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Abstract. The hemorheological theory of optimal hematocrit suggests that the best value of hematocrit (hct) should be that
which results in the highest value of the hematocrit/viscosity (h/m) ratio. Trained athletes compared to sedentary subjects
have a lower hct, but a higher h/m, and endurance training reduces the discrepancy between the actual hct and the «ideal» hct
that can be predicted with a theoretical curve of h/m vs hct constructed with Quemada’s model. In this study we investigated
what becomes this homeostasis of h/n and hct during acute exercise in 19 athletes performing a 25 min exercise test. VOoax
is negatively correlated to resting hct and positively correlated to discrepancy between actual and ideal resting hct which is
correlated to the maximal rise in hct during exercise. Predicted and actual values of the h/m were fairly correlated (r=0.970
p <0.001) but the actual value was lower at rest and this discrepancy vanished at 25 min exercise. Exercise-induced decrease
in discrepancy between actual and theoretical h/m was negatively correlated with the score of overtraining. All these findings
suggest that h/m is aregulated parameter and that its model-predicted «optimal» values yield a «theoretical optimal» hct which
is close to the actual value and even closer when athletes are well trained. In addition, acute exercise sets h/m closer from its
predicted ideal value and this adaptation is impaired when athletes quote elevated scores on the overtraining questionnaire.
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List of symbols

hct hematocrit
RBC red blood cell
SEM standard error on the mean

1. Introduction

Hematocrit is most often acutely increased by exercise and lowered by exercise training, so that it
has been repeatedly reported to be negatively correlated to aerobic working capacity [4].
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However, the issue of hct in exercise physiology is much more complex since a moderate increase in
hct in physiological conditions induces vasodilation and thus improves blood flow [20], while a small
decrease (approximately —10%) of hct induced by isovolumic hemodilution with homologous plasma
in hamsters leads to an increase in blood pressure [21]. In addition there are training protocols that do
not decrease hct and rather increase it [16].

The idea that there is an optimal hct is an old one [26] but it has recently gained an impressive support
with studies on transgenic mice [25] showing that exercise performance describes a bell-shaped curve
as a function of hct. Interestingly, this bell-shaped curve has been hypothesized on a theoretical basis
since more than 30 years by hemorheologists [6, 27] and is explained by the biphasic effect of hct on
h/m. Below optimal hct, any increase in het increases h/m and thus (theoretically) O, supply to tissues,
but above this optimal value, any further increase has the opposite effect and decreases h/m and O,
supply.

It has become clear over the last years that h/n is not only a theoretical concept but a clinically
relevant parameter that can predict vascular events [28] and is associated to tissue ischemia [29].

Therefore it is interesting to try to predict the optimal hct with hemorheological models that take
into account this concept of h/m, and to compare its value to the actual one in various physiological and
pathological conditions. An attractive procedure for this is to use the very classical Quemada’s equation
to reconstruct from actual viscosity factors the curve of h/m and to detect the hct corresponding to the
top of this curve.

In a previous study we reported that endurance training tends to reduce the discrepancy between the
actual hct and the «ideal» hct that can be predicted with a theoretical curve of h/m vs hct constructed
with Quemada’s model using actual viscosity parameters. We hypothesized that training involved
«viscoregulatory» mechanisms that actually aim at maintaining an optimal h/v and that optimal hct is
only a reflect of this homeostasis of h/r.

A raise in hct is the most classical hemorheological effect of exercise. It is due to fluid shifts and
splenocontraction. To what extent this rise in hct during exercise modifies the homeostasis of h/m is
not known. It can be hypothesized that resting hct in athletes is set at a level which allows to cope with
exercise-induced increase in hct, but there is until now no clear evidence of this.

Therefore, in this study we investigated in another sample of athletes with various levels of aerobic
capacity whether this discrepancy between the predicted “optimal” values of h/n and hct and the actual
ones were related to fitness and what they became when hct increases during exercise.

2. Subjects and methods
2.1. Study subjects

We studied 19 male recreational and professional athletes (soccer, volleyball; age: 17-33 years;
Yotat: 6-12%; VOomax: 41-61 ml/min/kg). Characteristics of subjects are given on Table 1. VOyyax
ranged between 77% and 180% of the predicted theoretical value, so that this sample displays a wide
rage of aerobic capacities.

Exercise test was done according to the protocol of Raynaud et al. [18] which is standardized for
the exploration of metabolic and hormonal adaptation to exercise. This test consists of a progressive
increase over 10 min in order to reach 85% of the maximal theoretical heart rate which is maintained
over 15 min. In this test heart rate was monitored but not oxygen consumption. Blood samples are
drawn at 10 and 25 min of exercise.

VOomax Was evaluated during this test according to Astrand’s nomogram [1, 2], assuming the rela-
tionship between oxygen consumption (VO;) in I/min and power output (P) in watts established by



Table 1
Clinical characteristics of the study subjects (mean + SEM)

Age (years) 21.74+1.08
Weight (kg) 77.96 £1.72
Height (cm) 184.34 £2.29
Body mass index (kg/m?) 22.96+0.39
Fat mass (% total weight) 8.94+0.39
Overtraining score SFMES 10.64 £ 1.61
VO,max (ml/min/kg) 48.54+2.72

Astrand and Ryhming VO, =0.1+0.938xP with a correction for age f=1.21—-(9.1 x 1072 x age). This
classical approach developed in physically fit college students has a reported accuracy of approxi-
mately 10%, which has been recently confirmed by Cink & Thomas [7]. It has been recently found to
be valid for recreationally active males and females [5]. Note that in untrained sedentary subjects [19]
it has been shown to yiel a 26.5% systematic underestimation of VO;p,x.

The specific questionnaire for detection of overtraining in athletes, developed in France by the French
Society of Exercise and Sports Medicine (SFMES), was also employed [3, 12, 15]. This score which
is also validated on a modified form in children [30] indicates the heaviness of training and when its
score is >20 it indicates that an individual is at least on the edge of overtraining [14].

2.2. Bioelectrical impedance measurements

Prior to the exercise-test, subjects’ body composition was assessed with bioimpedance analysis with
a six terminal impedance plethismograph BIACORPUS RX 4000, (SoAGIL DEVELOPPEMENT, 8
avenue Jean-Jaures 92130 Issy-les-Moulineaux, France) with data analysis with the software Body-
Comp 8.4. This device measures total resistance of the body to an alternative electric current of 50 kHz
[9]. Body fat mass, fat-free mass were calculated in each segment of the body according to manu-
facturer’s database-derived disclosed equations, and total water with published equations using the
classical cylindric model and Hanai’s mixture theory [10].

2.3. Hemorheological in vitro measurements

Blood samples for hemorheological measurements (7 ml) were drawn with potassium EDTA as
the anticoagulant in a vacuum tube (Vacutainer). Viscometric measurements were done at very high
shear rate (1000 s™!) with a falling ball viscometer (MT 90 Medicatest, F-86280 Saint Benoit). The
coefficient of variation of this method ranges between 0.6 and 0.8%. We measured with this device
apparent viscosity of whole blood at native hct, plasma viscosity, and blood viscosity at corrected hct
(45%) according to the equation of Quemada [17].

n=m,(1-1/2kd)™? (1)

— where ¢ is hematocrit, 1, is plasma viscosity, and k() is a shear-dependent parameter quantifying
the contribution of erythrocyte rheological properties to whole blood viscosity.

— At the high shear rate used here k(v) is representative of red cell rigidity (i.e., the lower k(vy)), the
higher is erythrocyte deformability).

With this equation it is possible to standardize m for hct 45% after calculating k:
k=2-(1-nr ). ¢! 2)



This value of k is reintroduced in equation (1) with ¢ set at 0.45. Dintenfass’s ‘“Tk’ index [6] was
also calculated as an index of red cell rigidity.

RBC aggregation was assessed with the Myrenne aggregometer [23] 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~!). Hematocrit was measured with microcentrifuge.

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

The curve of theoretical optimal h/m plotted vs hct was reconstructed with Quemada’s equation
presented above. The equation of h/v as a function of h was thus:

h/m=nh/[Mm, 1 —1/2k )] 3)

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

2.5. Statistics

Values are presented as mean =+ standard error of the mean (SEM). Normality of samples was checked
with the Kolmogorov-Smirnov test. After verification of normality, we used ANOVA followed by post-
hoc Student’s t test for paired samples. Correlations were assessed with Pearson’s procedure (least
square fitting). A value of p <0.05 was considered as significant.

3. Results

The graded 25 min exercise test was performed with drawings at 0, 10 and 25 min, i.e. at 10%, 48%
and 76% VOjmax. Table 2 shows the main hemorheologic changes during this exercise test.

It can be seen that whole blood viscosity at both native (p < 0.01) and corrected het (p < 0.05) increases
during exercise, due to a rise in hct (p <0.02) and plasma viscosity (p <0.02) while RBC rigidity is
not significantly changed in this study.

Table 2
Hemorheologic changes during exercise. It can be seen that whole blood viscosity at both native and actual hematocrit
increase during exercise, due to a rise in hematocrit, plasma viscosity. In this sample changes in RBC rigidity index
are not significant

Rest Time Time Overall comparison
10 min 25 min (ANOVA) exercise effect

Actual het (%) 44.63 +0.53 4597 +0.61 46.05+0.86 p<0.02
Whole blood viscosity at hct 3.37+£0.10 341+£0.10 3.69 £0.21 p<0.05

corrected 45% (mPa.s)
Whole blood viscosity at actual 3.36+£0.10 3.62+£0.10 3.65+0.08 p<0.01

hct (mPa.s)
Plasma viscosity (mPa.s) 1.4040.01 1.434+0.01 1.47£0.03 p<0.02
‘k’ index (Quemada) 1.58 +0.05 1.63+0.05 1.60 £0.04 NS
Theoretical maximal h/m 13.65+£0.43 12.95+£0.45 12.88 £0.32 p<0.05
Actual h/m 13.48 +0.44 12.74 £ 0.46 12.86 +0.35 p<0.05
Theoretical optimal hct (%) 42.89+1.48 41.33+1.55 42.58+1.08 NS

*p <0.05 vs baseline.
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Fig. 1. Upper pannel: Correlation between the h/m ratio predicted with the model and the actual h/v. Lower pannel: Bland-
Altman plot showing the agreement between the h/m ratio predicted with the model and the actual h/v. On the whole the
agreement between theoretical and optimal is very strong. However one point at T25 has a h/ny markedly higher than predicted.

Figure 1 shows that here is a fair agreement between theoretical and optimal values of h/n. Predicted
and actual values of the h/m were fairly correlated (r=0.970, p <0.001) but the actual value was slightly
lower at rest (1.26, p<0.01) and at 10 min exercise (—1.68, p <0.001) and this discrepancy vanished
at 25 min exercise.

However, as seen on Fig. 2, agreement is less close between optimal hct predicted with the model
and the actual hct.

It can be seen that on the average actual hct is slightly higher than the predicted optimal hct. Figure 3
shows reconstructed curves of the theoretical optimal h/m) plotted vs actual hct in the subjects at rest
and at exercise, showing that the theoretical optimal h/ tends to be higher at rest than during exercise
(p<0.01). On Fig. 4 it can be seen that exercise decreases the discrepancy between theoretical and
actual h/m ratio but increases the discrepancy between theoretical and actual hct.
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Fig. 2. Upper pannel: Correlation between optimal hematocrit predicted with the model and the actual hematocrit. Lower
pannel: Bland-Altman plot showing the agreement between optimal hematocrit predicted with the model and the actual
hematocrit. On the average actual hematocrit is slightly higher than the predicted optimal hematocrit.

Correlations among the various viscosity factors and VO,,.x were looked for, and the only one which
appeared significant in this sample was the correlation with hct (see Fig. 5). VOpnax Was negatively
correlated with native but not optimal hct and was positively correlated with the discrepancy between
them. This means that in the less fit subjects hct is higher than optimal and in the fitter ones this
difference vanishes with some values of actual hct slightly lower than optimal.

Figure 6 shows the correlations between the discrepancy (theoretical vs actual hct during exer-
cise) and the hct response to exercise. Both the maximal value during exercise and the maximal
rise in hct during exercise are correlated to this discrepancy. This means that when actual hct is
higher than optimal, it predicts also a greater increase in hct during exercise and a higher hct during
exercise.
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There was also a negative correlation between changes in plasma viscosity and changes in RBC
rigidity at exercise at T10 (r=-0.566, p <0.02) and at T25 (r=-0.495, p<0.01).

4. Discussion

This study shows that in a sample of athletes the prediction of h/m ratio and ideal hct with Quemada’s
equation yields values well correlated to the actual measured values. However hct exhibits discrepancies
with the theoretical “optimal” values and these discrepancies are proportional to exercise-induced hct
increase, and lower in the fitter athletes.

The old concept of ideal hct, and its hemorheological definition with the top of the curve of h/m ratio
is now supported by a large body of experimental and clinical evidence [29].

Experimentally in transgenic mice the relationship between hct and VO, describes a bell-shaped
curve parallel to that of h/m [25].

In preceding studies we showed that actual hct is always lower than the predicted value in either
athletes or sedentary subjects, but that the discrepancy is around 13-14% (i.e. 6-7% in units of hct)
in sedentary subjects and of 1-5% or less (i.e. 0.5-2% in units of hct) in athletes. Apparently the
more the athletes are trained the lower the discrepancy. The same is true for the ratio h/m which is
closely correlated to its theoretical optimal value (and slightly lower) in fit athletes while in sedentary
individuals it is 2—6% higher. In this sample the same tendency is observed.

There is however a large overlap in values of hct and h/m among sedentary and trained subjects
so that it is difficult on the basis of these measurements to define if an individual is trained or not
[16]. By contrast various reports indicate that aerobic training (in contrast to resistance training) is
associated with a hemorheological profile that promotes both oxygen transport and delivery [24], and
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accordingly it is commonly observed that aerobic training increases h/m despite the decrease in hct it
induces [8, 22].

It is clear that the regulation of hct is a complex issue. First of all, there are huge differences among
hct values found in various territories of circulation [13] and hct undergoes in these various tissues
drammatic modifications in situations such as exercise [11]. Presumably, during exercise, a rise in hct
in muscular vessels is an important mechanism, and the parallel rise in systemic hct is less important
for muscle performance. However, our findings support the concept that systemic hct, which is quite
similar in veins and arteries, is set close to its “ideal” value. In fact, it is interesting to notice that the
agreement between theoretical and actual values is almost 3-fold closer for h/m than hct, suggesting
that h/m (or O, delivery that it is assumed to represent) is the regulated value rather than hct, and that
this homeostasis seems to be more efficient in trained subjects.

On the whole, our study suggests that hct needs to increase during exercise in order to allow an
increase in muscular microvascular hct, but regulatory mechanisms prevent systemic hct to increase



above its optimal value and to decrease blood flow. The discrepancy between optimal and actual hct
represents this reserve allowing systemic hct to increase. In sedentary people this gap between optimal
and actual hct allows the possibility to increase hct by 6-7% (in units of het). In endurance athletes such
as those studied here, physiological adaptations make this systemic hct response less necessary and
thus the gap is lower (0.5-2% in units of hct) allowing systemic hct to be set even closer from the ideal
value. This regulation of hct is underlied by a regulation of h/nj explaining that h/m is set more closely
to its ideal value as predicted by a hemorheologic model. Presumably, a regulatory loop involving
erythropoietin and triggered by both PO, and viscosity plays a central role in this homeostasis.
Whether the picture is the same in other sports, for example resistance sports, remains to be studied.

5. Conclusions

Therefore, on the whole, we show in this study that endurance trained athletes have a value of hct and
h/m closer to the optimal value predicted by a hemorheologic model based on Quemada’s equation.
This is likely to be due to the fact that the gap between theoretical and actual values represents a
physiological reserve allowing systemic hct to increase during exercise without trespassing the ideal
value, avoiding this hct response to impair oxygen delivery to tissues. In endurance-trained athletes this
protective reserve seems to be less necessary. Other studies are needed in order to ascertain whether
this is a general mechanism or an adaptation which is different among sports.
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