery may
result in vasospasm, causing diminished fetal placental
bloed flow. This would result in increasing the arterioe

vencua difference of the blood in the umbilical veasels,
The umbilical vein blood (physiologically arterial) would



have an increased oxygen and deereased carbon dioxide cone-
tent as compared to the normsl status, The converse would
apply to fetal umbllical srtery blood, the oxygen content
being decreased and the carbon dioxide content being
inereased. This would artificielly alter the important
maternal-fetal perfusion-perfusion relationship,

The ususl means of determining blood oxygen and
- carbon dioxide contents has been by the VanSlyke method
(30). The contents are usually expressed in volumes per
cent, Direct measurement of the partial pressures of these
gases in blood is much more difficult eand unreliable., The
bubble~cquilibrium technique of Riley (31) has been awkward
and inexact, However, improvements are being made, In
the past, partial pressures have been indirectly determined
from blood gas contents by use of disscelastion curves,

Studies on both human {32,33) and sheep (29)
fetuses indlcate the fetal umbilical vein oxygen contents
remain generally constant through the last third of gestaw
tion, The oxygen cepacities, however, rige markedly, with
the result that a corresponding drop in oXygen percentage
saturation cecours (Table I}, It is therefore argued that
oxygen perecentage saturations are a better index of the
availabllity of oxygen to the fetus %h&ﬁ_ara oxygen contents
(29,32,33). The inoreasing hemoglobin concentration, or
increased oxygen capacity, menages to compensate for the
presumed hypoxia., This is considered Lo be analogous to
compensatory polycythemias found in adults in hypoxic states,



Table I

Effect of Time of Gesgtation
on Human Fetal Blood Gag Values

Week : 3
of Gestation 22 29«30  39-40 (term) (post-mature)
| Oxygen
capacit
(vols, %) below 20 19.2-20., 19.8«22.2 28¢2~26.8
Oxyzen
content
(?@13; ,3'5:-) lZ.gwll.;..G 12&5“‘1&{..0 1908“12¢7 ?ea"'(;a?
Oxyhemoglobin
{per cent
saturation) 5% T0% slightly 308 o

below 60F less

Table IX

Petal Blood Gas Contents
in Humen Umbilical Vessels

Umbilical Artery Umbilical Vein
Carbon Dioxide
{vols, &) Lé.1 1.3
Oxygen
{vols., %) 6.6 13,1
Oxyhemoglobin
per cent
saturation) 31.5 63.2

Uzygen Capacity (vols, £)=«21,3
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It ia felt that the fetus outgrows its placenta late in
pregnaney {29), with fetal post-maturity possibly leading
to damaging degrees of anoxia (29,32,33).

Blood gas ocontents have been determined at caegare
ean section under spinal or locel anesthesia (29,32-40) or
at vaginal delivery following lsbor (33=35,38,40-42), Blood
gas contents determined at caesarean section are prefersble
to those done at vaginal delivery in two respects. First,
it is possible %o obtain blood samples from the maternal
uterine artery and vein. Secondly, there is no preceding
labeor, & possible source of error.

The effect of labor on fetal blood oxygenation
is wncertain. Haselhorst and Stromberger (38-i0) noted
mach higher fetal blood oxygen saturations following lebor,
either at ceaesarean section or vaginal delivery, than were
measured at caesarean gection preceding lsber. On this
bagis, it was argued that labor contractions improved
maternal circulation in the uterus. Walker (33) found the
fetal blood oxygen saeturations unaffected by labor., In
complete contrast to these results, Eastman (3)) noted that
the oxygen content of fetal blood was diminished about three
volumes per cent by lsbor, This was attributed to the
impeirment of maternel uterine sirculation by the lsbor
contractions, The issue, therefore, remains wnsettled.

ﬁhferﬁunatai&, moat lnvestigators have ignored
blood carbon dioxide contents, being preccoupled with oxy~
gen, This makes it diffieult to fully understand several



i1

important guestions, including fetal respiratory quotients,
acld«base stabtus, and the genersal regpirhtory piloture of
whioch éarben dioxide transport is an essentisl part, In
Teble IT aro listed the results of Clemetson (41), which
fortunately include oarbon dioxide sontents, Hls oxygen
sontents lie within the range established by others (32«34,
36,39,40,42), Unfortunately, because these were taken at
vaginel delivery (41), simultaneous maternal uterine blood
gas contents are not avallable.

The blood of pregnant women undergoes a decresse
in oxygen capaclty or hemoglobin concentration (314,36,39),
relative to that of the non-pregnent adult, Eastman (3l)
reported a mean oxygen cepacity (15 pregnant women at texm)
of 15,4 volumes per cent, with 18,9 volumes per cent being
quoted as normal for nonepregnant women, Other investiga=
tors (36,39) report similer results, which sre included in
Teble ITI. An iron deflolency is believed to cause the
anemia (}3).

The oxygen and carbon dioxide contents of maternal
arterial and uterine venous blood samples heve been deter=
mined at caesarean section (34,36,37,39) {Table III). It
can be appreciated that precise knowledge of the matermal
uterine blocd gas contents has not yet been obtained,

Ihe Plagenta. Actual sxchange of respiratory
gases between the blood streams of the mother and the fetus
occurs at the placenta (4li). The two oireulations are
separated by a thin barrier of from one to six ocell layers

depending on the species, The exbtent to whieh this



Table III

Human Maternal Blood Gas Contents
in Uterine Vessels

Qxymen Capacit
(VO:}.S\\ ?’g

Arterial Oxygen
aontent
{vols, %)

Oxyhemoglobin
{per cent
saturation)

Arterial Carbon
Dioxide
(vols. %)

Venous Oxygen
content
(VGlﬂo f’%}

Oxyhemoglobin
{per cent
saturation)

VYenous Carbon
Dioxide
{(vole. %)

Basgtman

15.1L

17

95.0

11.0

71.3

L3.3

Hagelhorat and
Stromberger

15.82

.22

89.95

LL3.81

9. 00

50.42

12

Dieclkman
and Tramer

13.91

9.00

6&‘}-19

i n2
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separation impedes transfer of respiratory gases 1s unknown.
The extent of obstruction of the transfer of respiratory
gases is a factor in determining the partiel pressure grae-
dients of carbon dioxide and oxygen necessary to effect
adequate transfer. Some investigators have obtained blood
samples from the maternal and fetal afferent and efferent
vessels, analyzed them for oxygen and carbon dioxide cone
tents, and caloulated the partial pressures of oxygen end
carbon dioxide from thelr contents in the blood samples on
dissociation curves. These, however, are only anelyses of
blocd gas contents of the afferent and efferent vessels to
each side of the placental barrier, not partial pressures
at the barrier itself,

In the placenta of all mammels, the fetal blood
1ies within the endothelium of blood vessels, In gome mame
mels, the maternal placental blood also lies within blood
vessels, It has beon demonstrated that the blood flows
within the maternal and fetal vessels vcour in an opposite
directlon (45). Opposite flow is an advantage to the febus
whose blood equilibrates with incoming oxygenated matermal
arterial blood just prior to its return to the fetus by
the umbilicel vein (45). In the gther mammels, inecluding
man, the maternal placental blood lies within sinuges, into
whioch the fetal villi protrude., The veloeity of the maternal
blood flow is presumaebly low and a more stagnant situation
may therefore be considered to exist on the maternal side

of the placenta. It has been argued that the maternal blood
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has directlonal flow, even within the sinuses, opposite o
that of the fetal bloed {46)., This concept of directional
flow in the maternal bloecd sinuses hes little evidence to
support it.

The blood gas composition of the sinus matermal
blood equilibrating with the blnaﬁ of the fetus is inter-
mediate between that of the afferent artery and the efferent
vein, The relative rates of blood flow in the matermal and
fetal placentel cireculations should Influence the composie
tiona of the equilibrating blood., A higher maternal-fotal
perfusion-perfusion ratioc would be expected to shift the
blood gas compesition of the equilibrating matermal blood
towards that of the incoming arteriael blood, This would
elevate the bleod oxygen and lower the blood carbon dloxide
contents. Conversely, a lower maternalefetal perfusionw
perfusion ratio would ceuse a lowering of blood oxygen
content and elevation of blood carbon dioxide content. A
comparison can be made with the ventilation-perfusion con-
cept of pulmonary respiration (1).

Fetal and Maternal Blood Flow. Until recently,
no relisble estimates of uterine or umbilieal blood flow
have been mada, Recently, however, the nitrous oxide upe
take technigue has been developed and asdapted to the studies
of uterine bloed flew (47,48). This techniqus is based on
two principles. First, the solubility of nitrous oxide is
the same in the uterine tissues (fetus, placenta, ammiotio

fluld, ond myometrium) as it is in the blood plasams.
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Second, the Filok prineciple states that the uptake of a
given subastance i1s equal to the blood flow multiplied by
its arterioe-venous difference. By use of an eguation
involving caloulus, uterine blood flow is caleulated (L7).
These studles were made st caesarean section with hysteprs
ectomy, with the mother breathing nitrous oxide (49,50).
Seriel blood samples were takeh from a uterine veln and a
peripheral artery and analyzed for oxygen, carbon dioxide,
and nitrous oxide, In eleven initial ocsesarean sections,
the meen uterine blood flow was sbout 750 ce. per minute
{(h9). In a later study at thirteen caesarean sections, the
- meen uterine blood flow was found to be sbout 518 ce. per
minute {50). The arterioe-venous bleod oxygen differences
were .7 volumee per cent for the matermal ubterine arterial
and wenous blood, end Ii.5 volumes per cent for the blood
of the fetal umbilical vessels {50). Those investigators
egsumed for their caleulations that the oxygen uptakes of
the myometrium, placenta, and fetus cocurred in proportion
to their relative weights (50). Comparing the arteriow
venous differences snd making the assumption that oxygen
uptakes by the uterine contents were equel, thege investi-
gators reasoned that the maternal and fetal blood flows %o
the placenta were roughly of the same magnitude,
Unfortunately, the review of the literaturs has
net contributed appreciebly to this study concerning maternal
pulmonary function and the maternel=fetal perfusion-perfusion

principle. The blood oxygen and carbon dioxide dissociation
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curves are oach determined separately, with the partial
pressure of éhe other regplratory gas held constant. No
blood respiratory gas dlsscclation curve allowed the par-
tial pressures of the two respiratory gases to vary simule
taneously. Generally speaking, the literature review is

disconnected and few conclusions cen be made with certainty.
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METHOD

Fetel and maternal blood semples were analyzed
for oxygen and carbon dioxide contents following equilibrae-
tlon with ges mixtures having various pertial preasures of
oxygen and carbon dioxide,

Tonometry. Tonomebtry is the process by whioch
blood is sxposed to a gas of known composition until the
bloed and gas phases are brought to equilibriumm. The tonoe
meter gystem used for this study was designed for operation
{(51) entirely below the surface of a constant temperature
water bath, meintained at 37° ¢. by thermostatic control.
The gas mixtures, containing oxygen and carbon &iaxi@e in
nitrogen, were stored in ges cylinders. A aonn@aﬁi@n from
the outlet of a gas oylinder was attached to the gas inlet
of the tonometer system (figure 1). On entering the tonce
meter system, the gas was bubbled through » bobttle containe
ing water and glass wool, the gas thereby being saturated
with water vapor. The gas then passsd to s second boittle
which served as e trap %o prevent water droplets frﬁm reachw
ing the tonometer. PFrom the trap, the gas passed to the
tonometer chamber itself, where the blood and gag equilie
bration occurred. To speed equilibration, the contents
were agitated by rotating the chamber théaugh an axe of
2 3/l inches at e rate of 150 revolutions per minute, Blood
was admitted and removed through a long needle, curved near

the lower end to ensble twisting it in and out of the bleood
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from sbove, The upper end of the needle had a syringe
adapter extending sbove the surface of the water bath,

This waé capped durlng equilibration., From the tonometer
chamber, the gas passed to another trap bottle, from which
it was expelled into the weter bath at a set recorded depth,
The depth of the gas outlet in the water bath oreated a
pressure in the tonometer system greater than atmospheric
pressure, The gas wag allowed to flow through the system
at a rate producing three to six bubbles per sesond at the
outlet,

The gas mixture was sllowed to flow through the
tonometer for fifteen to twenty minutes., Then 3 ce¢, of
bl@o& wag admitted to the chamber. All blood was expelled
from the needle into the tonometer with a small syringe
filled with alr., The needle was then flushed with the gas
in the chamber {(seen by an absence of bubbling at the oute
let), capped, the time recorded, and the sgitation begun.
After exaotly twenty minutes, the blood was withdrswn into
a syringe sontaining sufficlent heparin to fill its dead
space. The blood was immediabely transferred to 2 1 ca,
VanSlyke pipette end introduced inte a VanSlyke-Neill manc-
metric espparatus (30) previously prepared for analysis.

The delay (or trensfer time) between withdrawal of the blood
from the tonometer and its introduction into the analyzer
was less than two minutes. While the analysis was being

performed, a now gas mixbture was introduced to the tonometer
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gystem and allowed to flush out the system preparatory to
the next egquiliibration.

Gas Mixtures., Gas mixtures were prepared with
different compositions of carbon dioxide and oxygen and
stored in cylinders. These mixtures were analyzed in the
Scholander mierovolumetric apparatus (52) (Table IV), To
obtain the partial pressure of each gas in the tonometer
chamber, its fractional concentration in the gas mixture
was multiplied by the total pressure (T.P.) of ges in the
chamber {expressed in mm. Hg), T.P. was obtained by reecord=
ing the baromebtric pressure, adding that pressure due to
the depth of the gas outlet to the water bath (eonverted
to mm, Hg), and subtraeting L7 mm, Hg (water vapor pressure
at 37° ¢.).

Problem of Glycolysis. It was obaerved by
Christisnsen in 191} that blood kept st 37° C. at a conatant
partial pressure of carbon dioxide showed a steady decrease
in carbon dioxide content {53). The rate of shange in whole
blood was amccelerated by temperature elevation, with little
or no change occurring at 0% ¢. (5,55). The deorsasing
sarbon dioxide contents were found to be due o the gquantie
tative conversion of glucose to lactic or pyruvic acid (5l)
(glycolysis) ocourring in the cells of the blood, particu~
larly the lsukocybes. Sodium fluoride and sodium d1io0dow
acetate in 0.1 per cent concentrations prevented scid

production (54)., For this reeson, 0.1 per cent sodiwm



fluoride has been used in almost asll tonometry studies.

It was our observation that blood conbtaining
either sodium fluoride or sodium diiocdoacetete invarisbly
hemolyzed during the mechanlesl agitation of tonometry,
after four hours storage following collection (from prege
nent woman or placenta)., The fluoride or diiodoacetate
were each mixed with the heparin used as sn antie~coagulant,
The degree of hemolysis inoreased with both the duration
of sgltation and time of storage following collection,
Hemolyais oceourred in sbout the same degree in both maternal
and fetel blood. Twenty minute eguilibrations done within
four hours of obtalning the blood were not accompenied by
visible hemolysis. No hemolysis ocourred at 2l hours storw
age when not subjected to the agitetion of tonometry.
Hemolysis under thess conditions oceurred at all levels of
fluoride and diiqdomcatata coneentrations which would pres
vent glyeolysis, When the use of sodium flucride and sodium
difodoascetate was disooutinued no hemolysis occurred during
twonty minutes of agitation in the tonometer even afier 24
hours storage. Therefors, the use of fluoride and diiodo-
acetate was ebandoned, No attempt was made to determine
the cause of the mechaniocal fragility of the erythrooytes,

Sorregtion for Blood Agid Production. The change
in blood acidlty was corrected for ss follows, The carbon
dioxide content at a glven partiasl pressure of carbon dioxide

was found to decrease in epproximately linear fashion, the



22

rate depending upon the temperature (figure 2). When the
syringe contalining the blood was placed in eracked ice
between equilibrations, the acid production was pr@vantaé
{figure 3)., The seild production in the blood oscurred only
during the twenty minutes of equilibration. The rate of
carbon dioxide conbent decresee was not changed by equilie
brating the blood with widely differing partial pressures
of carbon dloxide. On some blood samples baken from prege
nant women, the sample was divided and a part mixed with
0.1 par eent sodium fluoride. When no fluoride was used,
extrapolating the carbon dioxide contents from twenty and
forty minute equilibrations {using the same gas mixture)
to zero time ylelded a value for carbon dloxide contont
which approximated that obtained from the blood éentaining
fluoride after a twenty minute equilibration. The blood
contalning fluoride was equilibrated less than four hours
after venepuncture, with no hemolysis coourring.

The difference in carbon dloxide contents between
the twenty and forty minubte equilibrations with one gas
mixture was used as a carbon dioxide correction which could
be added to the twenty minute squilibration values obtained
in each equilibration of that ?articular blood sample. The
gas mixture used for both a twenty and a forty minute equili~
bration was seleocted impartially,

Oxygen contents decreased to a much lesser degres

ag & result of aeld producstion and were related to the



Figure 2

bemonatration of dilminishing oarbon dloxide come
blning powers with time end Semperature, All equilibretions
were pexformed at constent partlal pressures of oxygen and
sarbon dioxide.
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Figure 3

Demonstration of the need for keeping blood eold

between equilibrations., "Cold" blood was kept at 0° C.
"Warm® blood was kept at room

between equilibrations,
temperature, 26=27° C,, between eguilibrations.
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partial pressure of oxygen in the gas mixture used for
equilibration, The correction for oxygen content is dis-
cussed with the results,

Progedurs, To enlarge the scope of information
on the dissoelation curves of fetal blood, it was necessary
to analyze two groups of fetal blood samples, equilibrating
each with a different set of gas mixbtures, These will be
referred to as the first and second fetal groups, Duplicate
determinations were not done. The first fetal group cone
sisted of blood taken from seventeen placentas. Three ce,
aliquots of blood from each sample were equilibrated with
each of nine gas mixtures, The second fetal group conalsted
of blood taken from ten placentas, three cc, aliguots of
which were equilibreted with each of seven other gas mixe
tures, Maternal blood specimens were taken from the am
veins of elght pregnant women within three weeks of term
but not in labor, These blood samples were equilibrated
with some of the gas mixtures used for the first fetal group.

For fetal blood specimens, blood from the placenta
recelved at delivery was collected in a 30 ce. syringe, cone
teining 1 ce. of 1 per cent heperin. The syringe was capped
and placed in a bucket of oracked loe within ten minutes
following delivery. Tor maternal blood specimens, the
syringe containing the blood was placed in cracked ice
within ten minutes following venepuncture.

The syringe contalning blood was kept in ice
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throughout the equilibrations, except when briefly removed
to admit 3 ec. to the tonometer chamber. The syringe cone
tained a bubble of alr and was sheken vigorously just prior
to admitting the semple to the btonometer. This attempt to
prevent erythrooyte sedimentation was epparently successful,
because consecutive detemminations of hemaboorit following

succesalve tonometries showed no change in hemoconcentration.
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RESULTS

The First Group of Fetal Bloocd Determingtions,

Tonometry astudies were performed on blood semples talen

from seventeen placentas, The experimental data are iisted
in Table V. Algo included in Table V are the oxygen and
carbon dioxide content corrections, which are content dife
ferences in oxygen and carbon dioxide when the forty minute
equilibration contents esre subtracted from the twenty minute
contents, listed under that gas mixture (tank) number in

the taeble. The partlal pressures of oxygen and carbon
dioxide are determined by multiplying the T.P. {total pres-
sursa) by the per cent gas composition of that particul ar

gas mizbture. "Original oxygen" is the experimentally
determined content of oxygen. Alpha is the solubllity
aeafficient for whole blood, dissolved oxygen in 100 oc,

of bleood at 760 mm, Hg partial pressurs of oxygen, calculated
from the hematoerit for that ?&rticular blood sample and

the solubility coefficlents (corrected from 1 ce. to 100 ¢o.)
of plasma end cells taken from the tables of Sendroy et al
(56). Alpha for cells is 2,6, Alpha for plasma is 2.09,
Then Alpha = A2:6 X hematoorit 2,09 (100 = hematogri

and dissolved oxygen (vols. %) = Alpha x %g%. The oxygen
content assoclated with hemoglobhin was obtained by sub-
tracting the dissolved oxygen content from the experimente

ally determined oxygen content. The oxygen contents
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assoclated with homoglobin (oxyhemoglobin) are expressed
as per cent saturation of the oxygen capacity. Carbon
dioxide econtents ere listed, unocorrested for the acld pro-
duced during tonometry.

The "uncorrected” carbon dioxide ocontents are
affected by the acid~base sztatus of the bleod at the time
of oollection of the sample with deorsasing pH causing a
diminished cavbon dloxide combining power of the bloed, To
minimize the variation attributable to the varying carbon
dioxide combining puwers of the different blood samples,
the average carbon dioxide contents of the blood equili-
brated with the two gas mixtures having partial pressures
of carbon dioxide of approximately 40 mm, Hg (No, 3 and
Wo. 7) was arbitrarily seleoted as a veference value in.
volumes per cont for each blood sample., In Table Vi, al1
carbon dioxide contents, still uncorrected for the acld
produced during tonometry, are expressed by their deviation
from this reference content, as positive or negative volumes
~ per cent. The mean content selected as a reference value
for sach sample is listed in volumes per ecent.

The means of the carbon dioxide sontent deviations
in the blood equilibreted with each gas mixture are listed
in Teble VII with the standard devietions of each populag.
tion, The mean of the reference values s also listed 4n
volumes per cent with its stendard deviation, The mean

carbon dioxides reference content im added to each of the
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Table VI
Blood Gas Contents on First Group Fetal Blood
Ave, #3

Fetus and #7 COp Tank C0o 0o
No. (Vol, %) Ho. (Vvols %) (Vols %)
1‘ 37032 1) "803 2¢ 6
(3) +2.41 21.27
h} +10,36 16,81
5 ‘i"sus? gleBE
6 45.99 5. 79
g »2‘32 88,11
§ -12.86 9,01
9) -l T2 21.23
2-‘ 380014- {1) “7-78 0&1
(3) +1.9 22,0
(ug +10.82 15.7
g&) +6.52 2,59
(5) wlZ2, 35 93.39
{9) -1.73 18,15
3. 37.53 {1 -9,20 L
£3; 42‘%9 25.89
{h +9,61 21.56
(5) +7.94 55,03
(6) +5.81 87.16
U A
(9; -2.,33 23.75
b L0.94 (1; 8.5 27
{2) ~11.92 0.28
(3) +1,88 27.55
éu; +10,81 21.83
5 +8.53 £59.25
{6; +6.§3 90.33
g «l.89 92.31
{ ) «12.15 93.76
9) “238? 19021-}.
5. Lo, 18 (%) If.gz %%;gg
tu; +#10.7 2L .79
(5 +8.7 59,01
(&; 45,65 87.37
TR S
i D [ B ; 09
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F g“;% #g Teank 0 0

tu an C an C

go,l {(Vol, %)8 ¥o, (?ol? %) (Vol? %)

6. 11.95 (1) 9,60 140,35
zz} ""11.17 78:9?
i) +2.05 30,66
%5} Y 6671
{& +5.79 88,37
(7) "‘2.05'; 91& 3
(8) =11 .9l 93,88
(9) 1,19 17.97
(2 =11.58 76,07
(3) $2.59 31,45
(h% +9.28 23.72
55 +9.17 58,76
é; "‘506? 8?0 Li‘
(1) «2,60 89,87
{0) -12.79 93437
{9) «1.37 23,69

8. 39.56 {1) -3.45 39.76
(2) «11.74 75.01
(3) +#1.94 27.18
G R 5
| L 3 i
fég 1'§§ gg'gg
{g) -12.28 9l;.67
9) 2.9 18.21

9. L. 73 {1) -9 ,22 .6
(2) «11,0l g%.%g
(i) 2.7 28,63
(1) +11,19 22,
(5) +8.84 61.3
{6) 4+5.55 90.49
(8 Tid o817
(9) -1.89 zaiég

i0, 36,76 {1§ «10.56 35,35
(2 ~11.14 76.1
{g $2.2 26,15
{ +10,0 19.13
{5 +8.27 gs.lﬁ
gé 45,03 8.50
{g) Ig.g% 91.27
) o178 .38
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Ave, #

Fetus Mdv;? ﬁgz Tank €Oy " 0o
No. (Vol. ) o, (vol, ¢ {(Vol, %)
X - j - IEQ 3’0?6
SR R

4. .
(ﬁ; +10.07 19,62
(5 +8,T70 53,96
6) +5,23 88.32
{g “"2-1;—6 9102,!,
i “llag? 96;0@9
(9 “"’la & 18;96
lgu 006& }. "‘9073 3698
* g::f; ~1§3.14.2 3%;%%
{3, 1. »
%gé o 1f b 22.18
: +3,19 61,55
szz «1.77 9,61
VW "-t&oiti.& %}l‘%«c “}3
(9) 1,37 2161
13, 32,80 {1) «9,00 35.67
_ (g) "12'32 z&.gg
$, €
Eu‘ +10,81 20,15
(5) +7.63 53.77
(6) #1183 85.73
{7} “'20@5 89.8
{9} *l.?g.? 220&.3
A N
) +9.99 22, 2],
(5 +8¢GZ’3 5749{}
56; +5,96 87.
8 TR 93.20
(o) it 46+
15, 38.42 {l} 9,18 36,16
(3) B 153
%‘é’"% "?':a%‘»’ 1§:§§
47 R
(6) +6,9 ge.&s
(4 11038 3535
(9) -0,55 20.71
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Ave, #3
Fetus and #7 COp Tanl C0p Op
Fo. (Vvol, %) No. {Vol, %) (Vol, %)
150 2{,{}&213( {1 ' "10'3}* 38976
(23 11,2l 79.05
{3) +1.4h2 29,13
(L) +10,00 23.76
(5) +7.43 6.1l
(6) +5.07 7.67
T B &
(9) -0,98 18.81
I?G 39;8@ (1) "‘9.21 38069
13 +1.73 27.52
) +10.70 22.18
{5) +8,61 59.18
56; +6.27 88,9
(3 WY 2.5
(9; ‘1&624. 18035
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Teble VII

Blood Gas Contents in the First Group
of Fetal Blood Determinations,
Hot Corrected for Acld Produced During Tonometry

I. Carbon Dloxide Contents (Vols. %)

0o Mean Mean Carbon

Tank Deviation from Standard Dioxlde
Ko, Referenee Content Deviation Content
1 '9315 00 ?G 8@.7?
2 =11.,16 0.56 27.76
3 +2.09 0.36 41.01
5 +8.26 0.54 47.18
6 +5.67 0.63 Ll .59
T w2, 09 0.36 36.83
8 “"12‘33 6-50 2645{?‘
9 ""1&66 O.L;,‘? 37¢26

Mean reference content value o 38,92
Standard deviation = 2.69

II. Oxygen Contents

Oxyhemoglobin &ypenn Content

Tanlk {per cent Stendard {Wls.f at Mean
¥o, saturation) Deviation Ugymen Capacity)
1 37.93 3.78 7.7
'?w 7207}% 3*46 3‘5069
3 27.33 3.22 5.56
b 21.13 2,55 4,30
5 56,75 3.30 11.54
6 87.81 1.07 17.85
g 91.12 1.61 18.52
9h..25 1,18 19,16

G 106,00 .00 20,33

Mean oxygen capacity (vols, %) = 20.33
Standard deviation & 1.92



carbon dioxide gontent deviations from the individual referw
ence values. The sum is the final "uncorrected" carbon
dioxide content,

In Teble VII, the meen oxyhemoglobin per aent
saturabions are lisbed with standard deviatione. The mean
oxygen capacity is listed with its standard deviation in
volumes per cent, Yach mean oxygen per cent saturation is
multiplied by the over-all meen oxygen capacity. The prode-
uet is the final "uncorrected” oxygen content.

"Uncorrected™ carbon dioxide contents are core
rested by adding the mean csrbon dioxide vorrection, the
difference in the carbon dioxide contents obtained at twenty
and forty minute equilibrations with the same mixture, The
mean carbon dloxide correction obtained in this manner is
1,61 volumes per cent, the standard deviation 1s 0.39., The
swn 1s the corrected carbon dloxide aontent (Table VIII),
This preoedure compensated for the additlonal acid produc
tion cccurring during tonometry,

The oxygen content corrections, the decrsase in
oxygen content resulting from eold produetion, ave greatly
influenced by the partial pressure of oxygen in the gas
mixture used for equilibration, The oxygen content mean
corrections are therefore separately determined for each
group of gas mixtures with like partial pressures of oxygen.
The oxygen corrections are listed in Table V and are the

difference between the oxygen content obtained for the



L1°s 00°099 €0 og° el oL o lg° gt 6
8’0 16°09 91°0 65°02 6£°61 0z° g2 8
gl°0 J8.09 2€°0 S1*o' 5.*gT i of :
Lo $59°09 gh°o L1°09 80°9T 0291 9
2o 95°0¢t g11*o 1909 0611 6L g1 g
2t’o ge st gi'o nm.aw €9°7 1L°09 i
210 95°ST I€°0 6¢° 07 6§°S 29°eh €
T2*0 Llo€ 910 o€ 02 96°ST LE*62
210 ge st . 910 1502 10°9 gE"1IE T
uoT3etASQ mwm * ) UoTABTASQ {8y *um) {$ °s104 {% .mﬁowv *oN
pICPUBYE od weey pIepUBLg €ood umo; gueguon <p quequo) <0p HUBY

SUCTIBUTUILY e POOTH 18204 JOo dnoxp 38ITg 407
gsangsexy T8}3d8d DUBR S3UOqUCH SBYH DOOTE WS Do300II0n

IIIA o7qBL



43

twenty minubte equilibration and the oxygen content obtained
for the forty minute egquilibration on the same gas mixture,
The mean oxygen content correction for gas mixtures having
approximately 15 mm, Hg oxygen partiasl pressure is 0,28
volumes per cent. The mean correction for mixbtures having
epproximately 30 mm, Hg oxygen partial pressure is 0.27
volumes per cent. For mixturee having approximately 60 mm,
Hg oxygen partial pressure the same correction is 0.04
volumes per cent.

The corrected oxygen contents {(Table VIII)} are
obtalned by adding the mean dissolved oxypen and the mean
oxygen content correction to the uwncorrected meen oxygen
content, The partial pressure of oxygen abt oxygen capacity
was arbitrarily deslignated to be 120 mm, Hg, The amount of
dissolved oxygen was calculated for 120 mm, Hg and added as
the dissolved oxygen content for oxygen capacity.

A definite relationship exists between oxygen
capacity and hematoorit (57), The mean oxygen capacity
{volumes per cent)/hematoerit ratio was 0,.4311, with a
standard deviation of 0,0088,

The mean partial pressures of carbon dioxide and
oxygen with standard deviations are liated in Teble VIII,
The mesan axygan contents (per cent saturation) and the mean
carbon dioxide contents {volumes per cent) at the meen
oxygen and carbon dloxide partiasl pressures (mm. Hg) are
shown graepbically in figure l;. In figure lj, the nearly

ines are the carbon dioxide partiel pressure



Pigure U

Oxygen end carbon dioxide dissociation curves
egtablished for the first fetel group of blood determina-
tions. The nearly horizontal lines are carbon dioxide
partial pressure isopleths., The nearly vertical lines are
oxygen partial pressure isopleths. The mean parblal prose
sure representing the isgopleth ig listed along with that
igsopleth., The tank {gas mizture) number 1ls lisgted with the
blood gas contents obtained from equilibration.
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isoplethe and the nearly vertical lines are the oxygen pare
tial pressure isopleths,

The Second Group of Fetal Blood Determinations.

Tonometry studles were performed on bleood samples taken
from ten placentas, The experimental data are listed in
Table IX, Alphs, T.P., hematoorit, @artiai pressure of
oxygen, partial pressure of carbon dioxide, experimentally
determined oxygen conbtent, dissolved oxygen conbent, oxye
hemoglobin, and uncorrected experimentally determined
carbon dioxlde contents of the second group of fetel blood
determinations are shown in Table IX in the same manner as
the ecorresponding measurements were shown {or the first
group of fetel blood determinations in Table V,

The oxygen capacity of each sample was caloulated
by multiplying the mean oxygen capacity/hematosrit ratio,
established for the first group of fetal blood determinations,
0.4311, by the hematoerit obteined with that blood sample,
The oxygen contents associated with hemoglobin (oxyhemoe
globin) are expressed as per cent of the predicted oxygen
capacity.

The mean velues for carbon dioxide content, oxygen
saturation, and partlal pressures of carbon dloxide and
oxygen are listed in Table X with thelr respective standard
deviations,

Petors (58) established that a linear relationship

existe between the logarithm of the partial pressures of
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carbon dioxide and the logarithm of carbon dioxide contents
in blood at constant oxygen sabturation, Unfortunately, the
line eastablished on a double logarithm graph of carbon
dioxide partial preasure and carbon dioxide content for the
gecond group of fetal blood determinations lay below the
line established for the first group of fetal blood determi-
nations at s constant arbitrarily chosen 82.7 per cent
oxygen saturation (figure 5)., This indiocated that the blood
population of the second fetal group contained greater cone
centrations of nonevolatile acids than did the blood
pepulation of the first fetal group. It was, thersfore,
Impossible to conebtruct & unified series of dissocletion
ourves from the two different populations of fatalkblwﬁd.
Several of the blood samples used in the second fetal group
were balkon from the placentas of infants following delivere
ies involving long and difficult labors, which could result
in inecreased blood nonevoletile acid., The two blood samples
in the seocond group that were taken from plasentas follow-
ing elective cassarean section had much higher carbon
dioxide combining powers than did most of the others in

the second fetal group of bloods and closely approximated
those carbon dioxide combining powers obtained in the first
group of fetal bloods, For this reason, it was assumed

that the first fetal group was representative of the normal
population of fetal bloods.

It was necessary, therefore, to correct the oxygen



Flgure 5

Graphical correction of the carbon dioxide
contents obtained in the sevond group of fetal blood
determinarions to those anblcipated for the first group
of fetal blood determinations equilibrated at same partial
pressures ol carbon dloxide and are constant 82.7% oxygen

saturation,.
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end carbon dioxide contents obtained in the second group
of fetal blood determinations to those anticipabed for the
firat group of fetal blood determinations at the same pare
tlal pressures of oxygen and carbon dioxide.

The carbon dioxide dissocletion curve, at one
arbitrarily chosen oxygen saturation {(82.7 per vent oxygen
saturation), was correocted graphically as illustrated by
arrows drawn along consbtant carbon dioxide partial pressures
in figure 5, originating at the carbon dioxide contents
obtained for the second fetal group of blood samples and
extending to the antliocipated carbon dioxide contents for
the first fetal group of blood samples. However, this
established the carbon dioxide dissociation curve for only
one level of oxygen saturation.

The carbon dioxide dissociation curve was needed
for all levels of oxygen saturation, The Haldane effect,
the decrease in carbon dioxide ocombining power due to the
oxygenation of hemoglobin, may be noted in figures L and 7
by the fact that at a constani carbon dioxide partial prese
sure, the carbon dioxide content decresses with increasing
oxygenation in virtually a linesr fashion. At low carbon
dioxlide partial pressures the slopes of the carbon dioxide
partial pressure isopleths (the nearly horizontal lines in
figures L and 7) decreases slightly indiesting a decrease
in magnitude of the Haldane effect, The determination of
this slope dﬁ@ to the Haldane effest is necessary for sach

carbon dioxide partial pressure and carbon dioxide content



5h

established st one constant oxygen ssturation (as in figure
5). In figure 6, the carbon dloxide partial pressure slopes
due to the Haldene effect are plotted egainst the carbon
dioxide content obtained from both fetal groups of blood
determinations at 2 constant &0 per cent oxygen seturation.
Using figure 6, the slope du@’ta the Haldene effect was
obtained for each carbon dicxid@ gontent indicated by an
arrow in figure 5. A line wité the appropriate slope for
each of these carbon dioxide contents was constructed so
as to extend through the corresponding carbon dioxide cone
tent (indicated by the arrows in figure 5) at 82,7 per cent
saturation, This established the complete carbon dioxide
dissociation curve for the population of blood samples in
the first fotal group with the gas mixtures equilibrated
with the blood samples of both fetal groups.

Increased non=volatile acid also descreases the
oxygen content at a constant oxygen partiel pressure, A
pesitive correlation between carbon dioxide contents and
oxygen per cent saburatlions was demongtrated Tor blood same
ples in the second fetal group sguilibrated with certain
gas miztures (Table X)}. In Table X, » iz the correlation
coafficient, by is the slope of oxygen saturation on carbon
dioxide content, b, is the slope of carbon dloxide content
on oxygen saturation, sz.y is the standard error of estimate
from a line extending through the point repreaenting the
mesn carbon dioxide and oxygen contents end having a slope

by.



Pigure 6

The carbon dloxids content decrease in volumes
per cent for each per cent oxygen sabturation increase at
constant partial pressure of carbon dioxide (expressed as
slopes of pCOp lines) is plotted agalnst carbon dioxide

content, The purpese 1s to establish intervening slopes
of pCly lines,
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From the mean carbon dioxide and oxygen contents
for blood equilibrated with each gas mixture in the second
fetel group (an x in figure 7), an arrow with the slope by
was drawn to intersect the same carben dioxide partial
pressure line predicted for the first Tetal group of blood
samples. The point of intersection {a dot in figure 7) of
the errow and the predicted partial pressure isopleth of
carbon dioxide represents the oxygen and carbon dioxide
contents expected for the population of "normal" bloods of
the first fetal group if the second set of gas mixtures
actually had been used for eguilibration. The mean oxygen
capacity obtained Tor the first group of fetal blood determie-
nations was assigned to the entire population of fetal
blood determinetions. The oxygen contents were established
by nultiplying the oxygen por eent saturations by the oxygen
capaecity,

| Fobal Jissoclation Curves Expregsed as A Nomopranm,
The d'Ocagne nomogram (59-61) permits the sismultaneous
graphlcal representation of numerous variables, The nomo=
gram for a "normsl" adult blood (60} is shown in figure 8,
The use of a nomogram is possible beecause of the virtually
linear relationship (figure l) of partial pressures isopleths
of either carbon dioxide or exygen in terms of carbon dioxide
and oxygen contents. With the lnowledge of any two variables,
& straight edge ruler plsced through these known variables
wlll intersect the values of the unknown variables.

The fetal oxygen and carbon dioxide dissociation



Figure 7

Metheod by whioch the carbon dioxide and oxygen
contents are prodicted for the population of the first
group of fetal blood deVerminations from those contents
actuslly obtained from the ascoond group of fetal blood
determinations, Cireles with dots in the center are
located at points representing the contents obtained in
the Pirst group of fetal bloed determinations (figure L).
Xs are located at poinbts representing the contents obtained
in the second group of fetal blood determinations., The
dotted lines with (2) designate the carbon dloxide partial
pressure isopleths acstually obtained wiith the second group
of fetal blood determinations. The arrow follows the path
of correction. The almost horizontal solid lines with (1)
designate the carbon dioxide partial pressure isopleths
anticipated for the firat fetal group of blood debtermina~
tions., The dots at the end of the arrows represent the
oxygen and cavbon dioxide contents anticipated for the
first fetal group with the gas tensions actually used in
equillibration with the second fetal group,



57

THE MATCHING OF FETAL
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Piguve &

Normal adult nomogram (60)
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curves were transferred to the d'Ocagne nomogram. The
curvature of the partlial pressure of oxygen and carbon
dioxide lines on the nomogram were established by locating
those partial pressures of each gas whish were used in two
or more gas mixtures by plaecing a ruler through the carhon
dioxlde and oxygen contents obtalmed with esch gas mixture
and locabing the intersection, The curve was then dyawn
through these polnts,

The intervening partial pressures of carbon
dioxide were established graphically at 100 per cent oxygen
saturatlion on Peters' (58) double log graph of partisal
Pressure ol carbon dioxide and carbon dioxide content {(fig-
ure 9). The intervening partial pressures of OXyEen were
established graphically at a econstant 3l volumes per cent
carbon dioxide by deseribing oxygen contents in volumes per
cent at various partial pressuves of oxygen (figure 10),
Figure 11 shows the completed nomogram for fetal blood,

Maternal Biood. Blood samples were drawn from
arm veins of eight pregnent women, leses than elghteen days
before labor. The women were considered 6linically normal,
as were the infants at birth, Their blood samples were
equllitrated with the gas mizture in tank No, 9y which cone
sisted of 93.3 per cent oxygen and 6,05 per cent carbon
dioxide., There wes no consistent difference in oxygen and
carbon dioxlde contents obtained after equilibration of
blood containing sodium fluoride and the oxygen and carbon

dioxide contents, corrected for changes in acidity, obtalned



Figure 9

Graphical estimation of the intervening carbon

contents and partisl pressures in fetal blood,
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Figure 10

Graphical estimation of the intervening oxygen
sontents and partial pressures in fetal blood,
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Plgure 11
Completed nomogram for fetal blood,
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from eguilibrating blood without fluoride, Equilibrations
with twe other gas miztures were performed on three of the
blooa samples. Experimental data ave listed in Table XI,
as previous daba on fetal blood determinations were listed
in Tables ? and IX, The number of days that blood was drawn
prior to delivery is listed in Table XI, Carbon dioxide
gontent corrsction for asid prodused during equilibration
are listed, When the blood contalned no fluoride, the
carbon dioxide sontent correction was determined in the
seme manner a8 was done with the first group of fetal blood
determinations. An asterisk with "non-flueride” carbon
dioxide content corrections marks those cases in which this
scheme was used. The carbon dioxide correction listed for
bloed containing fluoride merely represents the differsnce
between the carbon dioxide contents obtained on twenty
minutes? equilibrations both on blood with and without
fluoride, on the bloed from the same patient. An asterisk
with "flueride® carbon dioxide content corrections merely
indicates that the carbon dloxide content obbtained om blood
containing fluoride was used, aoctually without correction,
The meéna end standard deviations for oxygen capacity and
carbon dioxide contents are llsted in Teble XII,

Peters (57,62) established that the slope of the
straight line on the double log greph of carbon dioxide
partial pressure and csrbon dloxide content is a function
of the oxygen cepacity or hemoglobin content. The differe

ence in carbon diloxide contents in wvolumee per cent bebween
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Table XII

Final Maternal Blood Gag Contents

Part I
Equilibrated with Tank No. 9

Hother No, €0, (Vols., #) 0p (Vols. ¥}

1 Lh2.37 14.85

2 h3.26 17.10

3 h2.55 17.92

¢ s, R

et - "‘!‘

¢ BE

ne « Th

8 1L3.84 16,57

Mean 2%.3.65 16!3(3
Standard ’

Deviation 1.18 1,03

7

Dissolved oxygen at 120 mm. Hg pOs = 0.36 vols, &
Oxygen capacity = 16,30 4 0,36 g 16.66 vols., 9



Part IX
Equilibrated with Tanke No, 1 and Ne, 2

Tank No, 1

G0p 92 - -

Mother No, {Vols, %) {(Vols. %) (4 s8%.)

1 34,80 13 27.81

2 35 6% 11.38 25,61

3 33.93 hl4b 21,83

Mean 34.79 - 26,08
Tank Neo, 2

@02 3 C)

Mother Ho, (Vols. %) {Vol§., %) (% agt. )

i 33.56 10,20 68,69

2 32.78 11,08 611,80

3 32.56 11,01 61 iy

Mean 32.97 e 6l.98

The contents of oxygen and carbon dioxlde given below have

the same relationship to the mean contents obtalned with
bloodse equilibrated with tank No, ¢ am do the obtained oxygen
gnd carbon dloxide contents given sbove have to the contents
in maternal blood samples No. 1, No, 2, and No, 3 equllibrated
with tank Wo, 9.

Tank ¥o, 1 Tank Wo, 2

c0, 35,71 33.89
Vo 11,30 10.68
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those obteined at 60 mm. and 30 mm. Hg partial pressures
of carbon dioxide at a constant oxygen per cent saburation
is egual %o a constant multiplied by the oxygen capacity
plus another constant (62).

Afﬁ*OZ] 60 « 30 = 0.334 (Oxygen cepacity, vols. %) ¢ 6.3
The twe constante are 0.334 and 6.3, The mean oxygen capacw
ity of the maternsal blcod is 16.66 volumes per vent,
afco ) o . ap = 0433 (16.66) + 6.3

Afco,) o o 90 = 11.86 volumes per cent

The difference in carbon dioxlde contents between those
obtained at 60 pm, Hg and 30 mm, Hg partial pressure of
carbon dioxide is 11.86 volumes per cent., The mean carbon
dloxide content experimentally determined for gas mizture
¥o. § is ;2.73 volumes per cent at s mean carbon dioxide
partial pressure of /3.65 mm, Hg and oxygen saturation.
With & point and a slope, the major portion of the entire
carbon dloxide curve is plotted on double log paper in fig-
ure 12,

The three oxygen and cerbon dloxide contents
obtained at equilibration with the gas mixturses No, 1 and
No, 2 {from those used for the first fetal group) were used
to locate the 20 mm. Hg carbon dioxide partial pressure
point on the nomogram. A atraight line from the oxygen
capacity through the 20 mm. Hg carbon dioxide point on the
nomogram intersected the carbon dioxide content line at 32
volumes per cent. In figure 12, this content of carbon

dioxide obtained at a partial pressure of 20 mm, Hg carbon



Flgure 12

Means of estimating the carbon dioxide dissocoiae
tion curves knowing one carbon dioxide conbtent st one
sarbon dioxide partial pressure and the oxygen eapasity.

A carbon dioxide content experimentally determined and
corrected to oxygen capacity at 20 mm, Hg pCOp verified
the method.
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dioxide at oxygen gaturation lies on the line established
by Peters?! oxygen cepacity moethed. This was used as a
check of Peters! method of determining the carbon dissoccla=-
tion curve slope by oxygen capacity.

The pH of the serum was esbtablished as follows.
Blood carbon dioxide oontent in velumes per oent was cone
verted to plasma carbon dioxide content in millimoles per
liter (63). The pH of the serum was then calculabted by the
Henderson-Hasselbaleh equation,

PH_ = 6,10 + log CMB'U{_GM
The plasma carbon dioxide contents a;d pHSPva§uea determined
are liasted in Teble XIII, The QEE line was drawn on the
maternal nomogram aleng & line in the same position that it
eppears on the "normal®™ adult nomogram (60) {figure 8),
The pﬁg valuss on this line, however, do not coincide.

To establish thse maternael oxygen dissccistion
curve, the nomogram of "normel” adult bloed (60) (figuve 8)
was used, altered in regerd to matermal oxygen capacity and

pH The partial pressure of oxygen was obtained for each

g°
value of oxygen saturation and pH, on the "normal™ adult
blood nomogram using a straight edge ruler. The ruler was
then placed through the same value of oxygen saturation and
pi, on the maternal nomogram. The point repregenting the
partial pressure of oxygen was placed on this line st a
distance from the oxygen content line egqual to the corre-

sponding distance on the "normal®™ adult nomogram. The
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Teble XIII

Serum pH Values Letermined from Carbon Dioxide Conbants
and Partial Presgures on Maternal Bloed

. He Vols, % Plasma COp

pco, Blood ch, Vols. % 1M, /1. pHs
15 29.1 30,35 13.63 T.565%
16,25 30 31,57 1l,18 7547
20 | 32.5 35,00 15.72 7.500
2!-!..625 35; . 380}.}7 17c28 70)4.56
25 35.4 39,03 17.53 7448
30 38 L2 .67 19,17 7,406
34.1 )40 1549 EG;%& T+377
3% 10.3 45.92 20,63 7.369
o h2.6 49,20 22,10 7.339
L2.73 43.65 50.73 22,79 7.323
LS 4h.5 £1,96 23.3 7.310
16.1 45 52,67 23.6 7,306
50 6.3 5. 60 2l .53 7.28%5
55 48.2 57.36 25.77 7.263
60 Li9.9 59,86 26,89 7.2L3
60.5 50 60,02 26¢36 7.238
65 51.3 61.99 eg, 5 7.222
70 52.9 611,37 28,92 7.208
15 5h.2 6 .BZ 29.82 7.187
7.5 55 67. 30,85 7.180
0 £5.8 68.75 30.88 7.173
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complete maternal blood nomogram is shown in figure 13.
Congtruction of Carbon Dioxide and Oxygen Iscw
pleths on the pOo«pCOo Diagram. Using the maternal and

fetal nomograms, the carbon dioxide and oxygen oontent iso-

pleths were drawn on separate pUp=pCOp diagrams (1). The
fetal bloecd pOp-pCOp diagram is shown in figure 1. The
maternal bloed plo«pll, dlagram 1s shown in figure 15.‘



Flgure 13

Completed nomogram for maternal blood,
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DISCUSSION AND CONCLUSIONS

The carbon dioxide and oxygen dissoclation curves
obtained in this study are those of the mother and the fetus
at or within three wesks of delivery. They, therefore, do
not necessarily represent the carbon dioxide and oxygen dis~
sociation curves of either mother or fetus earlier in preg-
nancy.

With the corrections used for carbon dioxide and
oxygen contents, the population of fetal bloed disscciation
curves corraesponds with those of each group of fetal blood
samples that were determined on bleod taken from the placen—
tas at elective routine caesarsan sections. The caesarean
sections were performed because of the obstetrical routine
of doing an operative dellvery on all pregnant women who have
previously been delivered by this method. There was no clin-
ical evidence of fetal hypoxic distress or maternal disease
that required the operation. The fetal dissociation curves
are therefore taken to represent those nf fetal blood when
the fetus is in the ubterus, at term but before labor.

The fetal dissociation curves, when compared to
those of the blood of the normal adult (60) {figure 8), dem~
cnstrated a much more pronounced Bobr effect, the influence
of increasing carbon dioxide upcn irhibiting the oxygenation
of hemoglobin. This may be observed by noting the displace-

ment of the oxygen partial pressure line to the left on the
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nomogram of the fetus (figure 11} compared to that dis=-
placement in the nomogram of the normal adult {figure 8}.
Thies may be an important mechanism by which the fetal blood
can unlcad oxygen in the fetal tissues where the partial
pressure of oxygen is low and the partial pressure of carbon
dioxide is elevated. MNo appreciable difference in the mag-
nitude of the Haldane Effect was noted.

Both the fetal and maternal carbon dioxide com=-
bining powers were less than those established as normal for
the non-pregnant adult {60} (figure 8). This confirms all
previous investigations. The fetal blood carbon dioxide com=
bining power was lesc than that of the maternal blood, agree—
ing closely with the observations of Eactman, Geiling, and
DeLawder {13). This indicates that the pregnant woman at
term has a metabolic acidosis, either primary or secondary
to hyperventilation causing respiratory alkalosis, In
either case, hyperventilation must be cceurring. Using the
maternal curves obtained in this study, the alveclar and ar-
terial partial prescure of carbon dioxide must be about 30-
32mm. Hg in order that the blood possess a normal pH of 7.4.
The partial pressure of carbon dicxide corresponding to pH of
7.4 at a partial pressure of 100-110 mm. Hg in normal blood
{figure 8) is about 40 mm. Hg. The partial pressure of car-
bon dioxide in the maternal blobd at the placenta must there-
fore be lowsr than it would be if the changes in carbon di=-

oxide combining power and ventilation had not occurred. The
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hyperventilation would elevate the partial pressure of oxe
ygen of the maternal alveolar and arterial blood about 10 mm.
Hg {at normal respiratory exchange ratics) but the resulting
alveolar partial pressure of oxygen of 100«110 mm. Hg would
net appreclably elevate the oxygen gontent of the maternmal
arterial blood.

It is hoped that the dynamic aspects of maternal-
fetal blood gas transport can be illustrated by the utilig~
atiocn of thirs information, using the recently developed Op=-
€0y diagram (1). It may be possible to draw a maternal=-
fetal perfusion-perfusicn curve to demonstrate the quantiw-
tative aspects of changes in partial prescures of the respire
atory gases resulting from changes in the maternal-fetal
perfusion~perfusion ratio, the individual placental perfu~
gsions of maternal and fetal blood and maternal pulmonary
function. The location of this maternal-fetal perfusion-
perfusion curve would be established by the respiratory ex-
change ratio for each blood stream, the partial prassures
of the recpiratory gases in thz maternal alveoli and arterial
blood, and the partial presswres of the respiratory gases in
the fetal mixed venous blood {the umbilical artery}. If the
fetus is considered to be a maternal tissue supplied by the
maternal blood stream, it might be postulated that the fetal
R (respiratory exchange ratio) determines the maternal R for
that matermnal blood perfusing the placenta.

Preliminary establishment of R lines bestween



o
¥

arbitrarily chosen maternal arterial and fetal mixed venous
?oints, using the appropriate blood dissociation curves, in-
dicates that egqual R values for each superimpose almost per—
fectly, in spite of the reported differences between maternal
and fetal blood dissociation curves. This, however, awaits
further study for confirmation.

The foregoing discussion serves to illustrate the
utility of the dissociation curves derived in this study
and it is hoped that future research will be directed toward
the resolution of problems in fetal respiration using these

nomograme as a basic tool.
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SUMMARY

Blood semples from twenty-seven placentas and elght
pregnant women at %erm weve equilibrated with various
gas miztures containing verious partial pressures of
oxygen and carbon dioxide, These were then analyzed
for blood gas content.

The oxygen and carbon dioxide dissociabtion curves were
obtained and expresged én both the d'Ocagne nomogram
and the 0,«C0p diagram.

The carbon diloxide combinling powers of both maternal
and fetal blood were low, compared to bleood of the
normal adult,

The fetal blood studles indicate that a more marked
Bohr effect is present in fetal than in normsl sdult
blood.

Oxypen capacities for bobth maternal and fetal blood
were obbtained,

& maternal-fetal perfusion-perfusion ratlo concept was

discussed,
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