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Abstract. Physiological studies on fetal blood in narrow glass tubes have suggested that fetal optimal hematocrit (hct) might
be as high as 60%. A theoretical ‘ideal’ hct can also be predicted with a theoretical curve of hematocrit/viscosity (h/m) ratio
vs het constructed with Quemada’s model. We used the database of one of our previous papers on fetal hemorheology to
reinterpret its results with this concept. A series of 28 intrauterine cord punctures (between 19 and 33 weeks gestation)
with doppler measurements of resistance in umbilical arteries was studied. The theoretical ‘optimal hematocrit” was well
correlated to actual (r=0.857, p<0.01) but systematically lower (Bland-Altman plot +12.1[8.52-15.7]) than the actual one.
Umbilical artery resistance index is correlated with actual hematocrit (r=0.407, p <0.05), the discrepancy between ideal
and actual (r=-0.542, p <0.05) but not predicted ideal hematocrit, suggesting that the discrepancy between ideal and actual
may reflect an adaptative decrease aiming at reducing vascular resistance. These findings indicate that prediction of ideal
hematocrit with Quemada’s equation makes sense in fetal blood, and suggest that a ‘viscoregulatory mechanism’ maintains
hematocrit below this theoretical value in order to avoid excess vascular resistance.
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List of symbols

RBC red blood cell

1. Introduction

The hemorheological properties of blood in the normal fetus have been the matter of several studies
over the last decades [1, 3,4, 7, 8, 12, 14, 16, 17, 21]. These studies evidenced that the fetus has a high
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hematocrit, a decreased red cell deformability, and very low values of erythrocyte aggregation and
plasma viscosity. Therefore this specific pattern associates properties that can lead to an increase in
blood viscosity, and others that can do the opposite. During the early nineties, intrauterine venepunc-
tures [5] allowed our team to describe the physiological evolution of fetal blood viscosity during the
intrauterine life and to evidence a correlation between fetal blood viscosity and hemodynamic data
obtained by doppler just before the puncture [6]. Such an invasive approach of fetal blood is no longer
used today and it would be impossible to replicate this study, but the databases obtained at that time
are still available.

In various fields of medicine the issue of optimal hematocrit [9] is a matter of numerous studies that
have renewed its interest [23], and it was attractive to investigate also this issue in fetuses.

The surprisingly high value of hematocrit found in newborns has raised the question of how fetuses
could cope with a so high hematocrit. Linderkamp investigated thus the issue of optimal hematocrit
in fetal blood in vitro in narrow glass tubes, and found with this in vitro approach values of optimal
hematocrit around 40% in 500-pm tubes, around 52% in 100-pm tubes, and around 60% in 50-pm
tubes [18].

In both sedentary and exercise-trained adults we have reported that Quemada’s equation [20] pro-
vided a prediction of a theoretical optimal hematocrit that fairly predicted the actual one, but that
sedentary individuals had an actual value of hematocrit lower than the ideal one, the discrepancy
between ideal and actual being related to red cell rigidity and blood pressure, and representing thus
a ‘reserve’ subjects in order to cope with the need of increasing blood viscosity factors in case of
exercise without impairing O, supply to tissues.

We applied this calculation to our previously obtained database of fetal blood viscosity measure-
ments obtained from intrauterine cord blood samplings, in order to calculate the theoretical optimal
hematocrit, to compare it with the actual one, and to investigate whether this discrepancy is related to
hemodynamic parameters.

2. Subjects and methods
2.1. Study subjects

We used the database of a previous paper on fetal hemorheology to reinterpret its results in order to
test prediction of hematocrit [6].

Fetuses included in this study underwent a cord venepuncture for the detection of genetic abnormal-
ities and/or recent infection by rubella or toxoplasmosis. Cordocentesis was performed in utero during
pregnancy as previously reported [5]. The method allowed an ambulatory sampling during a hospital
visit performed in an operating room with surgical preparation of the abdomen. No premedication
(e.g. maternal sedation) was administered. Bladder filling was unnecessary. The ultrasound device was
a 3.5 MHz sectorial transducer (Combison Kretz 320) manipulated through a sterile bag. After local
anesthesia (1 per cent xylocaine), a 22.5 gauge needle fixed on a syringe was introduced in the plane
of the ultrasound section through the abdominal wall, the uterine wall, the membranes, into the amni-
otic cavity, and finally into the umbilical cord. The 22.5 gauge needle was chosen in order to reduce
cord bleeding when the needle was withdrawn. Fetal blood was aspirated after changing the syringe
in order to avoid contamination of samples with maternal blood or amniotic fluid. The duration of
funicular bleeding was noted at the withdrawal of the needle. Two hours after sampling, patients were
again examined ultrasonographically. Preventive antibiotic treatment consisting of 2 g of cefotaxime
daily was administered for 5 days, as well as an injection of anti-D gamma globulin if the mother was
Rh-negative and fetus Rh-positive. Two methods were used for verifying purity of blood samples: the



Kleihauer test and the measurement of the mean corpuscular volume on a Coulter Counter S Plus II.
During the study period, samplings were performed by the same obstetrician and ultrasound guidance
was performed by the same specialist.

Pathologic cases (malformations, fetal distress) were excluded from the study. Finally, a group
of 119 ‘normal’ fetuses was constituted. Fetuses were studied between 18 and 39 week’s gestation.
Twelve fetuses were studied between 18 and 21 wk, 21 between 22 and 23, 21 between 24 and 25,
15 between 26 and 27, 16 between 28 and 29, 10 from 30 to 31, 11 from 32 to 33, 5 from 34 to 35
and 8 between 36 and 39 wk. At the same time, maternal blood was also drawn (just before the cord
puncture).

2.2. Doppler measurements

Arterial resistance index of Pourcelot [19] was calculated from Doppler waveform analysis as the
difference between systolic and diastolic velocity index divided by the systolic index. This index was
calculated in this study in the umbilical artery and in uterine maternal artery, just before the puncture.

2.3. Laboratory measurements

Blood was collected into potassium EDTA. In fetuses, only 2 to 3 ml were drawn, while in mothers
this volume was 7 ml. Measurements were performed within two hours after venepuncture. Hematocrit
(packed cell volume) was evaluated by a microhematocrit technique on a Hettige autocrit centrifuge.
Blood viscosity and plasma viscosity were measured at very high shear rate (y=1000 s~') with
a micro-method. Measurements were performed on the MT90 falling ball viscometer (Medica-test,
37 rue de I’Ermitage F-86280 Saint Benoit) [11, 13]. We used for control quality and calibration a more
sophisticated viscometer which needed unfortunately too much blood and could not be employed for
fetal blood. The coefficient of variation of this method ranges between 0.6 and 0.8% (10 repetitive
measurement of the same sample). The results of viscometric measurements were expressed as apparent
viscosity at native hematocrit mb, viscosity for corrected hematocrit 45% m45, and RBC rigidity
index ‘Tk’. Correction of blood viscosity for hematocrit was calculated according to Quemada’s
equation [20].

mb=mpl(l —1/2k.h)~2 (1)

where mpl is plasma viscosity, h hematocrit, and k a structural parameter of blood viscosity which
depends at high shear rate on RBC flexibility. A viscometric index ‘Tk’ of red cell rigidity (as reflected
by shear-induced erythrocyte elongation) was calculated from this viscometric measurement according
to Dintenfass [10]. ‘“Tk’ is given by the following equation:

Tk = (nro'4 - 1) / (»qr°~4.h) )

where mr is relative blood viscosity (i.e. nb/mpl). The ‘k’ index of RBC rigidity was also calculated
according to Quemada [20]:

k=2. (1 - nr—O-S) ! 3)

Quality control of the measurements performed with the MT90 falling ball viscometer was regularly
made with the Carrimed rheometer which allows a precise measurement of blood viscosity over a wide
variety of shear rates (from less than 0.1 up to 2000 s™!). This latter device was not used in the study
because it needs more blood sample volume than available from fetuses.



RBC aggregation in fetal blood drawn in utero was assessed with the Myrenne aggregometer [22]
which gives two indices of RBC aggregation: ‘M’ (aggregation during stasis after shearing at 600 s™")
and ‘M1’ (facilitated aggregation at low shear rate after shearing at 600 s™).

2.4. Prediction of the theoretical optimal hematocrit and hematocrit viscosity ratio

h/m=mn/ [n,(1 = 1/2k )] (4)

The hematocrit corresponding to the top of this curve was considered as the “theoretical optimal
hematocrit”. The highest value of h/m (the top of the curve) was considered as the optimal h/.

2.5. Statistics

Correlations were performed using the method of least squares. Significance was defined as p <0.05.

3. Results

Presentation of viscosity measurements throughout intra uretine life can be found in our preceding
paper [6]. Briefly, whole blood viscosity at native hematocrit measured at high shear rate exhibits
a highly significant progressive increase during the intrauterine life (p <0.01). This increase is first
explained by a gradual increase in hematocrit between 12 and 36 wk (p < 0.05), from an average of 33%
to 40%. However when corrected for hematocrit viscosity (m45) still increases very significantly during
the period of the intrauterine life (p <0.01). This is due to the Dintenfass’ ‘Tk’ RBC rigidity index which
undergoes a progressive increase during the intrauterine life (p <0.05). Plasma viscosity mpl remains
constant during the intrauterine life at an average value of 1.18 =0.01 mPa.s. The h/v ratio remains
constant in fetal blood during the intrauterine life at an average value of 18.84 +0.27 mPa~!.s™!. The
RBC aggregation index ‘M’ before 32 wk gestation remains almost equal to zero arbitrary units (mean
value: 0.04 +0.01). However, at 32-33 wk, they begin to slowly increase (p < 0.05) until delivery. The
RBC aggregation index ‘M1’ is somewhat higher and remains constant during all the pregnancy at
2.98 £0.26.

OnFig. 1 we show the theoretical curve of h/v ratio that yields a theoretical optimal h/v of 16.98 £ 0.5
mPa~!.s~! while the actual average value in the sample investigated is 18.48 4 0.8 mPa~'.s™!. Therefore
the actual h/m is slightly higher than the theoretical (p <0.05). Similarly the model yields a value of
ideal hematocrit of: 45.31 £ 0.71 % which is much higher than the actual one 30.52 £2.26 (p <0.001).
Figures 2 and 3 show the agreement between model-derived and actual values of respectively h/m ratio
and hematocrit.

Figure 4 shows that the doppler-derived umbilical artery resistance index (Pourcelot index) is cor-
related with actual hematocrit, but not with its theoretical ‘optimal value’ and that the discrepancy
theoretical-optimal hematocrit is negatively correlated to this umbilical arterial resistance.

As shown on Fig. 5, the discrepancy between actual and theoretical values of hematocrit is positively
correlated to whole blood viscosity (r=0.800 p<0.01) and negatively correlated to red cell rigidity
index ‘k’ (r=-0.908, p<0.01).

Figure 6 shows that there is a negative correlation between red cell rigidity and the umbilical artery
resistance index (r=-0.565, p <0.05).
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Fig. 1. Theoretical curve of the h/m ratio that gives a theoretical optimal value of at 16.98 +0.5 mPa—'.s™' and a theoretical
optimal value of hematocrit at 45.31 + 0.71 %. Actual values are shown on the figure (full circles) and it can be seen on the

picture that the actual h/r is slightly higher than the theoretical and that the actual hematocrit is markedly lower than the
actual one.

25,00 y =0,8132x + 4,6658
R’=0,2628 . Lo
20,00 Py
L
< 1500
E
[ 2 ]
T 10,00
5,00
0,00
0,0000 5,0000 10,0000 15,0000 20,0000 25,0000
predicted
8 Difference
4l
P
0 ® L @
o® ® »
4| e o ®
8 ‘ . ® . Meap
12 14 16 18 20 22

Difference plotN = 16
Mean difference : -1,49[-2,96 to -0,0242 ]

Fig. 2. Agreement between the model-derived ‘optimal values of h/m ratio predicted with Quemada’s equation and actual

value, showing that actual h/m) is on the average slightly higher than theoretical h/v. The correlation coefficient is »=0.513
p<0.05.
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Fig. 3. Agreement between the model-derived ‘optimal values of hematocrit predicted with Quemada’s equation and actual
value, showing that actual hematocrit is on much lower than its theoretical optimal value given by the model. The correlation
coefficient is r=0.857, p<0.01.

4. Discussion

This study shows that the curve of theoretical optimal h/m plotted vs hematocrit reconstructed with
Quemada’s equation provides a value of “optimal hematocrit” that is correlated to actual one and
is in agreement with the prediction of optimal hematocrit given by Linderkamp’s studies on glass
tubes. Actual hematocrit is much lower than this ‘optimal’ value calculated with the model. Actual
hematocrit is correlated to umbilical artery resistance, while optimal hematocrit is not. The discrepancy
between ideal and actual hematocrit is negatively correlated to umbilical artery resistance index. This
discrepancy is also strongly correlated with red cell rigidity and negatively correlated to whole blood
viscosity. Red cell rigidity is in turn negatively correlated to the umbilical artery resistance index.

As we discussed in our previous paper on the same subject [6], it is difficult, for obvious ethical
reasons, to measure fetal blood rheology without medical reasons for performing a cordocentesis.
Therefore, our sample of fetuses is not a truly ‘physiological’ one and is selected after the fetal
pathologies have been ruled out: this represents an important cause of methodological bias which
seems difficult to overcome. However, we think that this approach provides a more direct evaluation of
what happens in utero than the previous studies using cord blood at birth. Our measurements show that
the study of cord blood of prematures at birth, as performed by the first investigators in this field [1, 3,
4,7,8,12, 14, 16, 17, 21], is a reliable model for evaluating fetal rheology. However, we suggested in
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our previous paper that two major possibilities of artifacts exist for that method: (a) prematures are not
‘normal’ newborns and could be expected to have diseases which modify blood rheology; (b) labor
and delivery are very stressful events which induce in the mother dramatic increases in blood viscosity.
Moreover, for many physiological reasons, the newborn can no longer be considered as a fetus.

Concerning laboratory measurements, the MT90 falling ball viscometer [MT 90 Medicatest,
F-86280 Saint Benoit] which has been largely used in our clinical studies also offers the advantage of
minimal volume requirements (about 800 pl).

As reminded above, Linderkamp [18] determined an optimal hematocrit in fetal blood in narrow
glass tubes that was around 40% in 500-pm tubes, around 52% in 100-pm tubes, and around 60% in
50-pm tubes. Our finding of a value at 45.31 £ 0.71% is consistent with these studies. In addition, the
fair correlation between theoretical and actual hematocrit shown on Fig. 3 suggests that this prediction
of an ideal hematocrit makes sense, even if the body sets the actual hematocrit at a much lower value
of 30.52 £2.26%.

Interestingly, the large gap between optimal and actual hematocrit is inversely correlated with arterial
resistance, indicating that the higher the gap the lower resistance. This observation leads to think that
the body sets hematocrit below ideal in order to minimize arterial resistance.

We previously reported that the hematocrit/viscosity ratio remains constant with no tendency to
increase during intrauterine life, as a result of a combination of the various changes observed during
this period, suggesting that there is in fetuses some degree of homeostasis of the rheologic determinants
of fetal blood circulation during the intrauterine life. By contrast hematocrit gradually increases during
the intrauterine life. However, in this sample, we find a stronger correlation between hematocrit and
its predicted optimal value than between predicted and actual h/m) suggesting that in the case of fetuses
the most closely regulated parameter can ben hematocrit rather than h/x.

In this respect the correlations shown on Fig. 5 may provide an explanation. Hematocrit seems to
be lowered below its ideal value as an adaptative response to increased red cell rigidity, resulting
therefore in a decrease in whole blood viscosity. This may explain the unexpected correlation shown
on Fig. 6. This correlation may indicate that increased red cell rigidity induces vasodilation and thus
decreases vascular resistance, but the lack of maturity of vasomotor regulation in fetal vascular bed
makes this rather unlikely and this may reflect, on the opposite, that increased red cell rigidity induces
a compensatory decrease in hematocrit that sets it below the ideal value. The exact feedback loop
that may underlie such a regulation linking red cell rigidity to hematocrit is not clearly understood
at present. In adults, removal of rigid red cells by the reticulo endothelial system and the spleen are
a classical mechanism of ‘viscoregulation’ [2, 15] but whether it operates in fetus is not well known.

5. Conclusions

On the whole, this study shows that we can predict with Quemada’s model an ideal hematocrit
for fetal blood that is in agreement with previous physiological studies but that in vivo hematocrit
appears to be lower than this ideal value. This lowering appears to be proportional to red cell rigidity
and to vascular resistance in the umbilical artery, suggesting that there is a homeostatic regulation of
hematocrit aiming at avoiding excess vascular resistance in fetal circulation.
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