Clinical Hemorheology and Microcirculation 28 (2003) 161-173 161
10S Press

Hemorheological correlates of fitness and
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Abstract. Negative correlations between blood viscosity parameters and fithess have been reported, but their physiological
meaning remains incompletely understood. Since rheo-active treatments are used in athletes doping, we aimed at clarifying the
relationships between hematocrit (Hct), viscosity and performance by comparing aerobic capacity, overtraining questionnaire,
and hemorheological parametegibjects and method29 sportsmen (221 4+ 1.05 yr; 7490 + 1.44 kg; 1785 + 1.05 cm)
underwent a standardised exercise test. Physical working capHGity) ( maximal power outputi{/max) and maximal oxygen
consumption Yo, max) Were calculated. Viscometric measurements were done with a MT 90 Medicatest viscosimeter. Hct
was measured with microcentrifuge. All subjects answered the overtraining questionnaire proposed by the French Society
for Sports MedicineResults The best correlate of maximal power outpliti{ay) was whole blood viscosityr(= —0.383,

p < 0.001). The stepwise regression analysis only selected Heétagdeterminant{ = —0.66,p < 0.001). Similarly the best
determinant oflo, max, €xpressed as a percentage of theoretical values, was: Het-{0.462,p = 0.01). Hct/viscosity ratio

(Hct/n), a proposed index of Hct's positive influence opt@ansfer to tissues, was positively correlatedifaax expressed as a
percentage of theoretical values£ 0.487,p = 0.02). The overtraining score was correlated to plasma viscasity 0.450,

p = 0.016).Conclusion The best hemorheogical correlate of fitness is a low hematocrit and the best hemorheological correlate
of overtraining is increased plasma viscosity.

Keywords: Exercise, rheology, viscosity parameters, physical working capacity, fitness, unfitness, overtraining, doping

1. Introduction

While one of the most popular doping procedures, namely erythropoietin (Epo), increases performance
aside with a rise in systemic hematocrit (Hct) [1,2], exercise training results in a reduction in hematocrit,
this parameter being actually negatively related with fitness [3—6]. Moreover, a moderate reversal of this
low Hct pattern has been described in the early stages of the overtraining syndrome, i.e. a situation where
performance decreases despite adequate or even intensified training.

In a preceding study [6], we therefore pointed out the paradox of this discrepancy between the negative
relationship between Hct and fitness that is constantly found in physiological conditions and the general
popular belief that increasing Hct (mostly with doping procedures or perfusion of autologous blood) is
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a worthwhile mean to increase performance. This issue is strongly relevant in terms of health policy
in athletes. For hemorheologists, there is no doubt that Hct is an important risk factor involved in the
epidemiology of stroke, brain cognitive disorders, and peripheral vascular diseases [7—10]. Accordingly,
it remains very surprising to notice that athletes that should be theoretically prone to a high incidence of
vascular hazards, are also the winners of extremely difficult races in condition very close from (or even
beyond) the limits of human physiology.

The aim of this study was therefore to further delineate in a separate sample of athletes the boundaries
between hemorheological effects of adequate training (that increases performance) and overtraining (that
decreases it), in order to further understand how Hct and blood viscagityg) can be considered as
markers of fithess or unfitness.

2. Methods
2.1. Subjects

Subjects used in this study were 29 elite athletes: 22 footballers, 4 karate professionals, 2 volleyball
players and 1 cyclist. (241 4 1.05 yr; 7490 + 1.44 kg; 1785 + 1.05 cm; BMI 227 + 0.77 kg/n¥).
They were checked to be on good health and were free of medication.

This study was conducted according to the Declaration of Helsinki as amended in the 41st World
Medical Assembly (Hong Kong, 1989). According to the French regulation, this study based on statistics
performed on routine measurements did not require a specific approval of the local Ethics committee.

2.2. Exercise-test

Subjects underwent a standardized sub-maximal exercise session during 25 minutes on a cycloergome-
ter (Bodyguard, Jonas Oglaend A.S., N 4310-Sandnes, Norway). Pedal was kept constant at 60 rpm
during the test. The intensity of the exercise was progressively increased during the first 15 minutes.
Wi70 (W/kg) was calculated as the work in watts that subjects were able to perform at a heart rate of
170 b/min [11]. The maximal oxygen uptak®d, max) Was calculated according to Astrand and Ryh-
ming [12] as well as the maximal power outpliti{ax) according to the following equation:

Winax = (Vo, max — Vo, res)/10.3.

During the last 10 minutes, subjects were asked to cycle at 85% of the theoretical maximal heart
rate assumed to be (220age) [13].W170, Vo, max and Wnax were expressed both as crude values and
as percentages of the theoretical value expected for age, sex and anthropometry (respegtivgly
Vo, maxtheoraNd Wmax/ Waxtheo-

The exercise-test was preceded 2 hours before by a standardised breakfast [14] and was followed by
a 10 minutes recovery. The breakfast was composed of bread (80 g), butter (10 g), jam (20 g), skimmed
concentrated milk (80 ml) (Gloria SA, Paris, France), sugar (10 g) and powder coffee (2.5 g). It comprised
2070 kilojoules with 9.1% proteins, 27.5% lipids, and 63.4% carbohydrates.

2.3. Measurements

Blood samples were drawn after an overnight fast in order to measure plasma ferritin, hematocrit and
hemorheological parameters [15].



A. Gaudard et al. / Hemorheological correlates of fithess and unfitness in athletes 163

Plasma ferritin was measured by the solid-phase two-site immunoradiometric assay kit FER-CTRIA.
Assay sensitivity, defined as the amount significantly different from zero with a probability of 95%, is
1 ng/ml. With this assay, normal values for men range between 75 and 300 ng/ml.

Samples for hemorheological measurements (7 ml) were drawn with potassium EDTA as the anti-
coagulant in a vacuum tube Vacutainer. Viscosimetric measurements were done at very high shear rate
(1,000 s1) with a falling ball viscosimeter (MT 90 Medicatest, F-68280 Saint Benoit) [16,17]. Accu-
racy of the measurements was regularly controlled with the Carrimed Rheometer “CS” (purchased from
Rheo, 91120 Palaiseau, France) [18]. The precision of this method ranges between 0.6 and 0.8% [19].
We measured with this device apparent viscosity of whole blood at native hematocrit, plasma viscosity,
and blood viscosity at corrected hematocrit (45%) according to the equation of Quemada [20]:

Tblood = 7pi(1 — 0.5k x Het) 72,

wherenpiood iS the whole blood viscosityy is the plasma viscosity; is the index of erythrocyte rigidity
of Quemada and Hct is the native hematocrit.

Hematocrit was measured with microcentrifuge. The hemate@sitosity (Hcy'n) ratio, an index of
oxygen supply to tissues, was calculated according to Chien [21] and Stoltz [22], with hematocrit (as
percentage) divided by viscosity at high shear rate determined as described above.

The Dintenfass “Tk” index of erythrocyte rigidity was calculated [23,24] according the following
formula:

Tk = 7254 -1
Ny x Het
wherer), is the rationpiood/1p!-

RBC aggregation was measured using two well-standardized methods. The first one was the Myrenne
aggregometer [25] which gives two indices of RBC aggregation: “M” (aggregation during stasis after
shearing at 600s) and “M1” (facilitated aggregation at low shear rate after shearing at 690 She
second one was the SEFAM aggregometer which is based upon the experiments of Mills [26] on cell
disaggregation behavior in shear flow. This device measures the changes in backscattered light which
are observed when sheared RBC suspensions are abruptly brought to a full stop. The decrease in the
optical signal reflects the formation of RBC aggregates. Some parameters are derived from the curve of
light intensity as a function of time. The aggregation time is the reciprocal of the initial slope (calculated
between 0.5 and 2 sec after the shear has stopped). The aggregation index at 10 sggpigla (S
measurement of the extent of erythrocyte aggregation and is the relative surface area above the curve
calculated over the first 10 seconds. The aggregation index at 60 secgg)defEesents the same value
measured at 60 seconds. This device measures also disaggregation thresholds, by submitting blood to a
succession of shear rates from 608 0 7 s*. The total disaggregation threshotg) is the shear rate
below which the backscattered light intensity starts to decrease, indicating that the shear stress applied
to aggregates is no longer sufficient for allowing complete dispersion of RBC aggregates. The partial
disaggregation shear ratg() is defined as the shear rate corresponding to the intersection point of the
two asymptotes drawn from the extremes (maximum and minimum shear rate). Fibrinogen was assayed
with the Von Clauss method.

Body composition was assessed with a multifrequency bioelectrical impedancemeter Dietosystem Hu-
man IM Scan that uses low intensity (100-808) at the following frequencies: 1, 5, 10, 50, and
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100 kHz. Analysis was performed with the software Master 1.0 that gives the choice among 25 pub-
lished equations for body composition calculations (body water, fat.mg427,28].
Handgrip and adductor isometric strength were measured using home-made dynamometers [29,30].

2.4. Overtraining questionnaire

All subjects answered a standardised questionnaire developed by the French consensus group on over-
training proposed by the French Society for Sports Medicine in order to quantify the early clinical symp-
toms of the overtraining syndrome [31]. This questionnaire includes 54 items; the number of positive
items gives a humerical “score” that helps to evaluate the degree of exercise overload in sportsmen sub-
mitted to a heavy training program.

2.5. Statistics

Values are presented as mean valustandard error (SE). We used the software package Statview
(Jandel Corporation, San Rafael, USA).

In a first step, a stepwise analysis was performed. In a second step, we chose the better model that
rely the correlation found in first step. Correlations were performed by Pearson analysis and multiple
regression analysis. The relationship between different variables and the choice of the best model were
determined on the basis of the correlation coefficient value and the statistical significance. Significance
level was defined gs < 0.05. The relationship between hemorheologic parameters gfcandmnpiood)
and (i) power outputif'max andWizg) (i) Vo, maxand (iii) overtraining score (OTS) were explored.

Normality of parameters was assessed with the normality test of Kolmogorov and Smirnov. This test
gives a K-S distance andgavalue that allow to conclude that the test “passes” or “fails”. A test that
fails indicates that the data varies significantly from the pattern expected if the data was drawn from
a population with a normal distribution. A test that passes indicates that the data matches the pattern
expected if the data was drawn from a population with a normal distribution. When the distributions
is not normal, corresponding values are log-transformed. Distribution of viscosity factors and OTS was
performed by means of the box-and-whisker plot (BWP) procedure. Box and whisker plots combine
statistical techniques and graphical displays for studying symmetry, checking distribution assumptions
and for detecting outliners. Box-plots divide the data into three classes according to its quartiles. A central
line inside the box indicates the median value. The central box (second quartile) encloses the middle 50%
of the data values between the lower and upper quartiles. The underline (called whisker) extends from
the lower end of the box (lower quartile or first quartile) or to the smallest data point. The other whisker
extends from the highest end of the box (upper quatrtile or third quartile) to the largest data point. Lower
and upper quintiles were compared using the Studerest. A value ofp < 0.05 was considered as
significant.

3. Results
3.1. Parameters values

Parameters values are presented as mestandard error (SE) in Table 1.



A. Gaudard et al. / Hemorheological correlates of fithess and unfitness in athletes 165

Table 1
Values (mean valug- SEM) of parameters in studied subjects

Parameters Values+ SEM
Wiro (Watt/kg) 293+ 0.11
Vo, max (Ml.min~t kg™1) 50.0142.20
Wnax 34310+ 2222
Ferritin (ng/ml) 7851+ 9.53
Whole blood viscosity (mPas.s) .81+ 0.05
Plasma viscosityjy (mPas.s) B7+0.02
Corrected viscositys (mPas.s) 304+ 0.05
Hct (%) 4143+ 045
H/viscosity 14714+ 0.32
RBC rigidity Tk 0.60+0.02
RBC aggregation “M” 462+0.38
RBC aggregation “M1” A3+ 0.46
TA (s) 345+0.39
S0 2121+1.13
Seo 3842+1.01
s (s7h 65.06+5.48
o (s7Y) 96.91+9.88
Fibrinogen (g/l) 239+ 0.101
Z 1kHz Q) 59569+ 1335
Z 5kHz Q) 558+ 1133
Z 10 kHz @) 5347141173
Z 50 kHz @) 46178+ 9.22
Z 100 kHz Q) 425+9.25
Total water (1) 4691+ 0.921
Fat (%) 1274+ 0.336
Strength (handgrip) (N) 52604 24.84
Strength (adductors) (N) 79D+ 12553
Overtraining score 24+ 1.39

*Hematological and hemorheological parameters have been measured at
rest before exercise. Aerobic capacity and strength have been measured
after a standardised test-exercise. The overtraining score is the result of a
standardised questionnaire proposed by the French Society of Sport Medi-
cine.

3.2. Correlations

The stepwise analysis only selected Hct as determinaiit:06. Hct/n), npiood, 7p1 @nd Tk were not
added to the ability of the equation to predi®h ;o and were not included in the final equatidft, max
can be predicted from a linear combination of Hct. Hgtnpiood, 7p1 @nd Tk were excluded by the
stepwise analysis. Hct was conserved by the analysis as determiridst,ak expressed as percentage
of theoretical values.

In the whole group of 29 subjects, we found negative correlations betWéep and Hct ¢ =
—0.66, p < 0.001) (Fig. 1a), andVo, max (expressed as a the percentage of theoretical values,
Vo, max/ Vo, maxtheop) @nd Hct ¢ = —0.462,p = 0.01) (Fig. 1b). The best correlations were found with
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Fig. 1. Correlations in athletes, during an exercise-test, between hematocrit (Hct) and (a) the work in watts that subjects are able
to perform at a heart rate of 170 b/mi#/{q) (r = —0.66, p < 0.001) and (b) the ratio between maximal oxygen uptake and

its theoretical valueWo, max/ Vo, maxtheo) (r = —0.462,p = 0.01). These correlations show that fitness is negatively related to

Hct.

35
s 3 Ay ta b
t a5 - ;
| :
215

i

05
o ' ]
104 0] 500 afa [LLei]

wll'lli

Fig. 2. Negative correlation between the aerobic working capatify.f) and whole blood viscosityrfiood) in athletes while
training (- = —0.385,p = 0.01).

linear relationship corresponding to the following equations:

Hct = 49.2 — 2.65W 170,
HCt — 4671 - 4173V02 max/V02 maxtheor
A correlation betwee/max and npioog Was performed by linear regression analysis= —0.393,
p = 0.05) (Fig. 2) The best correlation was found with a polynomial relationship corresponding to the
following equation:

Nblood = 2.7727+ 6 x 107 %W 2., + 0.0023Vmax.

We found also a correlation betwedinax expressed as a percentage of theoretical values
(Wmax/ Wmaxtheop @nd Hc/n with a linear relationship (Fig. 3):

This correlation must be considered carefully because one subject is an outliner. If we exclude him, we
do not longer found the Pearson product moment correlation 0.078,p = 0.735). This subject is a
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Fig. 3. Negative correlation between hematocrit/blood viscosity ratio/gf)end the ratio between aerobic working capacity
Wmax @and its theoretical valud max/ Wmaxtheo) (r = —0.4872,p = 0.02).
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Fig. 4. Correlation between plasma viscosity and overtraining score (OTSy (= 0.450,p = 0.016) showing that over-
training is positively related to plasma viscosity.

football player (29 years old; 61 kg; 170 cm; 21.5 kdJnHe presents the following hematological and
biological characteristics: Hct 43%pi00d 1.99 MPa.SWmax 450, W70 3.2, Vo, max: 49, Hc/n 21.61,
Vo, max/ Vo, maxtheor 1.23. We have no particular reason to exclude him from the test.

OTS was also found to be correlatediig according to a linear relationship (Fig. 4):

npi = 1.331+ 0.057 score = 0.450, p = 0.016)

3.3. Box-and-Whisker Plot (BWP) procedure

Nblood €Xhibits a normal distribution with the Kolmogorov—Smirnov test (K-S distagrc®.1305,
p = 0.2286, passed). By contrast, most hemorheological parameters as well as OTS exhibit a non-
normal distribution: Hct (K-S distance 0.0785,p = 0.0189, failed), Hctn (K-S distance= 0.2058,
p = 0.0029, failed), Tk (K-S distance- 0.2005,p = 0.0054, failed), TA (K-S distance= 0.1865,
p = 0.001, failed),yp (K-S distance= 0.2545,p = 0.0015, failed), ferritin (K-S distance- 0.1706,
p = 0.0306, failed) and OTS (K-S distanee 0.1679,p = 0.0357, failed).ny, M, M1, S;o, Seo, s
and fibrinogen exhibit a normal distribution, (K-S distance= 0.1590,p = 0.0677, passed), M (K-S
distance= 0.1216,p = 0.448, passed), M1 (K-S distanee 0.1401,p = 0.3950, passed),15 (K-S
distance= 0.1193,p = 0.5837; passed),qg (K-S distance= 0.0984;p = 0.7944; passed)ys (K-S
distance= 0.1770,p = 0.1178, passed) and fibrinogen (K-S distare®.1239,p = 0.5342, passed).
Wmax W170 @and Vo, max were also normally distributed?/max (K-S distance= 0.1310,p = 0.4889,
passed)W170 (K-S distance= 0.1219,p = 0.3163, passed)/o, max (K-S distance= 0.1742,p =
0.0960, passed) aridb, max/ Vo, maxtheor(K—S distance= 0.1025,p = 0.5599, passed).
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Fig. 5. Distribution of the overtraining score (OTS) among the 29 athletes included in the study and divided into quartiles after
log-transformation. When OTS is superior or equal to 6, subjects are tired and, above 11, they are overreacdnaaer of
subjects of the quatrtile.

Table 2

Comparison of anthropometric characteristics of study subjects (fhe&EM) classified in 4 quartiles of overtraining score
(Gs)

Quartile of OS Age (years) Weight (kg) Height (m) BMI (kgfn Fat mass (%)
Lowest<2.21 (n = 10) 251+229 75234+ 2.68 1787+1.76 23524+0.49 1289+ 0.48
2.21-6.144 =17) 2429+152 746+ 2.60 1776+ 2.36 23614+ 0.33 12764+ 0.86
6.14-10.96+¢ = 6) 2369+ 229 746+2.21 1792+ 2.98 23274+ 0.57 1207+ 0.76
Highest>10.96 (n = 6) 2558+ 2.33 7496+ 4.48 17867+ 2.78 23454+0.91 13154+0.78
Statistical comparison NS NS NS NS NS

n: number of subjects in the quartile; NS: no statistical difference between the quartiles.

The non-normal distribution pattern of OTS prompted us to use a log transformation prior to define
quartiles of distribution. The distribution became normal using the log transformation procedure (K-S
distance= 0.1321,p = 0.2776, passed). Thus, the limit of the upper quartile was 10.96, and the limit of
the lower quartile was 2.21 (Fig. 5).

Comparison of general characteristics of study subjects is shown Table 2. They remained the same
whatever the quartile.

Comparison of hemorheological parameters across the quartiles of distribution of OTS are presented
Table 3. When the subgroup with high OS (OS > 10.96) was compared with the subgroup with low
OS (0OS< 2.21), subjects in the high OS subgroup were shown to have a higher H67 #2.60 vs
404 £1.02,p = 0.02), a lowerny (1.46 £ 0.04 vs 134+ 0.01,p < 0.006), a lower Tk (b £ 0.05 vs
0.65+0.01,p = 0.02) and a lower ferritin concentration (88t 9.29 vs 981+ 17.3, p = 0.04) (Fig. 6).

Sinceny is the only hemorheological parameter positively related to OTS, we tried to defined also
quartiles of distribution ofj,. The boundary of the upper quartile gf was 1.41 mPa.s. OTS was
higher (145 £ 4.67) in the 6 subjects whosg, was > 1.41 mPa.s than in the 23 others35+ 1.03)

(p < 0.037).

These results can also be expressed in terms of sensitivity and specifiejfy fof predicting the
overtraining syndrome. As 10.96 is the lower limit of the higher quartile, we take this value as an in-
dicator of overreaching. When OTS is superior or equal to 6, we talk about tiredness, above 11 about
overreaching, and above 32 about stillness. Among 8 “overeached subjects”, there were 3 subjects with
npi > 1.41 mPa.s and 5 with, < 1.41 mPa.s. Among the 21 others with “normal” OTS, there were only



Comparison of hemorheological parameters of study subjects (theBBM) classified in 4 quartiles of viscosity sensitivity

Table 3

Quartile of OS Hct Ratio Tblood a5 Plasma Tk M
Hct/viscosity viscosity

Lowest<2.21 404 £1.02 1397+ 0.27 289+ 0.05 327+0.07 134+0.01 065+ 0.01 543+ 0.56

2.21-6.14 443+ 0.65 1412+40.29 2944 0.05 316+0.08 135+0.02 064+ 0.09 398+0.84

6.14-10.96 422+ 0.89 1516+ 0.69 282+0.15 287+0.12 136+ 1.46 058+ 0.03 435+ 0.84

Highest>10.96 4267+ 0.60 1619+ 1.12 2474+0.15 2944+ 0.07 146+0.04 05+0.05 4474081

Comparison highest p = 0.02 p =0.015 NS NS p < 0.006 p = 0.02 NS

quartile vs lowest

Quatrtile of OS M1 TA ) Seo ¥s o) Ferritin Fibrinogen

Lowest<2.21 991+0.84 265+0.22 221+195 3871+£0.97 6459+9.26 855+ 2366 981+17.3 233+0.11

2.21-6.14 87+0.98 452+105  1883+1.97 367+1.88 8388+124 4645+228 958+ 2531 2351+0.41

6.14-10.96 @7+0.98 3251+0.86  2422+2.36 415+295 569+549 7675+ 226 558+ 9.64 262+0.19

Highest>10.96 827+0.26 341+0.60 1994317 3713+277 462+5.78 44664 9.26 483+9.29 226+0.17

Comparison NS NS NS NS NS NS p=0.04 NS

highest

quartile vs

lowest

Hct: venous hematocritjuiood: Whole blood viscosityyss: corrected viscosity at Het 45%; Tk: erythrocyte rigidity index; M and M1: erythrocyte aggregati
indices calculated respectively at stasis and low shear rate with the Myrenne; TA, S10 and S60: parameters quantifying erythrocyte aggtiedgabitl MAM
AFFIBIO erythroaggregometers: total disaggregation thresholgly: partial disaggregation threshold. NS: no statistical difference between the quartiles.
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Fig. 6. Comparison of mean values$EM) of hemorheological parameters in the 4 quartiles of distribution of overtraining
score (*comparison of parameters between the highest quartile of overtraining score and the lowest one).

3 with np > 1.41 mPa.s and 18 withy < 1.41. Thus, the sensitivity afp for detecting overtraining
syndrome is 38 = 37.5%, the specificity 1821 = 85.7%, the positive predictive value B+ 3) = 50%
and the negative predictive value/18 + 18) = 78.2%.

4, Discussion

This study analyses the relationship between various measurements of aerobic working capacity and
factors of blood viscosity. It shows that all these parameters are negatively correlated with viscosity
factors. While the analysis only seleejfsooq as a predictor of maximal aerobic power, Hct is the best
correlate of both/p, max andWi7o. Besides, there is a positive correlation betwggrand OTS.



A. Gaudard et al. / Hemorheological correlates of fithess and unfitness in athletes 171

Therefore, we further confirm the “paradox of hematocrit”. In physiological conditions, fithess is asso-
ciated with a low Hct, while overtraining is associated with a mild hyperviscosity syndrome. Obviously,
this finding does not rule out the fact that anaemia may frequently occur in athletes as a consequence
of iron depletion and be associated with a low Hct/low performance pattern [32]. By contrast, a high
Hct/high performance pattern is clearly a non-natural situation which can probably not result from nor-
mal training and is likely to reflect, most of the time, doping procedures. As pointed out in a preceding
paper of our group [6], when Hct reaches the upper quintile of distribution, i.e. values close from 50%,
performance is likely to decrease.

Actually, the “paradox of hematocrit” is no longer a paradox if we try to understand it with the new
paradigms proposed by H. Schmid-Schodnbein [33] and based upon the percolation theory. If we assumed,
according to classical circulatory physiology, a linear relationship between viscosity factors and muscle
hemodynamics, itis very surprising to notice that doped athletes, with high Hct and presumably increased
blood viscosity, are actually able to achieve remarkable performances. By contrast, the concept of a
non-linear influence of viscosity factors described by the percolation theory makes all this very easy to
understand.

Briefly, the application of the percolation theory to hemorheology means that (a) whole blood viscosity
by its own is not a relevant factor in microcirculation; (b) in high shear/high flow situations, Hct and
erythrocyte rheology do not markedly influence circulatory parameters; (c) by contrast, these parameters
are critical in low flow/low shear conditions. In others terms, in the exercising muscle, blood rheology
has little circulatory influence, and the most relevant hemorheological factor that is able to increase
local resistance is plasma viscosity. By contrast, at rest, high Hct is likely to promote a self-potentiating
viscidation process that may markedly impede local flow. It is interesting to point out that this theoretical
description is in agreement with the clinical picture of Epo-doped athletes that are both extremely fit at
exercise and prone to venous insufficiency [34].

We think that this new theoretical background gives a new interest to the large body of hemorheolog-
ical literature that supports the concept of the “paradox of hematocrit”. This paradox would be in fact
explained by the strong influence of flow conditions on the circulatory effects of Hct. Hct would be,
according to this theory, a factor of viscosity at rest and a factor of increagéchi@fer to tissues in
the high flow/high shear conditions of exercise. Although further studies are needed to fully demonstrate
this interpretation, we think that it provides a satisfactory explanation of what was previously presented
as a paradox.

In addition, we confirm our previous finding [35] of a mild hyperviscosity syndrome in the early stage
of overtraining. As previously reported [35—38], the self-administered questionnaire developed in French
language by the consensus group on overtraining of the French Society for Sports Medicine (SFMS) is
able to detect early stages of this complex situation where performance begins to decrease despite main-
tained or even intensified training, i.e. a situation usually referred as “overreaching”. This questionnaire
gives a “score” which is correlated to various biological parameters [36,37,39]. Interestingly, in the cur-
rent study, the best correlate of this score is plasma viscosity.

Plasma viscosity may be linked to overtraining by several ways. First, as stated above, it is, according
to a physiological interpretation of muscle circulatory physiology based on the percolation theory, the
most relevant factor of blood viscosity for muscle, with an effect which can be expected both at rest and
during exercise. In addition, it is clearly the mirror of plasma composition, and thus reflects both the
hydration status and the inflammatory response, two important sides of the overtraining syndrome [35].

Interestingly, red cell rigidity, which is increased in most hyperviscosity syndromes, is not increased
in overreaching and actually appears to be significantly decreased. Perhaps a different picture would be
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found in more severe conditions of overtraining. Our subjects exhibiting a score higher than 11 represent
a rather moderate situation of overtraining, yet they already have higher plasma viscosity and higher
Hct. Thus, a higher red cell deformability index may indicate that they are more intensively trained than
the other athletes, and that this level of intense training is still beneficial for erythrocyte deformability.
A beneficial effect of intense training on erythrocyte deformability has already been reported in several
studies [40-42].

On the whole, this study further confirms that fithess is physiologically associated with a low Hct,
a condition which is perhaps not critical for optimal blood supply in exercising muscle, but which is
likely to be beneficial in the resting athlete and possibly to play a role in the protective effects of regular
exercise. Given the new theoretical background provided by the percolation theory, these aspects will
require specific studies that will help to resolve the so called “paradox of hematocrit in athletes”. In
addition, blood rheology is impaired when athletes report signs of overreaching; the factor of viscosity
that appears the most clearly related to this situation is plasma viscosity, i.e. a factor of viscosity which
is likely to influence microcirculation both at rest and during exercise.

To summarise all this more briefly, the hemorheological correlate of high aerobic working capacity is
low hematocrit and the hemorheological correlate of overtraining is high plasma viscosity.
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