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Detection of fetal erythrocytes in maternal blood post partum
with the fluorescence-activated cell sorter

Arnold L. Medearis, M.D., Paul A. Hensleigh, M.D., Ph.D., David R. Parks, Ph.D., and

Leonard A. Herzenberg, Ph.D.
Stanford, California

A study was made of the frequency and amount of fetal hemorrhage into maternal biood during labor and
delivery as evidenced by the number of fetal cells present in the maternal circulation immediately after
spontaneous vaginal delivery. A sensitive, indirect immunofluorescence was used with
fluorescence-activated cell sorter analysis of erythrocytes. All of the 16 Rh-negative mothers studied after
vaginal delivery of Rh-positive infants had circulating Rh-positive cells. The mean Rh-positive to
Rh-negative erythrocyte ratio was 1:14,100 in maternal blood, which corresponds to a mean fetal
hemorrhage of 156 ul. The test described is sufficiently sensitive to be used for the study of primary Rh
isoimmunization and could be clinically applicable for antepartum screening to determine which patients
require Rh immune globulin treatment before delivery. (Am. J. OBSTET. GYNECOL. 148:290, 1984.)

Transplacental hemorrhage that leads to fetal eryth-
rocytes in the maternal circulation was first demon-
strated by Chown in 1954.! Attempts to document the
frequency of occurrence and the quantity of fetal
erythrocytes in the maternal circulation were made
possible with the introduction by Kleihauer and asso-
ciates,? in 1957, of the acid elution method of differen-
tial staining of fetal cells. The detection of extremely
small numbers of fetal erythrocytes in a large pop-
ulation of adult erythrocytes has been possible by fluo-
rescence antibody methods.® Serologic tests, such as
fluorescence-labeled antihemoglobin F,* mixed agglu-
tination methods,* and indirect antiglobulin tests,® have
also been used successfully to quantify fetal cells. Stud-
ies in which these various methods were used have dis-
closed the presence of fetal cells in postpartum mater-
nal blood in 15% to 55% of postpartum women.”"® This
range probably reflects the spectrum of sensitivity of
the tests. Even with highly specific fetal erythrocyte
markers, techniques that require manual scanning of
unenriched samples of maternal blood have practical
limits of accuracy when the frequency of the minor cell
population is only one in several thousand.
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The fluorescence-activated cell sorter developed by
Bonner and associates,'® and described by Herzenberg
and associates,'' has the ability to analyze or sort fluo-
rescence-labeled cells according to their size and
Aluorescence intensity. Counting and enrichment of a
minor, antigen-positive cell population within a large
population of antigen-negative cells are possible with
the use of the fluorescence-activated cell sorter. Prior
unpublished work by Jan and Herzenberg'® in this lab-
oratory identified fetal to maternal hemorrhage in all
patients studied.

The purpose of this study was to use the fluores-
cence-activated cell sorter to accurately analyze small
numbers of Rh-positive fetal erythrocytes in Rh-nega-
tive maternal blood obtained after delivery in otherwise
normal pregnancies.

Material and method

Instrumentation. The fluorescence-activated cell
sorter (Fig. 1) analyzes cells and can physically separate
different populations on the basis of individual cell size
and intensity of fluorescence. In the fluorescence-
activated cell sorter, a narrow stream that consists
mostly of cell-free sheath fluid is emitted from a nozzle
and passes through the focused beam of an argon ion
laser. The supervision of fluorescent antibody-treated
cells forms a small core within the stream. As a cell
passes through the laser beam, dye molecules that it
carries are excited and emit fluorescent light which is
collected to give an electronic signal proportional to the
amount of dye on the cell. Laser light scattered by the
cell in the forward direction generates another signal
which is primarily dependent on cell size. The fluores-
cence and light scatter signals can be analyzed on 2a
computer and can also be used to select cells for sorting.

For sorting, the jet-forming nozzle is vibrated at




Volume 148
Number 3

about 35,000 Hz to stabilize the breakup of the stream
into that number of droplets per second. To sort a
selected cell. the droplet that contains it is elec-
trostaticallv charged at the moment that it is formed
from the stream. Charged droplets falling between
charged deflection plates are pulled away from the
stream of uncharged drops into a collection chamber.
In the work described here, the charged cells deflected
into a collector were visually counted by means of an
inverted fluorescence microscope.

Sample collection. Samples of maternal venous
blood were obtained between 2 and 8 hours post par-
tum from 16 unsensitized Rh-negative mothers who
had been delivered of ABO-compatible, Rh-positive,
live-born infants. The samples were stored at 4° C in
acid citrate dextrose anticoagulant and were analyzed
within 2 weeks of collection.

Fluorescence labeling. In preparation for labeling,
an aliquot of 25 ul of whole blood was washed in bal-
anced salt solution.* After being washed, the cells were
suspended in balanced salt solution and incubated for
30 minutes at room temperature with the first anti-
body, high-titer anti-Rh, (D) serum from type AB,
Rh-negative patients (Spectra Biologicals, Los Angeles,
California). After being washed three times in balanced
salt solution, the cells were suspended in balanced salt
solution and treated for 30 minutes with the second
antibody, fluorescenated goat antihuman IgG (Micro-
biological Research Corporation, Bountiful, Utah).
The cells were finally washed three times in balanced
salt solution prior to resuspension for the analysis by
fluorescence-activated cell sorting.

The amounts of the first and second antibodies that
vielded the brightest possible Rh-positive cells with the
least amount of background staining on Rh-negative
cells were determined experimentally.

Control samples on each individual were prepared
by using the second-step antibody alone for dis-
criminating patients with endogenous IgG present on
their ervthrocytes.

Fluorescence-activated cell sorting analysis. For
each sample, 5,000,000 cells were analyzed at an ap-
proximate rate of 10,000 cells per second. Erythrocytes
were selected for inclusion in the fluorescence analysis
on the basis of their characteristic forward light scatter
signal. This criterion excluded leukocytes and most ar-
tifacts. If a positively stained cell population was found
on analysis, as was the usual case when the ratio of the
Rh-positive cells was at least 1:10,000, its presence was
marked by a small positive shoulder on the fluores-

*A liter of balanced salt solution contains the following: 80
gm of NaCl, 0.4 gm of KCl, 0.186 gm of CaCl,, 0.2 gm of
MgCl, - 6H,0, 0.2 gm of MgSO, ' TH,0O, 1.0 gm of anhy-
drous dextrose, 0.06 gm of KN,PO,, plus 0.189 gm of
NA,HPO4.
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Fig. 1. Schematic diagram of the fluorescence-activated cell
sorter.

cence histogram. The computer linked to the fluores-
cence-activated cell sorter caiculated the number of
fetal (Rh-positive) erythrocytes that gave rise to this
fluorescence peak. The calculation was based on the
number of cells in the sample treated with both an-
tibodies minus the control count obtained after use of
the second antibody alone. The total number of cells
analyzed was recorded by the fluorescence-activated
cell sorter and was the basis for determining the ratio
of brightly fluorescent, Rh-positive (fetal) to Rh-nega-
tive (maternal) cells. Finally, the volume of transplacen-
tal hemorrhage was calculated by means of a formula
derived by Mollison'*: A volume of fetal erythrocytes =
2,200/ratio of fetal-to-maternal erythrocytes. This
formula is based on the assumptions that maternal red
cell volume is 1,800 ml and that fetal red cells are 22%
larger than maternal cells.

Fluorescence-activated cell sorting for analysis of
very minor Rh-positive erythrocyte populations. Sam-
ples of maternal blood that failed to show a positive
fluorescence peak on computer analysis were generally
those with Rh-positive (fetal) cells at ratios lower than
1:10,000 Rh-negative (maternal) cells. Accurate analy-
sis of these samples could not be done by direct com-
puter methods but instead required physical sorting of
the cells into a shallow well that contained balanced salt
solution in order to enrich the fluorescence-labeled
Rh-positive cell population. By enriching Rh-positive
cells from a known total population of 5,000,000 cells
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sorting of Rh-negative adult blood and Rh-positive

umbilical cord blood with the use of anti-D serum and fluoresceinated anti-IgG. The curves were
superimposed after separate staining and analysis of samples. The fluorescence scale is logarithmic
with 56 channels per decade. Thus, a typical Rh-positive cell at channel 125 is 27 times as bright as an

Rh-negative cell at channel 45.

and then visually scanning on an inverted fluorescence
microscope, and counting all fluorescent cells with
erythrocyte morphologic features, we determined the
original ratio of positive-to-negative cells. The sensitiv-
ity of this method depends on the background count of
fluorescent erythrocytes (second antibody alone) for
each sample. Since a few cells with fluorescence were
found in the second antibody controls, we concluded
that Rh-positive cells were present only when the sam-
ple treated with first and second antibodies had twice
the number of fluorescent erythrocytes found with the
second antibody incubation alone. Background counts
were generally on the order of 20 cells per five million
cells sorted and analyzed. The sensitivity by this fluores-
cence-activated cell sorting and microscopic scanning
technique was in the range of 1:250,000 erythrocytes,
but varied with individual patients. The measured ratio
of cells was converted into the corresponding volume
of transplacental hemorrhage by the above-mentioned
formula. Thus, the volume of fetal to maternal hemor-
rhage is 2,200 divided by the number of maternal cells
counted for each fetai cell—a ratio of 1:220,000 repre-
sents a fetal to maternal hemorrhage of 0.01 ml or 10
ul of fetal erythrocytes.

Results

Initial evaluation of the fluorescence-activated cell
sorting analysis technique consisted of comparisons of

pure samples of Rh-negative (adult, nonpregnant)
erythrocytes to samples of Rh-positive umbilical cord
blood. Analysis of the staining characteristics was done
separately, and then artificial dilutions at known ratios
were prepared for analysis. Fig. 2 shows the results of
double-antibody fluorescence staining and fluores-
cence-activated cell sorting analysis of an Rh-negative
adult and a sample of Rh-positive cord biood, known to
be heterozygous for Rh, (D) because the mother was
Rh-negative. The two samples were analyzed sepa-
rately and their fluorescence curves were superim-
posed. Separation on the histogram of the Rh-negative
and heterozygous Rh-positive cells shows that the
anti-D serum used as the first antibody had the ability
to distinguish and therefore enumerate Rh-positive
erythrocytes in a mixture. The ordinate of the histo-
gram in Fig. 2 indicates the fraction of the total cells
analyzed, and the abscissa represents increasing fluo-
rescence intensity in log units.

To further document the applicability and accuracy
of the proposed method of analysis in clinical situ-
ations, artificial mixtures of heterozygous Rh-positive
cord blood and Rh-negative adult blood were prepared
and analyzed. Fig. 3 shows a histogram of an analysis of
a 1:5,000 mixture. A positive signal peak appears at
the intensity rate of fluorescence at which positive cells
are expected to appear. Computer analysis of the
number of cells represented by this peak first involves




084
col.

Ccy

Ive
ed
of

at
ells
he
ves

-

Volume 148
Number 3

3a_|

FRACTION OF 2@

-3 4
TOTAL (12 ) )
PER CHANNEL i

18]

Fluorescence-activated cell sorter 293

'V'T'V'Y‘E!‘\'fr T T T T T T T T T 7T
ﬂ IIUU 150 88 1250

FLUORESCEIN ADC CHANNEL

Fig. 3. Artificial mixture of 1/5,000 Rh-positive to Rh-negative erythrocytes. The 99.8% cells below
channel 80 were excluded to give this magnified display of the brighter cells. The fluorescence scale

is logarithmic with 56 channels per decade.

integration of the number of cells within the fluores-
cence intensity spanned by the peak, and then analysis
of a parallel second antibody control sample. The dif-
ference in number of cells in this band between the
sample and its control is the number of Rh-positive
cells present. Reconstruction experiments with the use
of artificial mixtures that ranged from 1:100,000
showed that computer analysis with the Auorescence-
activated cell sorter gave results which were within 20%
of true ratios so long as the mixtures were in excess of
1:10,000. Similar accuracy was extended to 1:100,000
if Huorescence-activated cell sorting and visual fluores-
cence microscopic scanning were combined for the
more dilute mixtures. Beyond 1:100,000, accurate
analysis was dependent on the frequency of positive
IgG (second antibody alone) staining cells. In most
cases these were present at a frequency of about 1:
250,000, but were as rare as 1: 1,000,000 or as common
as 1:100 in one individual. Because of this extreme
variability, second antibody controls were critical for
analysis of each individual, and the sensitivity for each
analysis was dependent on the number of erythrocytes
bearing non-Rh 1gG on their cell surfaces.

The study population chosen for analysis of un-
known mixtures was composed of Rh-negative women
who were delivered of Rh-positive ABO compatible in-
fants. None of these women had positive Coombs tests
nor had they been treated with RhIG prior to delivery
or before drawing of the postpartum sample of blood
for analysis by fluorescence-activated cell sorting. Six-

Table I. Ratio of fetal to maternal erythrocytes in

unsensitized ABO compatible, Rh-incompatible

postpartum women

Patient Ratio Volume*
1 1/3,900 0.564
2 1/5,000 0.440
3 1/6,400 0.343
4 1/9,800 0.224
5 1/16,900 0.130
6 1/18,100+ 0.121
7 1/18,300 0.120
8 1/25,000 0.088
9 1/29,000 0.076
10 /38,300t 0.057
11 1/40,200 0.055
12 1/61,600 0.036
13 1/63,700 0.034
14 1/78,100 0.028
15 1/79,000 0.028
16 1/600% 3.67

Mean volume = 156 ul. Mean ratio 1/14,100.

*Reference 13. Milliliters of fetal erythrocytes present in
the maternal circulation = 2,200/maternal erythrocytes per

each fetal erythrocyte.
+Twin pregnancy. .
tPostsplenectomy; not included in the mean

teen postpartum patients were studied and the ratios of
positive (fetal) to negative (maternal) Rh cells are
shown in Table I, along with the calculated volume of
fetal to maternal hemorrhage. Patient 16 was excluded
in calculating the mean ratio and fetal hemorrhage
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Table II. Ratio of fetal to maternal erythrocytes in
unsensitized Rh-negative women subsequent to
delivery of an infant with Rh-positive blood

D-positive/ D-negative
Mother ratio

141,000

: 43,600
112,100
: 14,600
: 105,000
: 5,360

: 75,200
: 163,000
: 11,900
: 18,100

© 00~ O RN —
bt et bt s e ot ot st

* Mean

Modified from Jan and Herzenberg.”

volume because of the known delay in clearance of
antibody-coated erythrocytes by individuals who have
had a splenectomy.!* Data from the other 15 patients
showed a mean ratio of 1: 14,100 fetal to maternal cells,
which represents a mean fetal erythrocyte volume of
156 ul in the maternal blood.

Comment

Transplacental passage of fetal erythrocytes is a rec-
ognized biologic phenomenon which, according to sev-
eral reports, is most prevalent at the time of labor and
delivery. With the relatively insensitive Kleihauer-
Betke test, fetal-to-maternal hemorrhage has been es-
timated to occur in as few as 15% or as many as 55% of
cases studied. The accuracy of the Kleihauer-Betke test
was investigated by Mollison. Reports on fetal cell fre-
quency in prepared mixtures of 1:1,000 to 1:10,000
were variable by tenfold among the 12 laboratories that
participated.' Furthermore, the specificity of the Klei-
hauer-Betke test in clinical use is open to question,
since up to 10% of adults have a few cells which have
the staining characteristics of fetal erythrocytes.® Fluo-
rescence-activated cell sorting offers several advantages
in the study of fetal to maternal hemorrhage: the abil-
ity (1) to examine many cells rapidly, (2) to analyze for
specific, unique fetal erythrocyte antigens, such as Rh,
(D), and (3) to physically sort and enrich minor cell
populations to facilitate visual counting methods.

Our quantitative data on the extent of fetal to mater-
nal hemorrhage with immediate postpartum sampling
are similar to previously unpublished findings in our
laboratory by Jan and Herzenberg,'2 who used a similar
technique (Table II). Notably, in both series, each of
the postpartum Rh-negative women studied by fluores-
cence-activated cell sorting analysis had circulating
Rh-positive fetal erythrocytes. This consistent finding is
at variance with the findings of previous reports men-
tioned in which fetal to maternal hemorrhage was pres-
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ent in 15% to 55% of cases.”~® On the basis of our data,
we hypothesize that fetal-to-maternal hemorrhage is a
universal occurrence, which can only be recognized
with the use of adequately sensitive methods. Our
findings also account for previous reports that Rh
isoimmunization has occurred in cases with negative
cell counts by other techniques.'® Isoimmunization may
result from fetal to maternal hemorrhage of fetal
erythrocyte volumes less than 100 ul, which would give
a fetal-to-maternal ratio of 1:20,000 or less.'® The dif-
ference in mean volumes of fetal hemorrhage between
the previous and the current series (122 versus 156 ul)
is not statistically significant. In addition, the amounts
of hemorrhage should not be compared because the
initial series was not controlled for ABO incompatibility.

The sensitive technique described directs our inter-
ests toward a reassessment of primary Rh immuniza-
tion. Having established that fetal to maternal hemor-
rhage occurs by the end of nearly all pregnancies, we
have posed new questions about the occurrence of
primary Rh immunization in only 15% of those at risk,
without the use of prophylactic Rh immune globulin
subsequent to delivery. We now have a method
sufficiently sensitive to produce direct observations on
minor Rh-positive erythrocyte populations, in the dose
range believed to result in immunization.

With the fluorescence-activated cell sorting erythro-
cyte technique, we now have the capability of docu-
menting which obstetric events, procedures, or compli-
cations represent genuine hazards for increased risk of
Rh immunization. Antepartum sensitizations are rare
events even after amniocentesis, which is thought to
increase risk. Reports have not generally included
sufficient observations to establish the degree of am-
niocentesis-related risk. In fact, our recent data would
not suggest that amniocentesis results in an increased
incidence of immunization.'” With a surveillance tech-
nique which measures minor Rh-positive erythrocyte
populations beyond the dose range of immunizations,
the several conditions previously thought to represent
immunization hazards® can now be studied for con-
firmation or rejection.

The fluorescence-activated cell sorting erythrocyte
technique must be considered to be a research proce-
dure because of the equipment, time, and expense
needed to evaluate each sample. An individual sample
plus control requires a minimum of 4 to 5 hours, and
the usual time needed for the complete analysis of one
to three samples is 2 hours of cell sorter time and 50 6
hours of technician time.

To date, cell sorters have been designed as research
instruments; currently, clinically applicable cell ana-
lyzers are now being marketed. The usefulness and
cost benefit for detection have yet to be determined.

Finally, with the sensitive method described in this
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report, we have opened a new avenue of approach for
further reduction of Rh immunization. Rather than
contemplate the marginal benefits versus risks of an-
tepartum prophylactic Rh immune globulin for all
pregnant Rh-negative women, we can offer the alter-
native of population screening to identify specific Rh-
negative mothers at risk. Women known to have circu-
lating fetal cells would benefit from antepartum Rh
immune globulin treatment at a much higher ratio.
Further refinement of the methods described may lead
to a clinically useful screening test for fetal-to-maternal
hemorrhage and a safer and more cost-effective ap-
proach to the prevention of primary Rh immunization.

With the use of high-titer anti-D immune globulin,
the fluorescence-activated cell sorter is capable of
quantitatively analyzing minor populations of Rh-D-
positive erythrocytes with ratios as rare as 1:10,000 in
Rh-negative blood. The sensitivity can be extended to
ratios of below 1:100,000 by enriching the minor
population with fluorescence-activated cell sorting into
a counting well and subsequent manual counting of all
fluorescence-labeled erythrocytes with a fluorescence
microscope. Our studies of postpartum patients have
shown that fetal-to-maternal hemorrhage was a regular
occurrence during labor and delivery.
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