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Abstract. Effects of exercise on erythrocyte aggregation were investigated in 19 elite athletes. High shear rate viscometry
(1000 s−1) evidenced an increase in blood viscosity explained by an increase in hematocrit (+8% p < 0.01) and plasma
viscosity (+7% p < 0.01). Erythrocyte rigidity index and erythrocyte aggregability measured using the Myrenne erythroag-
gregometer did not change. However, using the laser backscattering technique (SEFAM erythroaggregometer), we observed
significant changes in aggregability and desaggregability after 25 min of exercise. The initial aggregation time (TA) decreased
by 33% (p < 0.01), while the final aggregation time decreased by 13.6% (p < 0.01). TA was correlated with areobic work-
ing capacity (r = 0.73; p = 0.005), which was negatively correlated with blood viscosity at rest (r = −0.57; p = 0.043).
A significant relationship was observed between TA and the initial fibrinogen levels (r = 0.71;p < 0.01). The plasma volume
contraction during exercise was found to be statistically explained by the water loss proportional to the total work load. Thus,
laser backscattering demonstrates an increase in aggregability and a decrease in disaggregability of red cells during exercise,
proportional to baseline fibrinogen values.
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1. Introduction

Exercise, whatever its intensity, induces acute modifications in the rheologic properties of blood, re-
sulting in increased blood viscosity [1–3]. Beside changes in hematocrit and plasma viscosity, which are
likely to mostly reflect fluid shifts [4], there are also alterations in erythrocyte physiological properties.
The best established one is a decrease in erythrocyte deformability [5,6]. Concerning erythrocyte aggre-
gation, conflicting results were reported since the most widely used technique (i.e., the light transmis-
sion analysis using a Myrenne aggregometer [7]), generally fails to detect any change in this parameter
during exercise [8,9]. Recently, Hardeman et al. [9], using ektacytometry, reported a 18% increase of
erythrocyte aggregation after physical stress. Another sensitive and well standardized technique which
gives a quantitative assessment of the red blood cell aggregation process is the measurement of laser
light backscattering under controlled flow conditions (i.e., the SEFAM erythroaggregometer [10–14]).
This technique gives also an evaluation of the erythrocyte disaggregability process. Thus, the aim of this
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study was to investigate the effects of a submaximal standardized exercise test on red cell aggregation
and disaggregation in elite athletes.

2. Methods

2.1. Study subjects

Nineteen elite sportsmen (national level, 14 footballers and 5 karatekas) were enrolled into the study.
Their age ranged from 19 to 33 yr, and their weight from 64 to 95.5 kg. The subjects were checked to be
on good health and were free of medication.

During the run-in period, 3 subjects were discontinued due to missing data. Thus, 16 athletes completed
the study. Red blood cell (RBC) aggregability from 2 subjects were not taken into account in the study
due to anti-inflammatory drug intake that modified RBC aggregation.

2.2. Bioelectrical impedance measurements

Body composition was assessed using a multifrequency bioelectrical impedancemeter Dietosystem
Human IM Scan that used low intensity (100–800µA) at the following frequencies: 1, 5, 10, 50 and
100 kHz. The four electrode method minimizes contact impedance and skin–electrode interactions. Mea-
surements were made in fasting subjects after 15 min resting in a supine position. The measurement of
the drop in voltage allowed the determination of total body reactance and impedance. From these values,
using the software Master 1.0 provided by the manufacturer, intracellular and extracellular body water,
fat mass, fat-free mass, and body cell mass were calculated [15,16].

2.3. Exercise-test

No diet restriction was imposed on days preceding the test. Subjects were asked to fast for 12 hr before
commencement of the test at 8:30 A.M. A cannula was placed into the cephalic vein at the level of the
cubital fossa for blood sampling. The exercise-test was performed 2 hrs after a standardized breakfast
[17,18] which 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). This breakfast comprised
2070 kilojoules with 9.1% proteins, 27.5% lipids, and 63.4% carbohydrates. The standardized exercise-
test was performed on a cycloergometer (Bodyguard, Jonas Oglaend A.S, N4301 Sandnes, Norway) as
previously described [19]. It consisted of a 25 min cycling session, with the last 15 minutes at 85%
of the theoretical maximal heart rate given by the tables of the American Heart Association, and was
followed by a 10 minutes recovery. Pedal speed was kept constant at 60 rpm by the subject. Physical
working capacity,W170, was calculated. Its corresponds to the work, in watts, that the subject was able to
perform at a heart rate of 170 b.min−1 [20]. VO2 max was measured from the submaximal steps according
to Astrand’s normograms [21]. Handgrip and adductor isometric strength were measured using home-
made dynamometers [22,23]. Water loss during cycling was evaluated by accurate weighing (Sartorius
model F 150-S-F2, France). Changes in plasma volume (%∆PV) during exercise were evaluated from
hematocrit changes using a formula developed at the NASA-Ames Research Center [24,25] and that has
been demonstrated to be valid in moderate as well as maximal exercise:

%∆PV = 100/(100− Ho)× 100
[
(Ho− H)/Ho

]
,
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where Ho is the hematocrit at rest and H is the hematocrit during exercise. Hematocrit (packed cell
volume) was evaluated by a microhematocrit technique on a Hellige autocrit centrifuge.

2.4. Laboratory measurements

Blood samples for hemorheological measurements (7 ml) were drawn with potassium EDTA as the an-
ticoagulant in a vacuum tube (Vacutainer). Measurements were performed within 2 hours after venepunc-
ture to avoid influence of red blood cell “senescence” [14–26]. Viscometric measurements were done at
very high shear rate (1000 s−1) using a falling ball viscometer (MT 90 Medicatest, Saint Benoit, France)
[27,28]. Accuracy of the measurements was regularly controlled using the Carrimed Rheometer “CS”
(Rhéo, Palaiseau, France) [29]. The precision of this method was 0.6–0.8%. Using this device, the fol-
lowing parameters: apparent viscosity of whole blood at native hematocrit, plasma viscosity, and blood
viscosity at corrected hematocrit (45%) were measured according to the equation of Quemada [30]:

ηblood = ηpl(1− 0.5k × Ht)−2,

whereηblood is the whole blood viscosity,ηpl is the plasma viscosity,k is the index of erythrocyte rigidy
of Quemada and Ht is the native hematocrit.

The Dintenfass “Tk” index of erythrocyte rigidity was calculated [31,32] according the following
formula:

Tk =
η0.4

r − 1
η0.4

r × Ht
,

whereηr is the ratioηblood/ηpl.
RBC aggregation was measured using two well-standardized methods. The first one was the Myrenne

aggregometer [7] which gives two indices of RBC aggregation: “M” (aggregation during stasis after
shearing at 600 s−1) and “M1” (facilitated aggregation at low shear rate after shearing at 600 s−1). The
second one was the SEFAM aggregometer, based upon the experiments of Mills [10–14] on cell disag-
gregation behavior in shear flow, which gives two aggregation indexes “S10” and “S60” (measurements
of the extent of erythrocyte aggregation, relative surface area above the curve calculated over the first
respectively 10 and 60 seconds), the aggregation times of red cells “TA” and “TF” (respectively primary
and final) and disaggregation shear rates “γs” and “γD” (respectively total and partial disaggregation
thresholds).

Fibrinogen was measured with the method of Von Clauss.

2.5. Statistics

Values are presented as mean± standard deviation (SD). The relationships between fibrinogen level
and RBC aggregability, between working capacity and RBC aggregability, between working capacity and
body water losses, and between hematocrit and body water losses were explored. The data were modelled
using a linear, an exponential and an logarithmic models. A one-way analysis of variance (ANOVA) for
repeated measures was performed to compare the variations with time of the hemorheological parameters
during exercise. Significance level was defined asp < 0.05.
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3. Results

Ergometric parameters are presented in Table 1.
Biological responses to exercise are shown in Table 2. Hematocrit did not increase significantly after

a standardized breakfast. Mean values were 41.7 ± 1.7 before breakfast and 42.3 ± 1.5 after breakfast,
just before test-exercise. However, hematocrit increased significantly during exercise. As shown in this
table, high shear rate viscometry evidenced the well known increase in blood viscosity (from 3.07±0.19
baseline to 3.59± 0.22 after 25 min, i.e.+17%p < 0.01). This was explained by an increase in both
hematocrit (from 42.30 ± 1.5 baseline to 45.70 ± 1.5 after 25 min, i.e.+8% p < 0.01) and plasma
viscosity (from 1.34± 0.07 baseline to 1.44± 0.07 after 25 min, i.e.+7%p < 0.01).

Table 1

Clinical and anthropometric and ergometric data of study
subjects (n = 19)

Age (years) 25±1
Weight (kg) 77.2±1.9
Height (cm) 180±1.3
Body mass index (kg/m2) 24±0.3
Waist/hip ratio 0.8±0.01
Fat mass (%) 12.4±0.3
Total body water (%) 60.4±0.7
Total water/fat-free mass (%) 70.3±0.6
Body cell mass (%) 49.9±0.6
W170 (watt/kg) 2.6±0.11
VO2 max (ml.min−1.kg−1) 45.3±2.39
Handgrip strength (N) 444±20.3
Adductor isometric strength (N) 520±8.9

Table 2

Modifications (mean± SD) of rheologic parameters during submaximal exercise in study subjects

Time
Baseline 10 min 25 min 35 min

Blood viscosity 1000 s−1 (mPa.s) 3.07± 0.19 3.42±0.19∗∗∗ 3.59± 0.22∗∗∗ 3.26± 0.22∗

Corrected viscosityη45 (mPa.s) 3.16± 0.22 3.28±0.15∗∗∗ 3.48± 0.11∗∗∗ 3.52± 0.11∗∗∗

Plasma viscosity (mPa.s) 1.34± 0.07 1.41±0.07∗∗∗ 1.44± 0.07∗∗∗ 1.40± 0.07∗

“Tk” (RBC rigidity) 0 .65± 0.04 0.66±0.04 0.66± 0.04 0.67± 0.04
Hematocrit (%) 42.30± 1.50 44.10±1.50∗∗∗ 45.70± 1.50∗∗∗ 42.90± 1.50∗∗∗

RBC aggregation “M” 3.90± 1.12 4.80±1.12 4.30± 1.12 4.60± 1.50
RBC aggregation “M1” 7.50± 1.87 8.90±1.87 8.30± 2.62 8.80± 1.87
TA (s) 3.25± 1.32 2.57±0.67∗∗∗ 1.99± 0.67∗∗∗ 2.67± 0.91∗

TF (s) 41.1± 8.42 37.8±8.40∗∗∗ 33.5± 8.37∗∗∗ 38.1± 5.49∗

S10 23.6± 4.88 24.5±4.32∗∗∗ 27.1± 4.81∗∗∗ 23.5± 4.56∗

S60 40.7± 4.32 41.4±3.96∗∗∗ 43.7± 4.62∗∗∗ 41.5± 3.84∗∗∗

γD (s−1) 45.7± 3.67 47.1±4.53∗∗∗ 48.5± 3.83∗∗∗ 46.7± 4.32∗∗∗

γS (s−1) 95.4± 24.36 83.5±20.46 96.4± 18.13 84.1± 21.97
∆PV (% from baseline) −7.90±3.60∗∗∗ −13.40± 3.20∗∗∗ −3.00± 2.40∗∗∗

∆PV: changes in plasma volume compared to rest as assessed by Greenleaf’s equations.
∗p < 0.05; ∗∗∗p < 0.01 vs. baseline.
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Fig. 1. Correlation between plasma volume contraction (%∆PV) and total work load (WF) during the exercise test. There is a
curvilinear relationship between the two parameters (r = 0.63; p < 0.05).

Correlations between fibrinogen levels and aggregation parameters (TA and S10) were found.

3.1. Hematocrit and water loss after exercise

At rest, a weak negative correlation was observed between hematocrit and total body water in l/kg
measured by bioelectrical impedance (r = −0.5; p < 0.05). Likewise, hematocrit was correlated with
the ratio total body water/fat free mass (r = −0.471;p < 0.05).

The total water loss was correlated to plasma volume contraction (%∆PV) (r = 0.594;p < 0.034) and
to the total work load (WF) calculated from the area of power plotted against time (r = 0.68;p < 0.01).
This total work load was also correlated to plasma volume contraction (r = 0.63; p < 0.05): as shown
in Fig. 1, there were a curvilinear relationship between WF and %∆PV.

Accordingly, a partial correlation analysis [33] shows that the correlation between the total work load
and %∆PV is statistically “explained” by the correlation between %∆PV and total water loss. In other
terms, the proportionality between %∆PV and work load is due to the workload-induced water loss.

3.2. Measures with laser backscattering technique SEFAM

During this experiment, neither the erythrocyte rigidity index “Tk” nor the erythrocyte aggregability
index were significantly modified. However, we observed significant changes in both aggregability and
disaggregability during exercise (Fig. 2). The aggregation time (TA) decreased by 33% (p < 0.01) after
a 25 min exercise and the final aggregation time (TF) decreased by 13.6% (p < 0.01). If these data were
expressed as aggregation index, there was a significant increase in the aggregation index both at 10 s
(+13%p < 0.01) and at 60 s (+6% p < 0.01). The partial disaggregation thresholdγD increased from
45.7 to 48.7 s−1 (p < 0.01).
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Fig. 2. Variations with time of red cell aggregation time (TA) (a), final red cell aggregation time (TF) (b), and partial disaggre-
gation thresholdγD (c).

3.3. Fibrinogen and aggregation

Correlations between fibrinogen levels at rest and hemorheological parameters were investigated.
While no correlation was observed at rest after 25 min of exercise, a strong correlation was found be-
tween aggregation (TA) and initial fibrinogen levels (r = −0.71; p < 0.01) (Fig. 3). We also found a
correlation between S10 and fibrinogen levels (r = 0.60;p < 0.05).

3.4. Working capacity and aggregation

There were highly significant correlations between fitness and blood fluidity. As shown in Fig. 4,
the initial aggregation time TA at rest was correlated with aerobic working capacityW170 (r = 0.73;
p = 0.005).W170 was also negatively correlated with blood viscosity at rest (r = −0.57; p = 0.043)
and with viscosity at corrected hematocrit 45% (r = −0.65; p = 0.016).
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Fig. 3. Correlation between plasma fibrinogen at rest and aggregation index at the peak of exercise after 25 min of exercise
(r = −0.71; p < 0.01).

Fig. 4. Correlation between the initial aggregation time TA and the areobic working capacityW170 (r = 0.73; p = 0.005)
performed on 14 elite athletes. This correlation means that aggregability is negatively related to fitness.

4. Discussion

This study shows that (a) the plasma volume contraction observed during exercise is explained by
exercise-induced water loss proportional to the work load; (b) exercise induces a highly significant in-
crease in red cell aggregability and a decrease in red cell disaggregability, both of them being proportional
to baseline fibrinogen levels.

We also find that exercise-related erythrocyte hyperaggregation is correlated to fibrinogen levels mea-
sured at rest before the exercise test. Subjects with high fibrinogen rate seem to have an aggregation index
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S10 more important and a higher aggregation time TA. Thus, initial fibrinogen levels seem to influence
at least in part RBC aggregation during exercise. Even if correlation between fibrinogen level and ag-
gregation parameters is well known, one can think that other parameters, such as inflammatory proteins,
could be taken into account. Is the increase of fibrinolytic activity during intense exercise a response to
increase of fibrinogen by hemoconcentration? This hypothesis is attractive, since two studies shown that
fibrinogen level remain constant before and after exercise even if the subject drink during it [4–34].

Techniques used to measure red cell aggregability remain a matter of controversy [35]. Clearly, the
Myrenne light transmission analysis, that is useful to detect an increase in red cell aggregation due to
(i) peripheral obliterative arterial disease [36], (ii) pregnancy [37] or (iii) obesity [38], is not very sen-
sitive to detect alterations in RBC aggregability during exercise [8]. Using this technique in previous
studies, we did not found any change in red cell aggregation during a standardized cycling session in ei-
ther professional sportsmen [5] or healthy sedentary children [2] but we detected a change in rugbymen
submitted to a longer, steady-state exercise protocole [39]. Using the SEFAM erythroaggregometer, the
data of this study demonstrate that exercise acutely increases erythrocyte aggregability and decreases ery-
throcyte disaggregability. These results were consistent with those found by Hardeman et al. [9]. These
authors used the Laser-assisted Optical Rotational Cell Analyzer (LORCA) to measure RBC aggregation
which has some degree of similarity with the SEFAM erythroaggregometer. The reason for the discrep-
ancy between light transmission and laser backscattering values is not clear. The process of aggregation
studied, which is fully physiological, is poorly detected using the light transmission analysis which in
contrast clearly detects hyperaggregation in pathologic states. These two methods, which indirectly as-
sess aggregation, may be sensitive to different aspects of the aggregation process. Similar remark has
been made when comparing different methods for the measurement of erythrocyte deformability, e.g.,
viscometry and filtration [28,32].

Nonetheless, laser backscattering demonstrates clearly an increase in aggregability and a decrease in
disaggregability of RBC during exercise. The physiological relevance of this finding remains a matter
of speculation. Erythrocyte aggregation experimentally impairs RBC distribution in muscular microcir-
culatory networks [40]. Therefore, an increase in aggregability during exercise could be hypothesized
to induce alterations in oxygen transfer to tissues at the microcirculatory level. The highly significant
correlation found between the initial aggregation time TA at rest and areobic working capacityW170

suggests that fitness is associated with a low aggregability. Thus, an alteration of this low aggregability
state may represent a limiting factor for body’s adaptation to exercise. Increased erythrocyte aggregation
during exercise may also be hypothesized to play a physiological role in the regulation of microcircu-
latory hemodynamics. According to Johnson et al. [41], erythrocyte aggregation increases postcapillary
pressure, counteracting the effects of blood pressure on the arteriolar side of microcirculation and thus
maintaining capillary pressure homeostasis [42]. Such a mechanism has been suggested to be physiolog-
ically important in horses, which are prone to develop very high pressures in their pulmonary circulatory
bed and are thus at risk for alveolar hemorrage during races. In these animals, erythrocyte aggregation
which is very high may represent a protection against excess capillary pressure [43].

5. Conclusion

This study shows some interesting aspects of exercise hemorheology.
First, the high shear rate viscometry evidences the well known increase in blood viscosity explained

by an increase in both hematocrit (+8%) and plasma viscosity (+7%) [5,44–47]. If we assumed, ac-
cording to classical circulatory physiology, a linear relationship between viscosity factors and muscle
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hemodynamics, it is very surprising to notice that doped athletes, with high Hct and presumably in-
creased 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 [48,49] 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 at rest [50].

Then, it shows that data on fluid status calculated from venous blood measurements are consistent
with that calculated from whole body measurements; indeed, hematocrit is negatively correlated with the
bioimpedance measurement of body water, while plasma volume contraction calculated from hematocrit
changes is correlated with water loss measured by accurate weighing.

On the whole, this study shows that acute submaximal exercise increases both erythrocyte aggrega-
bility and disaggregability. The extent of this increase is proportional to pre-exercise fibrinogen levels.
This hyperaggregation and hypodisaggregation is likely to be of physiological importance but needs to
be more extensively studied.
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