
Mechanisms of Isoimmunization. I. The Transpiacental
Passage of Fetal Erythrocytes in Homospecific Pregnancies

By FLOSSIE COHEN, WOLF W. ZUELZER, DAwn C. GUSTAFSON

AND MARGARET M. EVANS

W ITH THE INTRODUCTION of methods for identifying individual

erythrocytes of fetal origin in maternal blood, transplacental passage,

recognized long ago’ .2 as the basis of isoimmunization of pregnancy, has be-

come accessible to direct observation. It is now possible to assess the mci-

dence, magnitude and timing of the phenomenon and various factors that

might influence its occurrence and its detection, and thus to elucidate the

precise mechanisms triggering maternal sensitization. The purpose of this
report is to present base line data obtained in homospecific pregnancies of

unsensitized women in which the fate and detection of fetal erythrocytes may

l)e presumed to be unaffected by immunologic interactions.

The principal method used for this purpose was the acid elution technic

( A.E. ) which is based on the resistance of cells containing fetal hemoglobin

to treatment with acid buffers under conditions in which cells with adult

hemoglobin become “ghosted,” and which is thus independent of antigenic

differences between fetal and maternal erythrocytes. Since various authors35

have reported widely divergent results concerning the presence of fetal cells

ill maternal l)lOod, it seemed desirable to subject the method to a critical

evaluation and to compare the results in suitable cases with those obtained

l)y an unrelated method, immunofluorescence, as developed for this purpose

in �iir laboratory.

METHOD

ACi(1 Eluticni

As ckscril)ccl by Kleihaucr et aITS tlw dried blood films are fixed with 80 per cent

alcohol aixt doted with sodituni phosphate-citric acid buffer of pH 3.3 ( “method A” ) . The

modification used by Ziptirsky4 and others ( “method B” ) involves fixation with 100 per

cent alcohol and buffering with potassiuni phosphate citric acid at pH 3.5. Duplicate speci-

mens obtained within 24 hours postpartum from 67 niothers compatible with their infants

in 1)0th ABO and Rh systenis were prepared by the two methods ( table 1 ) . Fixation with

100 per cent alcohol was found to produce considerable shrinkage and distortion of the

erythrocytes ( fig. 1 ) . Moreover, method B produced less contrast between resistant and

ghosted cells and yielded consistently lower fetal cell counts than method A, evidently
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622 COHEN, ZUELZER, GUSTAFSON AND EVANS

Table 1.-Comparison of Two Acid Elution Methods
( Postpartum Specimens from Mothers Rh and ABO Compatible with Their Infants)

Method A Method B

No.of Cases Per Cent No. of Cases Per Cent

Positive for fetal cells 40 59.7 20 29.8
Negative for fetal cells 27 40.3 47 7(L2

Total number 67 100.0 67 100.0

because the substitution of the potassium for the sodium ion in the buffer critically affects

the elution process. Generally, workers using this modification have reported a substantial-

ly lower incidence of fetal cells in maternal blood than those adhering to the original proce-

dure. Method A was found to correlate much more closely with the results obtained by the

immunofluorescent technic and with the chemical determinations of fetal hemoglobin. It

was therefore regarded as the method of choice, and all data in this report based on A.E.

were obtained with this procedure.

The staining intensity of a given erythrocyte after A.E. within certain limits appears

to be proportional to its content of fetal hemoglobin. Gradations of density are apparent

in normal cord blood. It is known that the erythrocyte population of the fetus in the later

stages of gestation is heterogeneous, and that the most recently formed cells have more

hemoglobin A and less hemoglobin F than those produced earlier.9 The lower limits of

the concentration of hemoglobin F required to make a cell acid-resistant are not exactly

known but are probably in the range of 10-15 per cent.1011 Adult blood, especially under

pathologic conditions, may contain acid-resistant cells. These are rarely as dark after A.E.

as are the majority of fetal erythrocytes. In the present study, only intensely staining, re-

fractile cells were counted as being of fetal origin. As a precaution, specimens from a nor-

mal adult and from cord blood were always included in the batches of blood films from

pregnant or parturient women to serve as controls and references for the evaluation of

fetal erythrocytes seen in maternal blood. Nonetheless, it is clear that a subjective element

enters into the enumeration of fetal cells by the A.E. method, with a tendency toward

under-estimates, especially in the presence of relatively large numbers of fetal cells with

equivocal or adult staining characteristics.

For the quantitation of fetal cells, thin blood films stained after A.E. were scanned

under low magnification. If the ratio of fetal to adult erythrocytes was very low, all acid-

resistant cells on the slide were counted and an estimate was made of the total number

of red cells on the slide. Otherwise, an actual count of at least 5000 erythrocytes was

performed.

Immuno fluorescence

The method, applicable only when antigenic differences permit the identification of fetal

erythrocytes as a minor population in the maternal blood, was described by the authors

in 1960.6 In further use in this laboratory it was found to be highly reliable, provided

certain precautions are observed.

In artificial mixtures, group A or group B erythrocytes are readily identified by the

“direct” method, i.e., by fluorescein-labeled human anti-A or anti-B sera. In the presence

of the homologous antibody, as in heterospecific pregnancy, fluorescence is often faint,

apparently because of the “blocking” of antigenic sites on the fetal erythrocytes by mater-

nal antibody. In such cases the use of labeled rabbit antihuman globulin, analogous to

the direct antiglobulin test, was found more satisfactory.

Rh positive cells in Rh negative maternal blood are identified by the “indirect” method

involving preliminary sensitization of the washed erythrocytes with an unlabeled, potent,

incomplete anti-Rh0 ( anti-D ) serum and subsequent exposure to labeled rabbit anti-

human globulin. In the present study, the rabbits were immunized with Cohn’s fraction II

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/23/5/621/571669/621.pdf by guest on 19 M

ay 2023



Fig. 1.-(A) Cord blood treated with Method A. (B) Same specimen of cord
blood treated with Method B. Note the considerable shrinkage and distortion of the
erythrocytes and the presence of more eluted cells with Method B than with
Method A.
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rather than with whole human serum. It was found that sera from animals immunized in

the latter fashion gave occasional false positive results, apparently due to a protein other

than gamma globulin coating the erythrocytes and not removable by washing, because they

occurred whether or not the cells had first been sensitized by an anti-Rh serum, and in

the same cases sera from rabbits immunized with fraction II alone gave consistently nega-

tive results.

Nonspecific fluorescence12 may occur when heavy cell suspensions ( more than 2 per
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Fig. z.- ( A ) Sp#{235}#{235}ifiFtiorescence of two agglutinates and a sing1i��ceil when

a mixture of group B and group A erythrocvtes are treated with fluorescent anti-B

serum and viewed under ultraviolet light. ( B ) Corresponding field as seen in

tungsten light.
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The need for suitable controls was stressed in the original report. A positive control

with cells of known reactivity ensures the proper functioning of the system. For this

A

r.

4

cent ) are used, and seems to be related to lysis because the cells which appear as solid

green disks in ultraviolet light can be seen with tungsten illumination to float on the stir-

face as thin-rimmed disks. By contrast, specific fluorescence 1)roduces sharp, bright green

contours and leaves the interior of the cells unstained ( figs. 2 and 3 ) . l)ry preparations,

whether of whole blood or washed erythrocytes, are completely unsuitable because of non-

specific fluorescence.
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Fig. 3.- ( A � Nonspecific fluorescence of an ervthroc’vte ghost, viewed under
ultraviolet light. Note the solid staining as compared to specific fluorescence seen

ill fig. 2A. ( B ) Corresponding field as seen in tungsten light.

MECHANISMS OF 1SOIMMUNIZAT1ON I 625

puri�ose dfl artificial niixtnre of reactive with non-reactive cells in a ratio of about I : 100

is preferable to a homogeneous population, because fewer antigenic sites compete for the

labeled antibody and fluorescence is therefore more intense. A negative control of non-

reactive cells should always be included. A third control consists of potentially reactive hut

unsensitized cells treated directly with the fluorescent antiglobulin serum, and serves to

(‘XcIlRl(’ ‘false positive” reaCtion cluc’ to factors other than the presence of Rh antigen.

\Vhcn used with these precautions, the method appears to be completely specific. In a

eri(s of I 00 nornial inak’ afl(l non-pregnant female Rh negative l)lOOd donors, no false

1)OSitive reactions \\crc’ observed. Conversel>’, in nunierous expcrinients involving artificial
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626 COHN, ZUELZER, GUSTAFSON AND EVANS

Table 2.-Comparison of Immunofluorescence and Acid Elution (Method A)
in 161 Rh-Mothers ABO Compatible with Their Offspring

and without Rh Sensitization

No. of
Mothers

No. of
Specimens

Fetal Cells

Both methods
+ -

Only
Fluor- Only

escence elution
-I- -I-

Infants,Rh+ 117 326 36 233 18 39

269 = 82.5%

concordance

57 = 17.5%

discordance

Infants, Rh- or D” 44 143 0 1 15 2#{176} 26

- #{176}Falsepositives. ?Contamination.

mixtures of Rh positive and Rh negative erythrocytes in ratios as low as 1 : 106, cells show-

ing specific fluorescence could always be demonstrated. For counting antigenically distinct

fetal cells in maternal blood, a special chamber adapted to dark field microscopy#{176} was
used. The counts are more accurate when the number of cells of the minor population is

small, for otherwise, the antiglobulin serum tends to produce agglutinates in which the

individual cells are not easily enumerated.

Correlations

Each of the two methods, A.E. and immunofluorescence, is highly sensitive and permits

the detection of fetal cells in maternal blood in ratios as low as 1 : 106. Such small numbers

may, of course, readily escape detection, even if the entire slide or counting chamber, as

the case may be, is surveyed. The simultaneous use of both methods whenever applicable is

therefore desirable because it enhances the chances of finding fetal cells in minimal nurn-
hers. Sonic authors disregard minute quantities of fetal cells in the maternal 13 In

the present study, any blood in which even a single fetal cell could be seen was considered

to be “positive,” for the significance of the transplacentation of even minimal numbers in

terms of their potential sensitizing effects cannot be prejudged, and in any event accurate

knowledge of the physiologic events in pregnancy is needed.
In view of this definition of “positive” cases, the agreement between the two methods

may be regarded as excellent. In parallel tests on 161 Rh negative women ( table 2 ) , con-

cordance of results was found in 82.5 per cent of the cases, whereas in the remainder the
ratio of fetal to maternal cells was invariably of such a low order, 1 : 10�-1 : 106, as to

approach the quantitative limits of either method. Within these limits the two methods thus

validate each other, and each may be used with confidence as applicable.

Interpretations

The use of A.E. methods for the study of transplacental passage is based on two

premises: ( 1 ) that the acid resistance is due to the hemoglobin F content of the cells, and
( 2) that cells with such pigment in maternal blood are of fetal origin. Both assumptions

are sustained by the evidence obtained with immunofluorescence. �\Vith respect to ( 1),

moreover, within certain limits the correlation between A.E. and chemical measurement

of hemoglobin F was found to be satisfactory, as shown below. For practical purposes,

acid resistance of erythrocytes may thus be regarded as indicative of a substantial amount
of hemoglobin F. The basis of the phenomenon is thought to be the low solubility of fetal

as compared to adult pigment at low pH. Analogous differences have been demonstrated

between extracellular solutions of the two pigments.8

Of theoretical interest was the observation that nucleated red cell precursors in the bone

#{176}Madeby C. A. Hauser & Sons,
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\Il(IIANISMS OI ISOIMMUNIZATION 627

Fig. 4.- ( A ) Bone marrow of au adult stained for fetal hemoglobin and showing

normoblasts which have retained their pigment. ( B ) Cord blood stained for fetal
hemoglobin and likewise shotviuig normoblasts with retained pigment. ( C ) Blood of

(t pregnant woman showing (I normoblast which retained its pigment after it was

subjected to the acid elution technic, �vhereas the surrounding ervthrocytes have

been completely doted of their henioglobin.
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628 COHEN, ZVELZER, GUSTAFSON AND EVANS

Fig. 5.-Maternal blood stained for fetal hemoglobin. showing massive trans-

placental hemorrhage ( 6.7 per cent fetal cells).

marrow as well as in peripheral blood of adults and infants alike almost invariably contain

acid-resistant pigment ( fig. 4 ) whether or not the subjects are hematologically normal and

whether or not the fetal hemoglobin content of the blood is increased. These findings

present a dilemma: the presence of fetal pigment in normoblasts, representing late stages
of maturation under conditions in which the erythrocytes show no increase in hemoglobin

F, cannot lx’ explained by any reasonable quantitative assumptions. The pigment cannot

be distributed among several generations of descendants, for only one or two, if any, cell

divisions can be assumed to take place before denucleation. Nor could a “dilution” with

hemoglobin A, however rapidly synthesized in the final stages of niaturation, account for

the loss of acid resistance between the final normoblast and the erythrocyte stage. The

actual transformation of hemoglobin F into A is excluded by the known multiple differences

ill molecular structure, an(l conflicts with the nature of genie effects on 1)rOtein synthesis.’4

It must he concluded that under certain conditions, e.g., in nucleated cells, acid resistance

is clue not to the fetal hemoglobin content hut to some property of the nucleated cell or

its niembrane. For the study of peripheral blood, these observations are of little conse-

quence, except that the origin of nucleated red cells in the blood of pregnant or parturient

women cannot be established by A.E. technics.

Of greater practical significance is the now well-established fact that crythrocytes con-

taming demonstrable quantities of hemoglobin F are found in later life in a variety of

pathologic conditions and, when found in maternal blood, need not always be of fetal

origin. The presence of large numbers of such cells, especially when their appearance after

A.E. is highly refractile, usually denotes massive transplacental hemorrhage, as illustrated
in figure 5, and is readily recognized. The interpretation of smaller numbers of acid-re-

sistant cells is more hazardous. Not only must certain congenital and acquired hematologic

disorders be considered such as thalassemia minor, the “high F” trait, sickle cell disease,

aplastic anemia and leukemia ( fig. 6 ) , hut in the present study acid-resistant cells

were found in 5 of 165 apparently normal blood donors ( table 3 ). In addition, such

cells were found in one woman 6 weeks prior to the beginning of pregnancy, and in another

5 months after delivery. If, as seems likely, postnatal synthesis of hemoglobin F reflects
metabolic stress in erythropoiesis, such occurrences may not be rare and indicate caution

when the A.E. method is used for the study of transplacental passage.
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Fig. 6.- ( A ) Blood from a l)�1tie1it �vitli chronic granulocytic leukelnia stained

for fetal hemoglobin, showing acid-resistant cells. ( B ) Blood from a patient with
thalassernia niinor stailled for fetal hemoglobin, also showing acid-resistant cells.

FINDINd;s Is Ho\L0spECIFIC PREGNANCY

The case material consisted of 622 women studied immediately postpartum.

The only criteria of selection were compatibility with the offspring in the ABO

system and absence of Rh antibody. The Rh types of mother and child were

identical in 416 cases, whereas in the remainder, differences with respect to

one or more of the factors C, I), or E ( rh’, Rh,. rli� ) were found. The majority

of the women, hospitalized at Herman Kiefer Hospital or the Uiiiversitv

Service of \\Toliiali’s Hospital, ��‘ere of the Negro race and low soclo-economic
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630 COHEN, ZUELZER, GUSTAFSON AND EVANS

Table 3.-Male and Fema le Blood Donors Tested wit h Acid Elution Method A

No. Treated Negative for “Fetal” Cells Positive for “Fetal” Cells

165 160 5

Alkali-resistant hemoglobin < 1 % ; range 1 % - > 2.5% .

status. A small number of women belonged to the middle income bracket and

were patients of a practicing obstetrician at Sinai Hospital.

Postpartum blood specimens from the mothers were usually obtained within

1 hour, never later than 24 hours after delivery of the placenta. An aliquot

was allowed to clot to provide cells for ABO and Rh testing and serum to be

frozen for antibody studies performed later on paired specimens. The remain-

der was collected in dry ammonium-potassium oxalate and processed as

described above. Infant’s blood for ABO and Rh typing and other appropriate

tests was usually obtained from the cord, or from a heel prick.

Both acid elution and immunofluorescence were used for the detection of

fetal cells in the Rh negative women. In the Rh positive women, only the

former method was used, as immunofluorescence was not applicable.

Incidence

Fetal cells were found in approximately half the cases, whether or not the

Rh factors of mother and child matched completely ( table 4) . The difference

between the completely matched group and that differing with respect to one

or more Rh antigens ( 50.2 per cent and 45.6 per cent, respectively ) was not

significant. Within the latter group, fetal cells were less often found when

the difference between mother and child involved the factors C ( 41 per cent

of 44 cases ) or E ( 37 per cent of 46 cases ) than when D was involved (51

per cent of 116 cases ) . These discrepancies were partly explained by the fact

that in the latter group both A.E. and immunofluorescent technics were used

so that the chances of finding fetal cells present in small numbers were in-

creased. The C and E incompatible groups were, moreover, small and the

differences were not statistically significant. Theoretically, antigenic differences

with respect to these subfactors should have no more effect than those with

respect to D-i.e., none. The figures for all ABO compatible pregnancies may

thus be combined, yielding an incidence of 48.7 per cent.

Quantitative Findings

Calculations of the magnitude of fetal blood losses based on the ratio of

fetal to maternal cells are affected by several important but largely unknown

variables, a fact which has frequently been disregarded. The most obvious of

these are the blood volumes, hematocrits and mean corpuscular volumes of

both mother and fetus. When the A.E. method is used, the concentration and

distribution of hemoglobin F in the fetal erythrocytes becomes a factor. With

relatively large amounts of hemoglobin A in the fetal blood, the presence of

many cells of fetal origin may go undetected because of equivocal or fully

“adult” staining characteristics.

A more important variable is the time of entry of the fetal erythrocvtes into
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6:32 COHEN, ZUELZER, GUSTAFSON AND EVANS

Table 5.-Approximate Volume of Fetal Blood in Maternal Circulation Based on
Estimate of F Cells/Maternal Cells Assuming Normal

Blood Volumes of Mother and Fetus

Calculated

Ratio of Fetal/Maternal Cells Fetal Blood Lose Clasaification
(al.)

1 :1,000,000

1*100,000

1:10,000

‘:::

O.OOl�

-------------- Minin�al

0.014 -_�
� Slight

� to Marked

-
2:100

Massive

�-�-
8O.�r

the maternal circulation. Since their life span is limited and it cannot be

assumed that the cells found in the maternal blood at a given moment have

only just entered, the number present may represent survivors of an earlier

“spill” of much greater magnitude than is apparent at the time when the

sample is taken. In that case, the number found would be inversely propor-

tional to the intervening time interval. However, the number found may not

reflect a single episode but the cumulative effect of repeated or intermittent

transplacental spills, modified by the random loss of aging cells.

Thus, only a gross estimate of the magnitude of fetal blood losses is possible.

Assuming for strictly illustrative purposes that all fetal cells were derived

from a single recent spill and further, that the initial blood volumes, hemato-

crits and MCV’s were those of a normal mother and fetus at term, a ratio of

1 : 1000 of fetal to maternal cells would reflect a fetal loss of the order of

magnitude of 4.0 ml. It should he noted that even volumes as minute as

0.004 ml., corresponding to ratios of 1: 1,000,000 are detectable. The classifica-

tion of fetal blood losses based on the range encountered in the present study

( table 5 ) is arbitrary and can serve only for purposes of orientation, if only

because of the large overlap between categories.

Table 6 shows that fetal blood loss as determined by a single postpartum

specimen in the 416 cases in which mother and child were compatible in both

ABO and Rh systems was minimal or slight in the great majority of cases in

which any fetal cells were detectable. However, 8 per cent of the cases fell

into the category designated as “moderate-to-marked” in which the estimated

losses ranged from approximately 0.5 to 40 ml., not necessarily sufficient to

produce overt anemia in the offspring but often large enough to be of signifi-

cance in the hemoglobin and iron economy. Of special interest was the finding

that in three cases or almost 1 per cent of this unselected series, the number

of fetal cells was indicative of massive transplacental hemorrhage. It remains
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Table 6.-Ratio of Fetal:Maternal Erythrocytes Postpartum in

416 ABO and CDE Compatible Pregnancies

Fetal
Percentage Celia
of Cases Absent

Fetal Celia � fla.aiv.
Minimal Slight

l:iO’-1:1O� i:lO�-i:iO�� l:iO��-l:lO� >i:io2

60% -

50%

�o%

20%30%

10%

0%

-

-

- �-

-

-

207

2�.3%

17.1%

�1�VT7� 8.2%-�________ 0.7%

�

209 (5o.$)

Total No.
of Cases

to l)(’ seen whether the series is representative or whether it reflects special

characteristics of the �opulation under study, such as race, flutritid)llal status

and the like. The findings do suggest, however, that major fetal blood loss in

seemingly normal pregnancies is not a rare circumstance and must be con-

sidered not only in the explanation of otherwise obscure neonatal and infantile

anemias, l)ut as a 1)ossille complication of hemolytic disease, especially when

the severity of the anemia is disproportionate to the apparent degree of

maternal sensitization, as in certain instances of stillbirth in the face of low

maternal antibody titers.

:�I(i.S.Sive Transpiacen tel Ilcnzorrliagc

This condition has been reported with increasing frequency in recent years

( 15-18 ) , but its ascertainment heretofore has depended on finding overt and

usually severe anemia in the neonate which does not necessarily reflect the

true incidence of the event. Thus, if one or more episodes of transplacental

bleeding occur prior to delivery, the fetus might compensate, at least partly,

for the losses to the extent that anemia might not be obvious at birth. Without

detailed hematologic studies, such an infant might pass for normal, yet the

maternal blood would show large numbers of fetal cells as telltale signs of

prenatal events.

That the invasion of the maternal blood stream frequently occurs well before

the onset of labor was shown by the findings in 11 mothers on whom one or

more 1)rellatal examinations had been made. In more than half of these cases,

as mally or more fetal cells were found at variable intervals antepartum ( table

7 ) as following delivery. In a particularly instructive case of this group ( table
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Case

1. Jo

2. Cr

3. Sc

4. Sc

5. Wi
6. Kn

7. So

8. Ho

9. Ge

10. Mo

11. Mon

No. of No. of times fetal Last examination
examinations cells found ( days prior to delivery I

3 3 43(1:4000)

5 5 17(1:4000)
6 3 11(1:9000)

10 5 3(1:500)

3 2 2(1:400)

1 1 1(1:700)

4 4 28(1:5000)

1 1 3(1:200,000)

3 1 1 (1:1,000,000)

2 0 3(0)
4 - 0 � 15(0)

Postnatal

1:5000

1:6430

1 :9000

1:1000

1:400

1:700

1:2000

1:2700

1 : 5000

1 :9000

1:1000

- �- - Table 8.-Prenatal and Postpartum Findings in Case No. 4 (Table 7)

Days Prior to Delivery Fetal Cells in Maternal Blood

178 0

157 0

136

115

67

56

39

25

11
3

l)el.

8 ) , 10 separate prenatal specimens were obtained between day 178 and day

3 before delivery and the approximate time of the original fetal hemorrhage

could be established between days 39 and 25, when the ratio of fetal to

maternal cells rose from 1 : 150,000 to 1 : 700. Thereafter the ratios remained

of the same order of magnitude until just prior to labor, suggesting that new

cells continued to enter the maternal circulation to balance the disappearance

of aging fetal erythrocytes spilled earlier. In this instance the fetal blood loss

was always moderate and, as expected, the infant was not anemic.

To produce overt anemia, the transplacental blood loss must be recent if

not actually an intrapartum event, and in such cases the maternal blood should

show many fetal erythrocytes. In a selected series ( table 9 ) including two

cases in which the mother was part of the study group, the number of fetal

erythrocytes did indeed exceed 2 per cent in every instance. The severity of

the neonatal anemia, however, was not always proportionate to the fetal

blood loss calculated from the findings in the maternal blood on the basis of

a single episode. This lack of correlation suggests that the hemorrhage in

some instances occurred just before or during delivery, whereas in others it

took place earlier and repeatedly, so that the red blood count of the newborn

infant was the result of bleeding and compensatory erythropoiesis. Since

634 COHEN, ZUELZER, GUSTAFSON AND EVANS

Table 7.-Fetal Cells in Maternal Blood Pre- and Postpartum in
Cases Showing “Moderate to Marked” Bleeding Postpartum

Prenatal

(I

(I

1 : 50,0()()

0

1:150,000

1 :700

1:10�X)

1:500

1: 1000
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Blood Groups

Case Mother Infant Pars Gray

Fetal
cells

5.0

5.7

5.0

2.1

0.�

2.8

2.6

5.5

3.9

6.1

no data

no data

Alkali- Infant
resistant -

hemo- Hemoglobin
globin’ % Gm. %

6.9 6.6 cord

6.6 6.8 28 hr.

5.6 10.0 ?4 hr.

3.6 7.4 ‘6 hr.

4.7 9.0 24 hr.

1.7 4.9 4 hr.

2.2 13.2 cord

5.6 4.7 cord

5.9 9.2 cord

6.7 2.0 1

no data 7.8 8 hr.

7.8 6.4 36 hr.

6.8 7.3 12 hr.

:3.2 7.6 12 hr.

less than 1 ‘/‘.hemoglobin of 112 normal women postpartum is

\l ECI1.�N ISMS OF ISOIMMUNIZATION I

Table 9.-Findings in Cases of “Massive” Transplacental
Hemorrhage in ABO Compatible Pregnancies

Mother

Length of
labor
(hr.)

1. We. 1IcDE BoDE 0 I 2

Ocde iii iii 6.5

OcDE 0 i 3.5

OcDE vii vii 6

ACDe ii iii 12

ACDe viii viii 6

OcCe xiii xv 3

OCDE ii ii 4.5

OCDe 7 7 7
ACDe ii ii 724

Ocde 7 7 7

Ocde iii iii 5

OcDE 0 i 5

ACDe 0 i 9

2. Ra. OcDE

3. No OcDE

4. Yo OcDE

5. Go. ACDe

6. Di. ACDe
7. We. OcDe

5. Pa. A,CDe

9. Va. lICDue

10. De. A�cde

11. Pe. Acde

12. Ca. OCDe

is. War. Acde

14. Se. ACDe

‘Average alkali-resistant

tStillbirth; determination done on blood from heart.

�3l5

almost all of these infants exhibited striking normol)lastemia, the latter mode

would seem to be the rule rather than the exception.’” Of special interest was

the case of stillbirth attributable to fetal-maternal hemorrhage, apparently the

first of its kind to be recognized.

Correlation between the number of fetal cells and the chemical measure-

ments of hemoglobin F in the maternal blood in the range of massive trans-

placental hemorrage was generally fair, but the cell count proved to be far

more sensitive and informative than the alkali denaturation method. Thus in

cases 6 and 7 (table 9), fetal cell counts indicated losses of the order of 100

ml. whereas the percentage of alkali-resistant hemoglobin was within or just

beyond the upper limits of normal. Only if each fetal cell contained 100 per

cent hemoglobin F could strict proportionality be expected, but even then a

fetal cell count of 1 per cent, which would be indicative of a substantial spill,

would raise the concentration of alkali-resistant hemoglobin in the mother’s

l)loOd by only 1 per cent. Since the average concentration of fetal hemoglobin

in cord blood ranges from 50 to 70 per cent, and very few fetal erythrocytes

at term contain 100 per cent hemoglobin F, it follows that the chemical

method is unsuitable for the detection of all but the most massive transpla-

cental blood losses.

Timing

The time of the first entry of fetal cells into the maternal blood is of obvious

importance for the genesis of maternal isoimmunization. Reference has already

been made to the fact that fetal cells present at delivery may indicate much

earlier spills. In random samples obtained from 161 mothers during pregnancy,

fetal cells were found with increasing frequency from the end of the first

trimester ( table 10 ) . The difference in the incidence between the last tn-

mester and the immediate postpartum period is statistically significant but

does not necessarily indicate that labor as such plays a part by forcing fetal
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Table 1O.-Antepartum Findings in 161 Mothers ABO Compatible with
Their Offspring and without Previous Sensitization

No. of No. of Times No. of Times #{231}�Times
Examinations Fetal Cells Fetal Cells Fetal Cells

Trimester Done Not Found Found Found

1st 15 14 1 6.7

2nd 113 95 18 15.9

3rd 491 349 142 28.9

Table 11.-Findings in 42 Mothers ABO Compatible with Their Offspring without

Previous Sensitization Examined 1 Week Prior to Delivery and Postpartum

Fetal Ce115 in Maternal BlOOd

Present Absent

Within 1 Week
Prior to Delivery

Postp&rtu*

13
,,,,,/ ‘N��

8 16

29
� \�

13

cells into the maternal circulation. The findings are compatible with a progres-

sive deterioration of the placental harrier which culminates at the time of

delivery. This interpretation appears to be more plausible, in part because

consecutive observations generally showed similarities between the ante- and

postpartum findings. This was shown ( table 7 ) for cases with moderate to

marked degrees of spill and was equally apparent when minimal numbers or

no fetal cells were present, as in the cases presented ( table 11 ) in which the

maternal blood was examined 1 week before, and immediately after delivery.

More than a third of the cases without fetal cells antepartum remained nega-

tive postpartum and the remainder showed very few cells, whereas, con-

versely, in over one-third of the prenatally positive cases, the postpartum

specimen was negative. These findings are hardly suggestive of a major dis-

continuous change and more in keeping with the probabilities of detecting

minute numbers of cells in more than one specimen by an ultrasensitive

method.

More detailed serial analysis of 89 cases with no ( table 12 ) or small numbers

( table 13 ) of fetal cells at delivery confirmed the impression that the findings

at term generally reflect the individual patterns established during pregnancy. #{176}

In the majority of the cases the prenatal findings conformed to the postpartum

findings even when repeated specimens were obtained, although clearly the

likelihood of finding fetal cells in any given pregnancy increased with the

number of examinations performed. The change from small numbers of fetal

cells during pregnancy to negative findings postpartum in 19 cases of this

#{176}Preliminary findings in a small series of cases in which observations could be made

(luring two consecutive pregnancies suggest that such patterns are characteristic of the

in(liVi(llial nu)ther.
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Examinations Cases 0 1 2 3 4 5 6

1 11 10 1

2 8 7 1

3 7 3 2 1 1

4 3 1 2

5 4 2 1 1

6 3 2 1

7

8 2 1 1

9 2 1 1

10 3 1 1 1

11 1 1

12 1 1

13

14 1 1

Total 46 � 9 3 3 2 1 1

Table 13.-Prenatal Findings in 43 Mothers in Whom Fetal Cells

Were Found Postpartum (Minimal to Slight)
(ABO Compatible with Their Fetuses and with No Rh Antibody)

No. of Times Fetal Cells Found

No. of No. of -_____________________________________________________

Examinations Cases 0 1 2 3 4 5

I C) 2 4

2 10 7 t 2

3 8 6 2

4 4 1 1 1 1

5 3 1 1 1

6

7 4 1 2 1

8 2 1 1

9 1 1
10 1 1

11 1 1

12

13 2 1 1

14 1 1

Total 43 20 13 6 1 1 2

MECHANISMS OF ISOIMMUNIZATION I 637

Table 12.-Prenatal Findings in 46 Mothers in Whom No
Fetal Cells Were Found Postpartum

( ABO Compatible with Their Fetuses and with No Rh Antibody)

No. of Times Fetal Cells Found

group indicates that transplacental passage is often a discontinuous and re-

current event. It appears likely that with sufficient numbers of examinations

the incidence of positive findings would approach 100 per cent and that

within certain quantitative limits the entry of fetal cells into the maternal

blood stream is a normal event.

Effect of Labor

Labor, presumably as a mechanical factor, has been incriminated as a major

event leading to the entry of fetal cells into the maternal blood and ultimate
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638 COHEN, ZUELZER, GUSTAFSON AND EVANS

Table 14.-Effect of the Length of Labor on the Transpiacental Passage of Fetal
Red Cells in Homospecific Pregnancies without Previous Rh Sensitization

Fetal Cells Found

Moderate
Fetal Cells Minimal Slight to marked massive

Length of Labor Not Found 1 : 10#{176}-I: lI)� I : l0-l : 10’ 1 : los-I : iO� >1 : l0 Total No.

Upto3hoiirs 39 18 12 6 3 39 (50.09�

3 to 12 hours 144 76 45 25 10 156 ( 52.0�7�
More than 12 hours 50 23 10 8 1 42 ( 45.6%

Caesarian section

without labor 15 5 4 4 0 13 ( 46.4�Z

Table 15.-Effect of Oxytocics on the Transpiacental Passage of Fetal Erythrocytes

in 78 Mothers ABO Compatible with Their Offspring and without Rh Sensitization

Fetal Cells Found

Fetal Cells Before After Before
Not Found delivery delivery and after Total

No. of Cases At All only only delivery No.

With oxytocics 33 19 1 7 6 14

Without oxytocics 45 16 1 1 1 17 29

TotalNo. 78 35 2 18 23 43

Table 16.-Effect of Parity on the Transpiacental Passage of Fetal Erythrocytes in

the Postpartum Period in ABO Compatibk Pregnancies without Rh Sensitization

Parity No. of Cases Fetal Cells Not Found Fetal Cells Found

Primipara 185 101 ( 55% ) 84 (45%)

Para 2-4 255 1 12 ( 44% ) 143 (56%)

Para >4 182 109 (60% ) 73 (40%)

Total � 622 322 300

sensitization.2#{176}21 J� the present series no correlation was found bet�veen length

of labor and incidence or quantity of fetal cells postpartum, nor were signifi-

cant differences apparent between cases delivered naturally and by Cesarean

section ( table 14 ) . Brown found a similar lack of correlation.22
To test the speculation that oxytocics might enhance the entry of fetal cells

into the maternal blood,23 specimens were obtained prior to delivery, immedi-

ately after the birth of the infant and within 5 minutes after delivery of the

placenta in 78 women. To 33 of these an oxytocic ( Syntocinon ) was adminis-

tered with the delivery of the shoulder; in the remaining 45 cases the drug

was withheld until the placenta had been delivered. No appreciable differences

between the two groups were found ( table 15 ) . In over half the patients re-

ceiving the drug early, no fetal cells were found at any time. About one-

(luarter of the women in both groups showed minimal numbers of fetal cells
before and after delivery. The appearance of fetal cells postpartum when none

had! been present before delivery was observed with equal frequency in both

groups. and in all such cases the number of cells was minimal. Table 16 shows

further that parity had no influence on the findings. It was concluded that,

under normal conditions, mechanical factors connected with labor and the use
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MECIIANISMS OF ISOI\IMUNIZATION I 639

of oxytocics have no significant effect on the entry of fetal cells into the

maternal circulation.

Persistence of Fetal Cells Following Pregnancy

l)ata concerning the survival, real or apparent, of fetal erythrocytes in the

maternal circulation might shed light on events leading to the development

of Rh and other antibodies and on the general question of immunologic toler-

ance vis-a-vis fetal products which seems to characterize the state of pregnanc�’

and may be presumed to disappear in the postpartum period. Such data, oh-

tamed in ABO compatible pregnancies. are needed moreover, to assess the

effects of isoantibodies on fetal cells in heterospecific pregnancies. Delivery

is the last possible time of entry of fetal cells. The life span of fetal erythro-

cytes being similar to that of adult red cells, 100-200 days should therefore

be the upper limit of the length of time when such cells can be accounted for

l)y transplacental passage. Generally, the findings were in accord with this

assumption ( fig. 7).

A marked shortening of the apparent survival time of fetal cells in maternal

l)lOOd in the postpartum period might reflect their destruction by as yet

obscure mechanisms or, more likely, by the fact that the bleeding occurred

�vel1 before delivery. The shape of the survival curve should discriminate

between these alternatives, but it was not possible to obtain adequate data

in pertinent cases. Shortening of the apparent survival time was observed,

however, in several instances exemplified by the following case: Mrs. Wo., a

primipara, was examined at first 9 hours after delivery, at which time numer-

OIlS fetal cells were found ( ratio of 1 :330 ) . The first subsequent examination

24 days later failed to show any fetal cells. Mother and child showed identical

ABO and Rh groups, and no antibodies were found at any time. The assump-

tion that the invasion of the maternal blood stream had occurred long before

delivery appears plausible.

More puzzling and unexpected were several cases of ABO and Rh com-

patible pregnancies in which the fetal cells persisted well beyond the life

span of erythrocytes. Two cases, involving massive transplacental hemorrhage

-a fact of significance for the interpretation of the subsequent findings-and

followed at frequent intervals, are presented in detail in view of the theoretical

importance of such observations.

Mrs. Ra. (Case 2, table 9) was a para III whose child was admitted at 1

day of age because of severe anemia. Labor and delivery had been seemingly

uneventful. The infant was pale but otherwise normal. Its hemoglobin was

7.0 Gm. per cent, and the blood showed the stigmata of chronic blood loss,

anisopoikilocytosis, normoblastemia and marked reticulocytosis. The infant

recovered after simple transfusions. The maternal blood, first examined 4 days

postpartum, showed 5.7 per cent fetal erythrocytes and 6.2 per cent hemoglo-

1)111 F ( alkali resistant hemoglobin ) . Thereafter, both declined steadily, and

the disappearance rate conformed to a standard erythrocyte survival curve

( fig. 8) . A small number of deeply staining acid-resistant cells were still

present, however, 175 days after delivery. At 196 days these cells could no
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MECHANISMS OF ISOIMMUNIZATION I 641

longer he demonstrated, but numerous less intensely stained acid-resistant

cells had appeared de novo. Of special interest is the fact that subsequent

studies showed mother and child to give identical reactions to antisera for 23

independent blood group factors.

Mrs. We. ( Case 1, table 9 ) had been in the unselected study series. Her

blood, first examined 1 hour after an uneventful delivery, showed 5.0 per cent

fetal cells and 6.9 per cent hemoglobin F. The infant’s cord blood had a

hemoglobin level of 6.6 Gm. per cent and showed marked normoblastemia and

reticulocytosis. Cells of the appearance of fetal erythrocy�es were found in the

maternal blood as late as 61/2 months postpartum. Mother and child proved

to be identical with respect to all of 27 blood group factors tested.

Two explanations for these observations come to mind. These mothers might

have been producing small numbers of erythrocytes with high hemoglobin F

content as part of their own genetic stock. Such cells occur in various hemato-

logic disorders and, as noted above, in rare, apparently normal persons. In the

latter case, however, the staining after acid elution was always light, and even

the fetal hemoglobin-containing cells in such conditions as thalassemia or

sickle cell disease are rarely as dense as the typical fetal cells found in cord

blood, iii the blood of pregnant women generally, and in the two particular

cases under discussion. Hematologic studies and electrophoresis showed no

abnormalities.

The alternative explanation involves the assumption that the acid-resistant

cells were descendants of fetal nucleated red cells which had entered the

maternal blood at the time of the transplacental hemorrhage ( when the blood

of the fetus was rich in such cells ) and had established themselves in the

maternal hematopoietic system. Precedent for this interpretation exists in the

observations on blood chimerisms of fraternal twins. The hypothesis is

strengthened by the very fact which made its serologic proof impossible,

namely the extensive identity of the blood group factors of mother and child

which would be one of the prerequisites for the “take” of the graft of fetal

cells in the mother. The occurrence of massive fetal-maternal hemorrhage in

both cases likewise appears significant because of the resulting fetal normo-

blastemia. A priori it seems likely that a dosage effect should be involved in

the establishment of a fetal homograft and that it is the likelier to succeed, the

larger the number of replicating cells passing from fetus to mother at a time

when she may still be able to tolerate products of gestation. Although not in

these two cases, but in a number of other cases, nucleated red cells were found

in the blood of non-anemic women in the latter part of pregnancy and

(leliVery. � I)

To test the transplantation hypothesis, skin grafts were exchanged between

Mrs. We. and her infant 61/2 months postpartum, at a time when the maternal

blood still contained erythrocytes with fetal characteristics. The infant prompt-

ly rejected the maternal graft, which was completely necrotic and ready to

drop off within 2 weeks. The mother, on the other hand, tolerated the infant’s

skin for at least 7 weeks, at which time a superficial crust had formed but no

induration was present. Later inspection showed a normal-appearing area of
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skin corresponding in pigmentation to that of the infant rather than to the

surrounding, much darker skin of the mother herself.

Prolonged maternal tolerance to skin graft from the offspring has been noted

as an occasional unexplained finding by Peer,24 but no details concerning

pregnancy, delivery, the infants’ status at birth, and the blood groups were

given. The observations presented here lend suport to the hypothesis that

tolerance for fetal erythrocytes ( and possibly other cells ) established in

1)regnancies in which mother and child have a high degree of compatibility

may persist for prolonged periods and permit the colonization of the maternal

organism by fetal hemopoietic cells. Substantial and perhaps prolonged fetal

blood loss is a probable prerequisite for such an event. The hypothesis does

Ilot explain why the erythroid precursors of fetal origin should continue to

produce cells with fetal hemoglobin in the mother when, at the corresponding

time, the same cells in the offspring normally produce mainly or exclusively

adult hemoglobin.

DiScuSsioN

Knowledge of the effectiveness of the placenta as a barrier to the passage

of corpuscular elements in pregnancies in which maternal antibodies do not

interfere with the fate or recognition of fetal cells is prerequisite for the

understanding of immunologic relationships between mother and fetus in

general and of the processes leading to maternal isoimmunization by fetal

blood group antigens in particular. The observations presented indicate that

the placenta is rarely, if ever, a completely tight seal, and that the intermittent

�)assage of fetal erythrocytes mt() the maternal circulation in minute quantities

during the latter part of pregnancy should be regarded as physiologic. The

line between physiologic and pathologic degrees of transplacental passage is

difficult to draw because a spectrum was observed. The meaning of the

phenomenon can be defined only in relation to the development of maternal

sensitization, in which case a relationship between quantity and response need

not necessarily emerge, and to the effect on the fetus which will be recognized

ordinarily only when blood loss is massive. Larger spills are by no means

common, occurring in nearly 10 per cent of superficially normal pregnancies,

which are not necessarily reflected by anemia of the newborn infant because

of compensatory blood production during fetal life. Such losses, however, may

affect the iron economy of the infant and furnish an explanation for severe

iron deficiency anemias in early infancy not otherwise accounted for by

growth rates and dietary factors. The frequency of overt transplacental hemor-

rhage, which is clearly pathologic, is by no means negligible if the figure of

1 per cent obtained in the present series has general validity.

The interpretation of the number of fetal cells found in the maternal blood

at any given moment, in terms of timing and magnitude of fetal blood loss, is

hazardous at best. The findings are the results of a number of complex factors

which can rarely be known or even inferred without serial pre- and postnatal

observations. There is no reason to doubt that under pathologic conditions

labor can be associated with a massive invasion of the maternal circulation.

Ordinarily, however, labor itself seems to have little or no effect on the passage
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644 COHEN, ZUELZER, GUSTAFSON AND EVANS

of fetal erythrocytes. Since there is no evidence to suggest that maternal sensi-

tization occurs only or even predominantly in cases of massive transplacental

hemorrhage, the fact that labor is not an event of special significance has far-

reaching implications for the theory of isoimmunization and especially for cur-

rent proposals to prevent sensitization by creating passive immunity during a

supposedly crucial period centering on the time of delivery.22 These aspects

will be discussed more fully in a subsequent report dealing with the relation-

ship between the presence and number of fetal cells in the maternal circula-

tion and the development of Rh antibodies in Rh incompatible pregnancies.

SUMMARY

A critical evaluation and discussion of certain technical aspects of the acid

elution method and the immunofluorescent technic for the demonstration of

fetal erythrocytes in maternal blood is presented. \Vith appropriate precautions

a close agreement between the two methods was obtained. Using one or both

methods as applicable, base line data concerning transplacental passage were

obtained in 622 unselected women, compatible with their offspring in the ABO

system and not sensitized against the Rh factor. The intermittent entry of

fetal erythrocytes into the maternal blood in small quantities was found to be

a physiologic event. Postpartum, fetal erythrocytes were demonstrated in 50

per cent of the mothers. In approximately 10 per cent of the series, large fetal

losses estimated to range from 0.5 to 40 ml. were observed. Massive traiis-

placental hemorrhage was detected in nearly 1 per cent of the cases by exam-

ination of the maternal blood and usually but not always by overt anemia in

the fetus. It was found to be the cause of stillbirth in one case. The evidence

suggested that fetal bleeds usually began well before the onset of labor.

Though labor itself under pathologic circumstances may be associated with

transplacental hemorrhage, under ordinary conditions it was found to be of

little or no significance with regard to the entry of fetal erythrocytes into the

maternal circulation.

Survival of fetal erythrocytes in the maternal circulation after delivery was

generally found to correspond to the expected life span of red corpuscles.

Apparent shortening of survival observed in several instances was probably

due to the occurrence of the original spill some time before delivery. In two

instances persistence of fetal erythrocytes well beyond the normal life span

was observed. Both cases involved massive transplacental hemorrhage and

fetal anemia with marked erythroblastemia, and mother and child were corn-

patible to an exceptional degree with respect to blood group factors. The

findings suggested the successful transplant of replicable erythroid precursor

cells from fetus to mother with prolonged maternal tolerance, an interpretation

supported by the results of skin homografts from offspring to mother in one

case. The implications of these findings are discussed.

SuM�fARIo IN INTERLINGUA

Es presentate un evalutation critic e un discussion de certe aspectos technic

del methcdo a elution acidic e del methodo iminunofluorescentic pro le

demonstration de erythrocytos fetal in le sanguine materne. Con le uso de
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appropriate mesuras precautionari, un nette accordo inter le duo methodos

esseva obtenite. In 622 non seligite feminas, un o ambe methodos esseva usate

in le obtention de datos de base in re le passage transpiacental. Le feminas

esseva compatibile con br prole in Ic systema ABO e illas non esseva sen-

sihilisate contra le factor Rh. Esseva constate que le entrata intermittente de

micre quantitates de erythrocytos fetal ad in le sanguine del matre es tin

evenimento physiologic. Post parto, erythrocytos fetal esseva demonstrate in

50 pro cento (lel matres. In approximativemente 10 pro cento del serie,

marcate perditas fetal, estimatemente in le ordine de inter 0,5 e 40 ml, esseva

observate. Massive hemorrhagia transplacental esseva detegite in quasi 1 pro

cento del casos a base de examines del sanguine del matre e usualmente sed

non semper per patente anemia in le feto. In un caso, isto esseva recognoscite

como causa de tin morte-nascentia. Le evidentia indica que le sanguination

fetal comenciava usualmente multo ante le declaration del labores.

Ben que sub conditiones pathologic le labores per se pote esser le causa de

hemorrhagias transplacental, ii esseva trovate que sub conditiones ordinari

illos es de pane o nulle signification pro le entrata de erythrocytos fetal ad in

le circulation materne.

Esseva trovate que le superviventia del erythrocytos fetal in Ic circulation

materne post le parturition corresponde generalmente con le expectate

longevitate (Id erythrocytos . Un apparente accurtamento del superviventia,

le qual esseva observate in plure casos, esseva probabilemente le effecto del

facto que le passage transplacental habeva occurrite a tin plus longe intervallo

ante le parturition. In duo casos, tin persistentia de erythrocytos fetal in le

matre esseva observate multo in ultra del normal longevitate. In ambe casos,

massive hemorrhagia transplacental esseva presente in association con anemia

fetal e marcate grados de erythrohlastemia, e in ambe casos le matre e Ic

infante esseva compatibile con respecto al factores del gruppo de sanguine a

tin grado exceptional. Le constatationes suggere le successose transplantation

de replicahile cellulas precursori erythroide ab le feto ad in le matre con tin

prolongate tolerantia del parte del matre. Iste interpretation es supportate

per le resultatos de tin homograffo cutanee ab le prole ad le matre in tin del

casos. Le signification de iste constatationes es discutite.
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