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Alterations of blood rheology during and after exercise are both
consequences and modifiers of body’s adaptation

to muscular activity�
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bstract

Objectives. – Current knowledge. Exercise has several hemorheological effects that we previously proposed to classify as a triphasic phenomenon:
cute effects (hyperviscosity mostly due to hemoconcentration but also to some alterations of erythrocyte properties), delayed effects (hyperhydration
esulting in hemodilution and hypoviscosity) and a chronic situation, which can be termed hemorheologic fitness. This presentation focuses on
his last stage of hemorheologic effects of exercise. Some recent studies have shown that, according to the training pattern or intensity, it may
esult in different aspects. In endurance athletes (e.g., cyclists), there is mostly a chronic “hyperhydration–dilution status”, but some intriguing
odifications of red cell properties can also be found, in connection with metabolic and hormonal changes (insulin sensitivity, growth hormone

nd IGF-I status...). In sports where strength is improved rather than endurance, red cell aggregation and deformability are improved without
arked changes in body fluid status and are correlated to body composition (percentage of fat) and the balance of substrate oxidation at exercise.

n markedly sedentary obese, insulin resistant patients submitted to a therapeutic protocol of training, the parameter which is mostly improved is
lasma viscosity, which appears to reflect in this case the plasma protein pattern related to the metabolic disorders (fibrinogen, lipoproteins...).
inally, overtraining reverses this picture of “hemorheologic fitness”, mostly by inducing a reversal of the “hyperhydration–hypoviscosity” pattern.
he physiological and pathophysiological importance of these observations remains unsettled, but there is increasing published evidence that these
emorheologic modifications may interfere with the physiology of the human body at exercise. In addition, exercise appears to be a rather effective
rheo-fluidifying therapy” while viscosity mirrors its metabolic effects, which are potentially beneficial on the circulatory level.

Conclusion. – Muscular activity results in marked hemorheologic alterations that reflect short and long term adaptation of a body submitted to
n increase in its load of physical activity.

ésumé

Objectifs . – Revue générale sur les interactions entre exercice musculaire et propriétés rhéologiques du sang.
U
N
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Actualités . – L’exercice a plusieurs effets sur les propriétés rhéologiques du sang. Nous avons précédemment proposé de les décrire comme
n « phénomène triphasique » : effets aigus (hyperviscosité essentiellement due à une hémoconcentration mais également à des modifications
es propriétés rhéologiques des érythrocytes), effets retardés (hyperhydratation entraı̂nant une hémodilution et une réduction de viscosité) et
ne situation chronique que nous proposions de nommer hemorheologic fitness. Ce dernier stade peut présenter différents tableaux. Dans des
ports d’endurance (par exemple, le cyclisme), il y a la plupart du temps un « état d’hyperhydration–dilution » chronique. On observe cependant
ussi des modifications de la rhéologie érythrocytaire liées aux changements métaboliques et hormonaux (sensibilité à l’insuline, hormone de
roissance et IGF-1. . .). Dans les sports de force, l’agrégabilité et la déformabilité des globules rouges sont améliorées sans changements marqués
es compartiments liquidiens et sont corrélées avec la composition corporelle (pourcentage de graisse) et la balance de l’oxydation des substrats

` l’exercice. Chez les obèses, caractérisés par un état de sédentarité, et les patients résistants à l’insuline pratiquant un réentraı̂nement ciblé, le

� Présentée au 6e colloque Biologie de l’exercice musculaire de la Société de physiologie, Clermont-Ferrand, 31 mai et 1er juin 2007.
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aramètre qui est la plupart du temps amélioré est la viscosité du plasma, qui semble refléter dans ce cas le profil protéique plasmatique lié aux
ésordres métaboliques (fibrinogène, lipoprotéines. . .). Enfin, le syndrome de surentraı̂nement inverse de ce tableau d’ hemorheologic fitness, la
lupart du temps en induisant une régression du profil d’« hyperhydration–hypoviscosité ». L’importance physiologique et physiopathologique de
es observations reste mal précisée, mais de nombreux arguments indiquent que ces modifications hémorhéologiques doivent interférer avec la
hysiologie de l’organisme humain à l’effort. Par ailleurs, l’entraı̂nement est une « thérapeutique rhéofluidifiante » très efficace et la viscosité est
n reflet intégré de ses effets métaboliques, potentiellement bénéfiques sur le plan circulatoire.
Conclusion . – L’activité musculaire a des effets hémorhéologiques très marqués qui reflètent l’adaptation à court et long terme de l’organisme

oumis à une augmentation de sa charge d’activité physique.
2007 Published by Elsevier Masson SAS.

eywords: Exercise; Blood viscosity; Erythrocyte deformability

ots clés : Exercice ; Viscosité sanguine ; Déformabilité érythrocytaire

. Introduction

Biorheology is the branch of biological sciences that studies
ow and deformation of biological material under the influ-
nce of the constraints, which are applied to it. The branch
f biorheology focusing more specifically on blood is termed
emorheology. Its purpose is therefore to study the flow of blood,
n interaction with its surrounding environment, in both macro-
nd microcirculation.

Exercise hemorheology has been the subject of many studies
n athletes, sedentary people and patients suffering from var-
ous diseases [12,17,44]. However, there remains still several
nresolved questions [17]. In preceding reviews on this topic,
e proposed several concepts aiming at synthesising all this

nformation concerning both the physiological mechanisms and
he functional consequences of the hemorheological alterations
bserved during and after exercise.

We thoroughly reviewed in some previous articles [12,17] the
equence of the hemorheologic effects of exercise. Analyzing
ll the body of literature concerning this issue, we proposed to
escribe them as a triphasic phenomenon: acute, delayed and
hronic effects. Besides, effects of excess exercise or excess
raining (e.g., the overtraining syndrome) may be considered as
fourth phase in this process.

. Some fundamental concepts of hemorheology

When blood circulates through vessels, its flow is driven by
pressure gradient between heart and periphery, and results in
force of friction over the surface of endothelium. This force

esults in a shear stress τ applied on the vessel wall. Due to forces
f cohesion between the wall and blood and within blood itself,
he velocity of blood flow is lower in the vicinity of the endothe-
ial surface than in the middle of the vessel, thus defining the
hear rate γ̇ . This difference in velocity reflects an intrinsic resis-
ance to flow, which is termed apparent blood viscosity η = τ/γ̇ .

Blood viscosity η is well described by a classical robust
odel, Quemada’s equation.

= ηp

(
1 − 1

2k
φ

)−2

here φ is hematocrit, ηp is plasma viscosity, and k(γ̇) is a shear-
ependent parameter quantifying the contribution of erythrocyte

rheological properties to whole blood viscosity. At high shear 92

rate, k(γ̇) is representative of red cell rigidity (i.e, the lower k(γ̇), 93

the higher is erythrocyte deformability), while at low shear rate 94

k(γ̇) which tends to a maximum k0 that is proportional to the 95

ability to form erythrocyte aggregates (red cell aggregability). 96

It is beyond the scope of this review to describe the physiology 97

of these different parameters, but the important point for our 98

purpose is that Quemada’s equation states that blood viscosity 99

actually relies on three factors: 100

• plasma viscosity ηp, explained by plasma content in proteins; 101

• hematocrit φ, which may rapidly vary according to the area 102

of the circulation and the physiological condition; 103

• red cell deformability and aggregability, which are influenced 104

by metabolism and hormones [18] have also a marked circu- 105

latory influence in the microcirculatory bed that is beyond its 106

physical effects on whole blood viscosity. 107

Therefore, our review will focus on individual factors of 108

viscosity (ηp, φ, red cell deformability and aggregability) con- 109

sidered separately rather than η alone. 110

All viscosity factors reviewed above are markedly modi- 111

fied during exercise (and after it) and those alterations appear 112

to be related to many aspects of exercise physiology. In fact, 113

the traditional picture of circulatory physiology provided by 114

Hagen–Poiseuille’s law involves blood viscosity as a factor of 115

peripheral resistance that might hamper blood flow if it were 116

not easily overcome by vasomodilation. This equation can be 117

written as follows:
118

Q = (π × R4 × �P)

(8 × ηe × L)
119

Where Q is the suspension volumetric flow rate through a tube 120

of radius R under a pressure difference �P over the vessel length 121

L; ηe is an effective viscosity – that is, the ratio of shear stress 122

to shear rate with shear stress corresponding to the force that 123

moves the fluid layers or laminae and shear rate corresponding 124

to the velocity gradient in the fluid. As discussed below, terms 125

of this equation can be rearranged in order to describe a theo- 126

retical effect of viscosity on O2 supply to tissues. Actually, this 127

simplistic picture of circulation is not relevant to in vivo real- 128

ity, and modern investigators like Holger Schmid–Schönbein 129

have proposed more complex models in which the effect of 130

dx.doi.org/10.1016/j.scispo.2007.09.010
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blood viscosity is markedly more important, as developed below131

[73–75].132

3. The acute effects of exercise: a short-term increase in133

whole blood viscosity134

Both maximal and submaximal exercise, either they are of135

short- or long duration, appear to almost always increase blood136

viscosity, due to a rise in plasma viscosity and hematocrit. In137

most cases (e.g., short acute exercise), these two events virtually138

explain all the observed increase in whole blood viscosity [8]139

3.1. Fluid shifts140

Actually, some studies failed to detect these changes [62]141

but when looking at their protocol one can notice that only142

postexercise (e.g., recovery) values are measured so that these143

short-timed alterations have probably been not detected, due to144

a rapid return to preexercise values [12,17]. This rise in plasma145

viscosity and hematocrit is sometimes interpreted as a ‘hemo-146

concentration’ [78]. In fact, such an explanation is far to be147

complete, since the observed modifications are due to at least five148

separate mechanisms: redistribution of red cells in the vascular149

bed; splenocontraction that increases the number of circulating150

erythrocytes; enrichment of plasma in several proteins, com-151

ing presumably from lymphatics; a loss of water in the sweat152

for thermoregulation; entrapment of water into muscle cells153

[12,17,85].154

It is important to stress that blood viscosity increases when155

recumbent subjects become orthostatic, due to an increase in156

hematocrit and plasma viscosity associated with a rise in plasma157

proteins and fibrinogen. These positional fluid shifts should be158

taken into account in the analysis of exercise-induced alterations159

in water status.160

3.2. Red cell rheology161

In most (but not all) exercise protocols there are also changes162

in the rheological properties of erythrocytes. The most classical163

is a decrease in erythrocyte deformability which is not a spe-164

cific finding since it is also observed in most stressful events165

like labor, video film-induced emotional stress, and endogenous166

depression. These effects are generally not found at exercise167

when red cell rheology is investigated after resuspension of cells168

on a buffer, indicating that they are mostly due to plasma factors169

rather than to intrinsic red cell properties [8,12].170

Blood lactate, which experimentally shrinks the red cells171

and decreases their flexibility, is likely to explain in part this172

exercise-induced rigidification of erythrocytes, as supported by173

correlations between lactate concentrations and red cell rigidity174

at exercise. In one study, we interestingly found a threshold value175

for this effect which became apparent only when blood lactate176

increased above 4 mmol l−1, that is a value which has been pro-177

posed to represent approximately the point where lactate induces178

acidosis [11]. Some other studies suggest however, that lactate179

exerts also some effects at lower concentrations, either in vivo180

or in vitro [17,18].181

Actually lactate is surely not the only factor explaining 182

this rigidification. Traumatic damage of red cells due to their 183

compression in the foot plantar circulation is likely to be 184

important in sports like running, although this issue remains 185

incompletely clarified. Presumably, fluid status has also a major 186

influence on erythrocyte rheology during exercise, as suggested 187

by the preventive effect of drinking on red cell rigidification 188

[85]. 189

There are also acute changes in erythrocyte aggregability 190

(which increases) and disaggregability (which decreases) [12]. 191

Little is known about the mechanisms of these latter modifi- 192

cations which are not found in all exercise protocols and are 193

generally not detected by the most widely used technique, that is 194

the light transmission analysis (Myrenne aggregometer) [12,17]. 195

While preexercise fibrinogen concentrations are correlated to 196

the extent of these changes in aggregation [88], it is very likely 197

that lactate does not play a role in this change in aggregation 198

properties of the red cells [29]. Thus, the most important extra- 199

cellular determinant of this event is fibrinogen. However, as 200

discussed below, aggregation changes may also reflect leukocyte 201

activation. 202

3.3. Paradoxical increase in red cell deformability during 203

exercise in athletes 204

While red cell rigidity was generally found to be either 205

increased or unchanged during exercise, there was a surprising 206

report of a decrease of this parameter, when assessed after exer- 207

cise with the LORCA. This paradox has recently been explained 208

by a study on highly trained athletes during a progressive exer- 209

cise test conducted to VO. In this case, red cell rigidity was found 210

to paradoxically decrease [27]. Moreover, in vitro experiments 211

[15] showed that lactate at concentrations ranging from 2 to 212

10 mm increased red cell deformability in such athletes, while it 213

classically decreased it in blood from sedentary subjects. Thus, 214

in highly trained subjects, the exercise-induced increase in blood 215

lactate does not rigidify the red cell as observed in sedentary sub- 216

jects or in moderately trained ones (like soccer players [11]) but 217

actually improves red cell deformability. 218

3.4. White cells and free radicals 219

Both white cell activation and oxidant stress [2,76,79] are 220

likely to play an important role in the hemorheologic effects of 221

exercise. The marked increase in oxygen utilization that occurs 222

during exercise results in production of free radicals by several 223

sources, including the mitochondria and the white cells. Tran- 224

sient tissue hypoxia due to rapid accelerated consumption of 225

oxygen in exercising muscles and to inadequate oxygen supply 226

at the pulmonary level in some trained people has been also 227

demonstrated and may lead to free radical formation. Whatever 228

the mechanism, it is well established that oxidative stress during 229

acute exercise is associated with a hemorheological impairment 230

[2]. According to Ajmani et al. [2], exercise-induced oxidative 231

stress can also produce an increase in mean red cell volume and 232

increase plasma fibrinogen levels, thus increasing also aggrega- 233

tion. 234

dx.doi.org/10.1016/j.scispo.2007.09.010
01174696
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However, until recently, little was known about the involve-235

ment of leukocyte activation in these rheological changes.236

Number of leukocytes increase after strenuous exercise. This237

increment is attributed to increased blood flow that recruits the238

leukocytes from the marginal pool and/or hormonal changes239

which are likely to be mediated by beta-2 adrenergic recep-240

tors. More interestingly, a decrease in filterability of white cells241

during exercise has been evidenced, reflecting some degree of242

leukocyte activation that may surely interact via several circu-243

lating factors with red cell properties. Transient hypoxia might244

also result in cytokine release and leukocyte activation. When245

leukocytes (especially polymorphonuclear leukocytes) are acti-246

vated, they reduce molecular oxygen enzymatically to generate247

metabolites, such as superoxide anions, hydrogen peroxide or248

hydroxyl radicals [2]. These metabolites can injure the surround-249

ing tissues by oxidative damage. Red blood cells (RBC) are250

vulnerable to oxidative damage, although they are equipped with251

antioxidant defense mechanisms. Recent studies have indicated252

that RBC that are in close contact with activated leukocytes253

can be damaged, at least in part by oxidative mechanisms,254

resulting in significant structural and functional alterations.255

Temiz et al. [79] investigated the leukocyte activation and RBC256

damage after exhaustive exercise in untrained rats. Significant257

increments in RBC membrane protein oxidation and lipid per-258

oxidation, and decreased membrane enzyme activities were259

observed during early and late phases after the exercise episode.260

RBC transit times measured by a cell transit analyser failed261

to indicate significant changes in RBC deformability, despite262

the biochemical evidences of oxidant damage. These alterations263

were correlated with increased leukocyte phagocytic activity264

[79].265

3.5. Pathophysiological relevance of this short-term266

exercise-induced increase in viscosity267

Theoretically, most of the rheologic changes reviewed above268

are likely to exert negative effects on exercise performance.269

This assumption is supported by experiments conducted on270

both healthy volunteers and rats under hypobaric hypoxic con-271

ditions [57]. Those studies have demonstrated that preventing272

the exercise-induced rise in erythrocyte rigidity by �3-fatty273

acids improves maximal aerobic capacity. Thus, in condi-274

tions of hypoxia, a rigidification of red cells may represent275

a limiting factor for muscle oxygen supply and thus impair276

performance.277

Erythrocyte stiffening has also been shown to augment the278

pulmonary hemodynamic response to hypoxia [39], that is279

an experimental condition simulating altitude. This situation280

increases blood viscosity via a combination of factors (hypoxia,281

low pH and high values of blood lactate). This situation is associ-282

ated with pulmonary hypertension. All this process is corrected283

by the calcium blocker flunarizine.284

Exercise-induced changes in blood rheology have been285

reported to be related to the rating of perceived exertion.286

The factor correlated with exertion was hematocrit [13] which287

was hypothesized to represent a signal among the other well-288

characterized ones (e.g. heart rate, lactate, blood glucose) that289

are integrated at a conscious level to generate the feeling of 290

exertion. 291

An attractive hypothesis has been proposed by M. Guéguen– 292

Delamaire [12] when she suggested that such an impairment 293

of blood rheology may be involved in the cardiovascular risk 294

of maximal exercise, together with changes in hemocoagula- 295

tory parameters. In agreement with this hypothesis we recently 296

reported the case of a 50-year-old marathon runner who under- 297

went a thrombosis of the central vein of retina after a marathon 298

run and exhibited during a standardized submaximal exercise- 299

test a disproportionate increase in blood viscosity, hematocrit, 300

and mostly red cell aggregation and disaggregation thresholds. 301

While some of this postexercise hyperviscosity pattern may be 302

due to the previous vascular event, these findings may sup- 303

port the hypothesis of a role for hemorheological disturbances 304

during exercise in the pathogenesis of this marathon-induced 305

retinal thrombosis [56]. However, it should be pointed out that 306

we observed during a light, very safe exercise quite the same 307

rheologic changes than during strong work loads [14]. This 308

leads to suppose that simple changes in hematocrit, red cell 309

rigidity, and plasma viscosity are physiological adaptive mod- 310

ifications, which occur during many kinds of exercises and do 311

not imply a risk by themselves. Presumably, such changes can 312

be easily overcome by vasodilatation. In our opinion, the risk 313

of strong maximal or exhausting work loads is more related to 314

other factors, including wide muscular damage, modifications of 315

hemostasis and white cell activation. But, when drastic changes 316

in blood rheology are associated with hemostatic perturbations 317

and inflammatory phenomenon without sufficient vasodilation, 318

the risks for medical complications are assumed to become no 319

longer negligible. According to several authors [2,76,79], these 320

adverse rheological effects may be responsible in part for the 321

enhanced incidence of myocardial infarction and sudden death 322

associated with exercise. 323

4. Training-related improvements in blood rheology 324

Cross-sectional studies of athletes compared to sedentary 325

controls have repeatedly shown that athletes have a lower 326

blood viscosity. Both plasma viscosity and hematocrit are lower 327

[49,53,64]. As summarized by Ernst [46], “the fitter the ath- Q1 328

lete the more fluid his blood”. Koenig et al. [61] studied the 329

self-reported regular leisure time physical activity in com- 330

parison with plasma viscosity data in 3522 men and women 331

age 25 to 64 years from the Monica–Augsburg cohort. This 332

population-based study shows that regular leisure physical activ- 333

ity is associated with a lower plasma viscosity across all age 334

groups. 335

4.1. The first explanation: an “autohemodilution” 336

phenomenon 337

During the hours following exercise, there is an increase in 338

plasma volume (see refs in [12,17]) that represents a reversal 339

of the acute hyperviscosity described above, resulting in an 340

“autohemodilution” [46].

dx.doi.org/10.1016/j.scispo.2007.09.010
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4.2. The paradox of hematocrit341

This autohemodilution results in a lower hematocrit that342

explains the negative correlations which are found in sportsmen343

between hematocrit and fitness [12,17].344

Therefore, one should point out an important paradox con-345

cerning hematocrit in exercise physiology [10].346

Since sports performance depends on the capacity of oxygen347

transport to the exercising skeletal muscles, it is not surprising348

to observe that performance may be increased thanks to an arti-349

ficial hematocrit augmentation that can be achieved by either350

training in high altitude, blood transfusions, or injecting ery-351

thropoietin. Since erythropoietin has become largely available352

due to bioengineering, doping with this hormone has become353

extremely popular in most sports. However, the rationale for354

this doping procedure contrast with physiological informations355

reported above. In normal conditions there is a strong negative356

correlation between hematocrit and fitness which is explained357

by the effect of regular training [10,12,17].358

Comparisons between the extreme quintiles of hematocrit in359

athletes clearly illustrate this paradox [10]: athletes in the lowest360

quintile compared to those in the four other quintiles had a lower361

value of blood viscosity and a higher fitness as reflected by their362

aerobic working capacity, their relative maximal power output,363

and their isometric adductor strength. By contrast, athletes in364

the highest quintile had higher viscosity and lower red cell dis-365

aggregability. On the whole, when hematocrit increases, there is366

a decrease in fitness and a higher score of overtraining. Fit ath-367

letes have a rather low hematocrit associated to other metabolic368

and ergometric improvements, while athletes with a high hema-369

tocrit are frequently overtrained and/or iron-deficient, and that370

their blood viscosity (and red cell disaggregability) tends to be371

increased [10].372

This issue has been further addressed by Gaudard and co-373

workers in our laboratory [55]. When maximal aerobic capacity374

was explained in power units (Wmax) it exhibited a negative cor-375

relation with whole blood viscosity. When it was expressed as376

the power corresponding to a fixed heart rate of 170 beats/min377

it exhibited a negative correlation with several hemorheologi-378

cal factors, but the stepwise regression analysis only selected379

hematocrit as an independent determinant. Similarly, the best380

determinant of the maximal oxygen consumption (VO) was381

also hematocrit. Therefore, it is clear that fitness is associated382

with a low viscosity–low hematocrit pattern while unfitness and383

overtraining (as discussed below) are associated with a mild384

hyperviscosity.385

Since this physiological truth fully disagrees with the popular386

belief of “the more you have red cells the fitter you are”, we think387

that it is important to broadly disseminate this hemorheological388

paradigm of hematocrit among exercise physicians, coaches, and389

athletes.390

4.3. Hemorheological effects of strength training and body391

building392

It should be noticed that training in several sports is asso-393

ciated with a specific hemorheologic pattern that differs from394

the general picture. Body-builders have been reported to have 395

no improvement of blood rheology after training [17] while in 396

rugby men, a lower increase in ηp during exercise seems to be 397

the most prominent characteristic of training and fitness [6]. The 398

increase in plasma volume has been assumed to contribute to the 399

body water pool and to help prevent dehydration [17]. 400

4.4. Description of hemorheologic fitness (the chronic 401

training-induced hemorheologic improvement) as a 402

four-step situation 403

Beside the profound alterations in water status described 404

above, there are other effects of regular exercise that appear later, 405

as a consequence of training-induced changes in metabolism. 406

4.4.1. Endurance training 407

In endurance athletes (e.g. cyclists), there is mostly a chronic 408

“hyperhydration–dilution status”, but some intriguing modifica- 409

tions of red cell properties can also be found, in connection with 410

metabolic and hormonal changes (insulin sensitivity, growth 411

hormone and IGF-I status...). Endurance training reduces body 412

fat, increases muscular volume, and markedly modifies muscu- 413

lar processing of fuels. We would want to emphasis in this part of 414

this review the potential importance of these delayed effects of 415

training in the hemorheologic status of athletes and fit persons. 416

As soon as 1986, Dudaev et al. [40] reported the effects 417

of 30 daily cycling sessions in male coronary patients com- 418

pared to controls. Results indicated that regular exercise 419

decreased erythrocyte membrane levels of triglycerides, fibrino- 420

gen and cholesterol while it increased the level of high-density 421

lipoprotein cholesterol. Interestingly, fibrinogen and triglyceride 422

concentrations were correlated to hemorheologic and hemo- 423

dynamic improvements, showing that the alterations of lipid 424

metabolism induced by training were probably involved in the 425

improvement of blood rheology, with possible beneficial hemo- 426

dynamic effects. 427

A pivotal mechanism in these adaptations is probably the 428

growth hormone–somatomedin axis. While growth hormone- 429

deficient adults have a low insulin sensitivity associated with 430

an increased percentage of body fat with increased circulating 431

lipids and fibrinogen, trained sportsmen who exhibit the opposite 432

metabolic picture have an increased function of this axis [12,17]. 433

Thus, this hormonal axis may be more or less directly involved 434

in the regulation of training-induced changes in blood rheology. 435

4.4.2. Strength training 436

In sports, where strength is improved rather than endurance, 437

red cell aggregation and deformability are improved without 438

marked changes in body fluid status, and are correlated to body 439

composition (percentage of fat) and the balance of substrate 440

oxidation at exercise. 441

An example where this aspect has been extensively studied 442

recently is rugby [6]. In this sport, in which body composi- 443

tion and blood rheology are related to each other and are both 444

correlated to performance [6]. 445

In male rugby players, the isometric adductor strength is cor- 446

related to erythrocyte flexibility and red cell aggregability is 447
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correlated to fat mass measured by bioelectrical impedance. The448

aerobic working capacity is negatively correlated to the increase449

in plasma viscosity during exercise, suggesting that this event450

is less important in stronger individuals. This study shows that451

fat mass, even within a physiological range, is a determinant452

of erythrocyte aggregability, suggesting that training-induced453

alterations in body composition play a role in the specific454

hemorheologic profile of these athletes [6].455

In female rugby players, [22] two subgroups can be consid-456

ered: forward (FW) and backward (BW). BW are leaner, due to a457

lower fat free mass and a lower fat mass, while they had a faster458

running speed during field testing and a higher VO. Exercise459

calorimetry evidences a higher ability to oxidize fat at exercise460

expressed by the “point of crossover” and the point of max-461

imal lipid oxidation. Besides, comparison of hemorheological462

parameters indicates a higher blood viscosity in FW explained by463

a higher red cell rigidity while plasma viscosity, hematocrit and464

RBC aggregability were similar. On the whole sample, adduc-465

tor strength is negatively correlated to RBC aggregability and466

handgrip strength is negatively correlated to RBC aggregability.467

The ability to oxidize lipids at exercise is negatively correlated to468

whole blood viscosity and RBC rigidity. Thus, blood viscosity is469

negatively related to fitness in rugby women, and, as previously470

observed in rugby men, RBC rheology (deformability and aggre-471

gability) are the most important factors. The correlations found472

between RBC deformability and the ability to oxidize at exercise473

more lipids (i.e., a parameter of endurance performance) may474

be due to effects of endurance training on lipid oxidation, which475

may in turn modify lipid metabolism and thus influence RBC476

rheology, with possible consequences on performance [16].477

4.4.3. Hemorheologic effects of training in sedentary478

patients479

In markedly sedentary obese, insulin resistant patients sub-480

mitted to a therapeutic protocol of training, the parameter which481

is mostly improved is plasma viscosity, which appears to reflect482

in this case the plasma protein pattern related to the metabolic483

disorders (fibrinogen, lipoproteins...) [71].484

We recently demonstrated [41] that training in sedentary485

insulin resistant patients, applied three times a week (45 min)486

at a level defined by a prior exercise-test induces significant487

improvements in body composition (loss of 2.5 kg on the aver-488

age, consisting only of fat mass with a stability of fat free mass),489

associated with improvements in exercise-test parameters. The490

metabolic improvements indicate a markedly increased ability491

to oxidize fat at exercise, although blood lipids and insulin sensi-492

tivity were not significantly improved. Actually, a nonsignificant493

tendency to such an improvement would perhaps become sig-494

nificant in a higher sample. Blood rheology is also improved,495

as expected, but the only significant result at this time is a496

decrease in plasma viscosity, while hematocrit, red cell deforma-497

bility and red cell aggregation are not significantly changed.498

Thus, consistent with observations in athletes, the metabolic499

and ergometric improvements induced by training reduces ηp in500

sedentary, insulin resistant patients, but at those low levels train-501

ing does not appear to induce ’autohemodilution’ (as reflected by502

hematocrit) neither it improves red cell deformability or aggre-503

gation. The reliability of ηp as simple and inexpensive marker 504

of efficiency of training in insulin resistant patients should be 505

further evaluated [41]. 506

Eterovic et al. [50], extending a previous work of Dinten- 507

fass [38] has demonstrated that ηp value is explained by a 508

combination of cholesterol, fibrinogen, triglycerides, hematocrit 509

(reflecting the degree of dilution) and HDL that may be com- 510

bined in a predictive equation [50]. 511

In addition, insulin sensitivity is positively correlated to fit- 512

ness, probably because training improves both glucose and lipid 513

processing by muscle, and body composition. This contributes 514

to explain why exercise is an effective treatment of the insulin 515

resistance syndrome [41]. Exercise training improves the lipid 516

pattern of patients suffering from this syndrome [3]. The effect 517

of training on fibrinogen has been more controversial, since it 518

depends upon the genetic subtypes of this molecule [12,17], 519

explaining that it was not evidenced in some studies. In fact, 520

training reduces fibrinogen [12], a notion that is also supported 521

by negative correlations of fibrinogen with both fitness [5] and 522

insulin sensitivity [72]. 523

On the whole, it is thus clear that training decreases the blood 524

concentrations of the main parameters known to impair blood 525

rheology, and induces a body composition pattern characterized 526

by a low percentage of fat. All these modifications are likely to 527

play a major role in the improvement of blood rheology induced 528

by regular physical activity [17]. 529

4.4.4. Beyond training: overtraining 530

The overtraining syndrome (OTS) is a condition wherein an 531

athlete is training excessively, yet performance deteriorates. The 532

OTS affects mainly endurance athletes. It is a condition charac- 533

terized by chronic fatigue, under performance, and an increased 534

vulnerability to infection leading to recurrent infections. It is not 535

yet known exactly how the stress of hard training and competi- 536

tion leads to the observed spectrum of symptoms. Psychological, 537

endocrinogical, physiological, and immunological factors all 538

play a role in the failure to recover from exercise. This OTS 539

remains a controversial issue since its clinical presentation is 540

far to be specific [51]. Recently, the French consensus group 541

on overtraining of the Société française de médecine du sport 542

(SFMS) proposed a standardized questionnaire of early clinical 543

symptoms of this elusive syndrome, allowing the calculation of 544

a ’score’ that may help to classify on a clinical basis sportsmen 545

submitted to a heavy training program [19]. This score appears 546

to be correlated with markers of muscular damage (creatine 547

kinase, myosin) or neuroendocrine dysfunction (somatotropic 548

axis), but also with some hematological markers like ferritin. 549

There appears to be a mild dehydration with increased hemat- 550

ocrit, serum Na+, and serum K+. All this seems to be due to an 551

excess plasma water loss. Since concentrations of blood urea 552

nitrogen and serum glutamic–oxaloacetic transaminase were 553

also increased, without any evidence for water–electrolyte defi- 554

ciency syndrome, renal dysfunction, or liver cell damage, the 555

authors interpreted these findings as reflecting a persistent mild 556

degree of dehydration and catabolic state noted after intense 557

training [48]. We recently investigated a possible relationship 558

between the OTS score and blood rheology in male elite ath- 559
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letes [49,50]. The score appeared to be correlated with blood560

viscosity. This correlation was explained by higher plasma vis-561

cosity and hematocrit in individuals with a high overtraining562

score. By contrast, there was no difference in RBC deformabil-563

ity and aggregation. Therefore, the early signs of overtraining in564

elite sportsmen are associated with a hemorheologic pattern that565

suggests some degree of reversal of the fitness-associated ‘auto-566

hemodilution’ discussed above. In addition, overtrained athletes567

are frequently iron depleted, a mechanism that may induce addi-568

tional hemorheological alterations but is unlikely to explain the569

early hemorheologic tableau of the overtraining syndrome [87].570

Current concepts of the pathophysiology of this syndrome571

may explain this mild hyperviscosity and mild hemoconcen-572

tration pattern, since cytokines released by the “over-stressed”573

muscle appear now to be responsible for most of the symptoms574

[7]. According to this “cytokine hypothesis of overtraining”575

recently proposed by Smith [77], high volume/intensity train-576

ing, with insufficient rest, will produce muscle and/or skeletal577

and/or joint trauma. Circulating monocytes are then activated by578

injury-related cytokines, and in turn produce large quantities of579

proinflammatory IL-1beta, and/or IL-6, and/or TNF-alpha, pro-580

ducing systemic inflammation. Elevated circulating cytokines581

then co-ordinate the whole-body response by:582

• communicating with the central nervous system (CNS) and583

inducing a set of behaviors referred to as “sickness” behav-584

ior, which involves mood and behavior changes that support585

resolution of systemic inflammation;586

adjusting liver function, to support the up-regulation of glu-587

coneogenesis, as well as de novo synthesis of acute phase588

proteins, and a concomitant hypercatabolic state;589

• and impacting on immune function.590

Theoretically, OTS is viewed as the third stage of591

Selye’s general adaptation syndrome, with the focus being592

on recovery/survival, and not adaptation, and is deemed to593

be “protective”, occurring in response to excessive physi-594

cal/physiological stress. The interest of this conception for595

hemorheologists is thus that OTS appears to be a systemic596

inflammatory condition, which can be monitored by markers of597

inflammation, such as, obviously, hemorheological ones [89].598

These findings of an hemorheological pattern in OTS can also599

be relevant to some aspects of the clinical symptomatology of600

overtraining. For instance, the feeling of having “heavy legs”601

(FHL) is one of the most commonly reported signs. Since FHL602

is also a sign of chronic venous insufficiency where it can be cor-603

rected by rheo-active drugs we recently investigated whether the604

FHL is associated with a hemorheologic profile. It appeared that605

FHL subjects complaining from OTS signs had higher plasma606

viscosity (1,43 ± 0,047 versus 1,32 ± 0,02 mPa.s; P < 0.05) and607

a higher red cell aggregation as measured with laser backscat-608

tering [87]. These findings suggest that the feeling of heavy legs609

in overtrained athletes is related to OTS-related hemorheologic610

disturbances.611

We recently addressed the question of whether hemorheo-612

logic measurements may provide a marker of the early stages613

of overtraining. The most logic candidate for this, plasma vis-614

cosity [90], appeared actually to be a rather specific, although 615

poorly sensitive predictor of overreaching but has no interest in 616

the diagnosis of the overtraining syndrome itself, since predic- 617

tive value of ηp for early stages (overreaching) or chronicized 618

stages (overtraining syndrome) was as follows: 619

• prediction of overreaching: sensitivity 28.57%; specificity 620

90%; positive predictive value 80%; negative predictive value 621

47.4%; 622

prediction of chronicized overtraining: sensitivity 2.70%; 623

specificity 18.2%; positive predictive value; 10.00%; negative 624

predictive value 5.3% [90]. 625

5. Speculations about a possible physiological meaning 626

of all this: is blood rheology a physiological determinant 627

of exercise performance? 628

5.1. From the viewpoint of classical circulatory biophysics 629

blood fluidity may improve oxygen delivery to tissues 630

We already reminded the well-known classical observations 631

that evidenced differences between high-fitness and low-fitness 632

groups, the high-fitness group showing a lower plasma viscosity. 633

Such correlations were reported many times [12,17]. Red cell 634

flexibility is correlated to adductor isometric strength [6]. Cor- 635

relations of blood fluidity with aerobic working capacity W170, 636

time of endurance until exhaustion [12], blood lactate response 637

[12,17], maximal exercise-test derived VO [17], and 4 mmol l−1
638

lactate thresholds [17] have been demonstrated. 639

Studies on patients with the sickle cell trait (SCT) have 640

demonstrated a reduced capacity for prolonged competitive 641

exercise under hypobaric hypoxia, which seems to result from 642

reduced erythrocyte flexibility [54]. In addition, Connes et al. 643

[31] recently reported lower aerobic capacity in SCT carriers 644

performing submaximal exercise at sea level; a finding proba- 645

bly attributed to the reduced RBC deformability, increased RBC 646

aggregability, reduced blood fluidity and increased vascular 647

adhesion phenomenon observed in that population in compari- 648

son with healthy subjects [33,34,65,67,82]. On the other hand, 649

when RBC fluidity is improved by �3 fatty acid supply (see 650

below) there is an increase in VO under hypobaric hypoxia, sug- 651

gesting that a prevention of RBC rigidification during exercise 652

improves aerobic capacity in these conditions. 653

On a theoretical point of view, increased blood fluidity 654

may improve O2 delivery to muscle during exercise in trained 655

individuals [35]. However, this question remains uncompletely 656

clarified. There are several biological indicators of fitness, which 657

are relevant to different kinds of exercise. The most popular is 658

maximal oxygen uptake (VO), which has not been widely stud- 659

ied in connection to blood rheology despite the theoretical link 660

between O2 supply and rheology indicated above. As reminded 661

above, VO has been reported to be negatively correlated to 662

blood viscosity, due to a negative correlation with plasma vis- 663

cosity [10]. Another important parameter is the ability to avoid 664

hyperlactacidemia, indicated by the so-called ‘anaerobic thresh- 665

olds’ or ‘lactate thresholds’ [12]. In three separate studies, we 666

observed that blood viscosity and erythrocyte aggregation were 667
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positively correlated to lactate accumulation into blood during668

exercise [17]. The possible meaning of the relationships between669

resting blood fluidity and lactate response will be discussed later.670

Hemorheological determinants of the maximal oxygen671

consumption (VO) and of the aerobic working capacity (W170)672

are quite the same [17] since these two parameters are highly673

correlated to each other and are both indices of aerobic674

exercising capacity. Plasma viscosity is the best statistical675

determinant of these two measurements of aerobic performance676

[10,17]. However, hematocrit is also negatively correlated677

with aerobic performance [10,55], reflecting the importance678

of the beneficial effect of autohemodilution. The maximal679

oxygen consumption (VO) is a measurement of body’s ability680

to increase O2 transfer from the surrounding atmosphere to681

muscles and depends on several steps. The limiting step is682

not the same in all sportsmen. When arterial circulation is683

considered, VO is equal to the maximal value of Q × CaO2,684

Q being cardiac output and CaO2 the O2 content of blood.685

This formula VO = Q × CaO2 can be written as a function of686

hematocrit Φ and viscosity η if one applies Hagen–Poiseuille687

law. It becomes VO = constant × (Φ/η) × (�P/Z) with �P688

being the drop in blood pressure and Z being hindrance. Thus,689

the value (Φ/η) should be a limiting factor for VO. Actually,690

in experimental studies, VO is not correlated to Φ/η but is691

negatively related to Φ, that is, in these subjects Φ is mainly692

a factor of viscosity that is negatively related to fitness [10].693

One could suggest that this comes from the fact that fitness is694

accompanied by blood dilution, which lowers hematocrit, but695

results in increased cardiac output [55].696

5.2. Hemorheology and pulmonary oxygen diffusion697

capacity698

Several studies have reported evidence that hemorheology699

could be a determinant of normal pulmonary oxygen diffu-700

sion capacity. Pulmonary Hct might influence pulmonary gas701

exchange. Deem et al. [37] recently reported interesting results702

regarding the relationship between Hct, arterial pressure in O2703

(PaO2) and the alveolar to arterial O2 difference (A−aDO2)704

and they found that decreased Hct from 30 to 11% by hemod-705

ilution improved PaO2 and A−aDO2 and enhanced the ratio706

between alveolar ventilation and perfusion (i.e. VA/Q mis-707

match). Franck et al. [52] also studied the effects of pulmonary708

Hct on pulmonary oxygen diffusion capacity for O2 (DLO2)709

by using a two-dimensional finite-element model developed to710

represent the sheet-flow characteristics of pulmonary capillar-711

ies. Although, DLO2 increased as the Hct increased, DLO2712

reached a plateau near an Hct of 35% [52]. Altogether, results713

from Deem et al. [37] and Franck et al. [52] indicate that there714

is an optimum value for Hct, which allows the highest pul-715

monary oxygen diffusion capacity. If Hct is too low, RBCs716

cannot uptake enough O2 to maintain normal arterial pressure717

in O2, but if Hct is too high, the same phenomenon is possible718

due to competition between RBCs for O2 influx [52]. More-719

over, by testing the effects of RBC shape and deformability on720

DLO2 and resistance to flow in rabbit lungs, Betticher et al.721

[4] have demonstrated that impairment in RBC deformability722

decreased DLO2 and increased blood flow resistance whereas 723

improvement in RBC deformability caused the opposite. A 724

better RBC deformability allows a more homogeneous RBC 725

distribution within pulmonary capillary and other microvessels 726

that might explain the beneficial effects of RBC deformabil- 727

ity on pulmonary oxygen diffusion [58]. Hsia et al. [58] have 728

reported that membrane diffusing capacity for carbon monox- 729

ide (DMCO) and diffusive uptake for CO (DLCO) were affected 730

by both elements: local Hct and RBC distribution at a given 731

Hct. It has been shown that a rearrangement of RBC at a 732

given Hct within a capillary segment allowing a more homo- 733

geneous distribution of RBC could increase DLCO by up to 734

33% [58]. 735

These studies indicate that RBC deformability and Hct 736

contribute to wall stress on pulmonary capillaries. Caillaud 737

et al. [21] proposed that a combination of high Hct level and 738

reduced RBC deformability, particularly during exercise, might 739

cause capillary pressure to approach the ultimate tensile length 740

of vessel wall, particularly at level of blood–gas barrier that 741

could lead to membrane disruptions and alter oxygen diffusion 742

between alveoli and capillaries. From a hemorheologist point 743

of view, we can also speculate that blood rheology impairment, 744

like low RBC deformability or high RBC aggregation, lead to 745

the transformation of active pulmonary capillaries into plas- 746

matic pulmonary capillaries, that is without oxygen, as already 747

demonstrated into brain microcirculation. Altogether, these 748

studies suggest that hemorheology impairment alter oxygen 749

diffusion from alveoli to capillaries that might contribute to 750

decrease exercise performance. 751

5.3. Hemorheology and cardiac function 752

Classical heart physiology assumes, after Hill (1923) that 753

maximal cardiac output (Qc, i.e. the product of heart rate (HR) 754

by stroke volume [SV]) was the primary factor explaining indi- 755

vidual differences in maximal oxygen consumption (VO) which 756

is one of the main determinant of endurance performance. It 757

is generally stated in textbooks that 70–85% of the limita- 758

tion in VO is linked to maximal Qc. Besides, several studies 759

showed that training induced improvement in VO resulted from 760

an increase in maximal Qc rather than a widening of Da-vO2. Q2 761

However, any increase in ηb is likely to increase heart post- 762

load and thus to decrease maximal stroke volume. Recently, we 763

investigated blood rheology parameters and heart rate variability 764

(HRV) at rest in athletes with sickle cell trait and we found a loss 765

of parasympathetic activity associated to a hyperviscosity syn- 766

drome [30]. These results support the idea that blood rheology 767

and cardiac function could be linked. Sickle cell trait athletes 768

have usually lower aerobic capacity than normal athletes that 769

suggests that blood rheology impairment and cardiac efficiency 770

are limiting factor for endurance performance [63]. 771

5.4. Hemorheology and cardiac function 772

The most important hemorheological factor affecting oxy- 773

gen carrying capacity is Hct. Doping studies have shown that 774

reinfusion of 900–1350 mL blood elevated the oxygen carry- 775
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ing capacity of the blood and increased VO by 4–9%. Several776

studies investigating the effects of recombinant human erythro-777

poietin (rHuEPO) on exercise performance reported a 7–10%778

increase in VO after four weeks of repeated injections that was779

associated to an 8–10% increase in Hct and haemoglobin con-780

centration (Hb) [28]. In another study, Connes [36] also reported781

that four weeks of rHuEPO treatment led to faster oxygen uptake782

kinetics at the onset of submaximal cycling exercise. These stud-783

ies demonstrated that Hct is able to play a great role in endurance784

performance even if any increase in Hct might also change ηb785

that could alter maximal HR and maximal Qc and thus partly786

counteract the beneficial effects of the rise in Hct on oxygen787

carrying capacity [28].788

5.5. Hemorheology and oxygen supply to exercising789

muscles790

Several investigators reported significant correlations791

between blood fluidity and indices of physical fitness such time792

of endurance until exhaustion, aerobic working capacity W170793

or VO (see references in [12,17]). As underlined by Brun et al.794

[12,17], on a theoretical point of view, increased blood fluidity795

may improve O2 delivery to muscle during exercise in trained796

individuals. In one study, VO was negatively correlated to ηb,797

due to negative correlation with ηp [12,17]. Moreover, Charm798

et al. [23] reported reduced ηp among joggers compared with799

non-joggers. It seems that ηp could be a determinant of aerobic800

performance. In narrow capillaries, and so in muscle capillar-801

ies, RBCs flow in a single file and are surrounded by a plasma802

layer which allows normal blood flow structuring. Indeed, if803

�p is too high, this could alter the normal blood flow structur-804

ing in capillaries, increase blood flow resistance, disorganize805

normal RBC orientation inside microvessels and thus impair806

O2 furniture to tissues. Hct could also play a role in O2 sup-807

ply to muscles. Although higher Hct values are responsible808

for a greater blood oxygen carrying capacity, several studies809

reported negative correlations between Hct and aerobic perfor-810

mance [12,17]. If Hct is too high, this increases blood flow811

resistance in capillaries that might interfere with tissue O2 sup-812

plies [12,17]. RBC properties, that is RBC deformability and813

RBC aggregability, may also improve or impair O2 supply to tis-814

sues. As we have discussed earlier, a better RBC deformability815

allows a more homogeneous RBC distribution within pulmonary816

capillary and other microvessels that might allow adequate oxy-817

gen diffusion at the pulmonary level or at the muscular level.818

Parthasarathi and Lipowsky [70] studied the effect of reduced819

RBC deformability on microvessel recruitment attendant to a820

reduction in tissue PO2 in rat cremaster muscle and found that821

impairment in RBC deformability may adversely affect capillary822

recruitment and physiological mechanisms that ensure adequate823

delivery of oxygen to tissue. Studies of the rheological behavior824

of RBCs in the capillary network clearly demonstrated that cap-825

illary flux and velocity are strongly dependent on the ability of826

RBCs to deform on entry into the capillaries. RBC deformability827

impairment adversely affects capillary perfusion. Parthasarathi828

and Lipowsky [70] observed that less deformable RBCs were829

excluded from the bulk of the capillaries and followed more cen-830

tralized pathways within the microvasculature that could alter 831

O2 delivery to tissues. 832

Although the microcirculatory effects of RBC aggregation 833

are much more a matter of controversy, it seems that intensified 834

RBC aggregation could be responsible for increased blood flow 835

resistance, blood viscidation and blood stases formation which 836

might alter O2 delivery to muscles resulting in a metabolism 837

shift towards anaerobic process that might limit endurance per- 838

formance. This part of the discussion will be more developed 839

later in this review. 840

5.6. Hemorheology and the Noakes’ hypothesis 841

Classic theory in exercise physiology considers that max- 842

imal exercise performance is limited by the cardiorespiratory 843

system as a result of specific metabolic changes in the exercis- 844

ing skeletal muscle (i.e. peripheral fatigue). According to the 845

classical model of Hill, peripheral fatigue occurs only after the 846

onset of heart fatigue or failure. Thus, this hypothesis predicts 847

that it is the heart, not the skeletal muscle that is at risk of anaer- 848

obiosis or ischemia during heavy exercise. As remembered by 849

Noakes et al. [66], Hill proposed the existence of “governor” in 850

either the heart or brain to limit heart work when myocardial 851

ischaemia developed and to prevent fatal cardiac events during 852

intense exercise. Noakes et al. [66] reviewed and reported sev- 853

eral experimental results, which are compatible with the theory 854

that the reduced maximal heart rate, maximal stroke volume and 855

maximal cardiac output during acute and chronic hypoxia are 856

due to central regulation. The central governor theory proposes 857

that afferent sensory information from the heart, but also perhaps 858

from the brain and respiratory muscles, informs the brain of any 859

threat that hypoxia or ischemia may develop in those organs. 860

In response, the central governor acts via the motor cortex to 861

reduce the efferent neural activation of the exercising muscles, 862

thereby reducing the mass of muscle that can be recruited, and 863

hence, reducing the exercise intensity that can be sustained [66]. 864

By limiting the muscle mass that can be activated, the central 865

governor limits the peripheral peak VO2 to a level that will not 866

induce hypoxia in any of the vital organs. The brain tissue is 867

very vulnerable to hypoxia and its high metabolic rate needs a 868

high oxygen supply. Because cerebral cortex capillaries are very 869

narrow, any blood rheological impairment (increased local Hct, 870

intensified RBC aggregation or loss of RBC deformability) alters 871

blood flow structuring and hence adequate blood oxygenation. 872

Blood flow structuring disturbance in cerebral cortex capillaries 873

results in a slow down to a full stop of the blood flow, despite a 874

preserved arteriolovenular pressure difference. Indeed, we pro- 875

pose that blood rheological impairment induced by exercise and 876

the subsequent metabolic changes (such as lactic acidosis and 877

oxidative stress) could disorganize blood flow structuring in the 878

brain which might reduce the efferent neural activation of the 879

exercising muscles to limit metabolic changes and hence to limit 880

further blood rheological impairment that might cause severe 881

brain disturbance. Although afferent sensory information form 882

the heart and others organs inform the brain to stop or reduce 883

exercise as supposed by Noakes et al. [66], hemorheology (in 884

relation with metabolic changes induced by exercise) could also 885

dx.doi.org/10.1016/j.scispo.2007.09.010
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play a great role in this process. Besides, Khaled et al. [59] by886

studying the effects of oral zinc supplementation on blood rhe-887

ology behavior and Borg’s rating of perceived exertion (RPE)888

during exercise in healthy subjects, found that blood rheology889

and RPE were improved after zinc supplementation suggest-890

ing that hemorheology might influence exercise tolerance and891

hence, endurance performance [59]. At least, results obtained by892

Brun et al. [13] also comfort this hypothesis because they found893

a significant correlation between Hct and perceived exertion in894

exercising healthy subjects.895

5.7. A new concept: viscosity parameters as factors of896

blood flow homogeneity or heterogeneity897

During the last years, it has become obvious that the classical898

concepts of total flow and total peripheral resistance were unable899

to explain the relationships between blood viscosity factors and900

circulation. These were actually shown to violate the rules of lin-901

ear physics stemming from the 19th century (e.g. namely Ohm’s,902

Poiseuille’s, Vant’Hoff’s and Hooke’s law). Clearly, the classi-903

cal Newtonian physics was unable to explain the physiological904

effects of blood viscosity factors. This finding prompted the905

application of contemporary paradigms used in the non-linear906

sciences in general, namely the “percolation theory” [73–75].907

Accordingly, crude measurements of blood viscosity have a908

poor physiological relevance, since blood may acutely undergo909

heterophase processes of self-potentiating viscidation or fluid-910

ification according to local flow conditions. In this context, by911

contrast, viscosity factors like red cell deformability, red cell912

aggregability, local hematocrit, plasma viscosity, and fibrinogen913

concentration are by contrast important regulatory factors that914

can govern the transition from the highly fluid towards the near-915

solid status. Apparently, these concepts are relevant for muscular916

physiology [55]. While in classical textbooks the role of “myo-917

genic vasomotion” has probably been grossly overemphasized,918

the assessment of heterophase processes by ultrasound Doppler919

in the femoral artery of awake human subjects demonstrates920

the importance of these concepts. The measurement of the ini-921

tiating reactions of “exercise hyperemia” in the gastrocemius922

muscles evidences a dramatic flow increase in the subsequent923

relaxation phase: the temporal evolution of the latter during924

reiterating contractions leads to progressively more perfusion925

in the healthy controls, but leads to erratic evolutions (and rapid926

fatigue reactions) in patients afflicted with peripheral arterial927

obliterating disease. Analyses of these experiments by non-928

linear dynamics used to quantify these reactions show the highly929

relevant role of “qualitative transfer parameters”. Rather than the930

“pseudo–quantitative” numerical data, such as the conventional931

overall flow and/or the “total” peripheral resistance, the con-932

cept of “fluidality” taking into account these spatio-temporal933

inhomogeneities seems to explain the effects of blood rheology934

on muscular microcirculation. More particularly, in the specific935

conditions of the exercising muscle, it appears that these het-936

erophase processes result in a very high local fluidity of blood937

regardless systemic hematocrit, plasma viscosity being the only938

hemorheological relevant factor. By contrast, in resting muscle939

high hematocrit or abnormal red cell rheology are likely to com-940

promise circulatory homogeneity and to promote viscidation 941

processes [10,55]. 942

These new concepts provide an explanation for several clini- 943

cal observations in exercise hemorheology. First, several papers 944

from our group have demonstrated a link between erythrocyte 945

aggregability at baseline and the rise in blood lactate during 946

exercise [86]. These papers suggest that red cell aggregation 947

may influence muscular lactate metabolism. As experimentally 948

shown by Vicaut et al. [91], increased RBC aggregation may 949

impair microcirculation in muscles. Although aggregation is 950

beneficial to some extent for microvascular perfusion [69], its 951

increase, even within a physiological range, might impair aero- 952

bic metabolism in muscle, resulting in higher blood lactate. If 953

this assumption is correct, lactate accumulation, that was classi- 954

cally described as an “anaerobic process”, but is rather explained 955

nowadays by a shift in the balance of fuel oxidations, could be 956

influenced by the aggregation-related alterations in microcircu- 957

latory supply of O2. While the microcirculatory effects of red 958

cell aggregation are a matter of controversy, experiments by 959

Johnson and co-workers [20], suggest that red cell aggregation 960

represents 60% of resistance at the venous pole in cat gastrocne- 961

mius. Aggregation could be thus the major modifier of venous 962

resistance in skeletal muscle [20]. 963

Experiments of muscle hypoxia [92] show that an anemia 964

reducing by 25 % hematocrit in dogs increases blood lac- 965

tate accumulation. This increase in lactate is associated with 966

higher muscular glucose consumption, and with an increase in 967

glucagon, norepinephrine, epinephrine and cortisol while insulin 968

and free fatty acids are unchanged. In humans suffering from 969

peripheral obliterative arterial disease, red cell aggregation is 970

negatively correlated with transcutaneous oxygen pressure, fur- 971

ther supporting the concept that aggregation impairs oxygen 972

supply to tissues [42]. 973

In fact, a possible explanation for the relationship between 974

rheology and lactate blood accumulation may be, rather than 975

a hemorheological ’Pasteur-like’ effect (so-called “anaerobio- 976

sis”), an influence of red cell aggregation on lactate removal, 977

as evidenced by modelling of postexercise lactate kinetics [86]. 978

According to Freund, the mathematical analysis of postexercise 979

lactate allows a fair evaluation of lactate production by muscles 980

(γ1) and lactate clairance (γ2). In a sample of subjects exhibiting 981

a wide range of γ2 (from 2 to 7.7 × 10−2 min−1), we observed 982

that postexercise red cell aggregability index Myrenne “M1” 983

(measured at VO) was the only hemorheologic parameter corre- 984

lated to γ2. Thus, microcirculatory adaptations influenced by red 985

cell aggregation may influence lactate disposal and clearance (as 986

reflected by �2), adding its effect to that of the balance between 987

carbohydrates and fat oxidation which is the major determi- 988

nant of blood lactate concentrations at exercise in physiological 989

conditions [86]. 990

Another oxygen-related parameter which can be influenced 991

by blood rheology could be the oxygen equivalent of the 992

watt. This parameter is theoretically close from 10.3 ml watt−1
993

but is higher in sedentary subjects when they exhibit a low 994

fat-free mass or a high waist-to-hip ratio [86]. Interestingly, 995

it is increased in individuals with elevated blood viscosity 996

parameters [86] and the improvement of these parameters by 997

dx.doi.org/10.1016/j.scispo.2007.09.010
01174696
Note
remplacer VO par VO2max
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prostaglandin E1, naftidrofuryl or hemodilution partially cor-998

rects it. According to Wolff and Witte, the measurement of this999

waste of oxygen during submaximal steady state workloads may1000

allow a direct clinical determination of microcirculatory perfor-1001

mance in involved muscle tissue as a function of blood viscosity1002

(cited in [86]).1003

Finally, an amazing issue in current exercise physiology is1004

exercise-induced arterial hypoxemia (EIAH), that is, the arterial1005

pressure in O2 decreases during intense exercise. This situation1006

has some similarities with horse’s exercise-induced pulmonary1007

hemorrhage (EIPH) that is frequently observed during com-1008

petitive races [21]. In both situations a ventilation/perfusion1009

inequality and/or pulmonary diffusing capacity limitation may1010

occur as a result of an interstitial pulmonary edema. In horses, a1011

host of literature has investigated a possible role for blood rhe-1012

ology in EIPH but the clear demonstration of a role of blood1013

rheology in this process is still lacking [21].1014

In humans, episodes of pulmonary hemorrhage following1015

ultra marathon races have been reported, supporting the hypoth-1016

esis of some pathophysiological similarities between EIPH and1017

EIAH. Actually, pulmonary capillary pressure during maximal1018

exercise does not reach the high levels observed in horses, and1019

the high capacity of shear-dependent rheofluidification found1020

in horses despite their high red cell aggregability [21] indi-1021

cates that horse and human rheology are extremely different.1022

However, several recent lines of evidence support a role for1023

blood rheology in the pathophysiology of EIAH. First, compari-1024

son between hypoxemic and non-hypoxemic athletes shows that1025

exercise increases blood viscosity to higher levels in EIAH ath-1026

letes. The greater increase in blood viscosity in these athletes was1027

attributed to the lack of RBC deformability improvement during1028

exercise whereas RBC became surprisingly more deformable in1029

non-EIAH athletes. In addition, improvement of RBC deforma-1030

bility by dietary poly-unsaturated fatty acids reduces hypoxemia1031

in athletes at maximal exercise [21].1032

We can hypothesize that there is a training-induced adaptation1033

in high level athletes that apparently decreases the exercise-1034

induced hyperviscosity, as shown by in vitro experiments on1035

the effect of lactate on red cells [26] and by the paradoxical1036

lack of hyperviscosity at exercise sometimes reported in ath-1037

letes [21,36]. In EIAH-prone athletes, this mechanism may be1038

blunted and hyperviscosity may thus result at maximal exercise1039

in hypoxemia [25,36]. It is possible that training leads RBC to1040

be more adapted to cope with lactate and oxidative stress, result-1041

ing in a lack of RBC deformability impairment and allowing a1042

higher endurance performance [25].1043

6. Nutritional and metabolic influences on1044

hemorheologic changes associated with exercise1045

Nutritional factors influence hemorheologic changes asso-1046

ciated with exercise, with possible effects on muscular1047

performance itself. A first important issue is water [12] dehy-1048

dration reduces blood and plasma volume, increases hematocrit,1049

plasma osmolality, plasma viscosity and plasma protein, while1050

it dramatically increases red blood cell aggregation proportional1051

to a rise in plasma globulin. Accordingly, water supply almost1052

completely prevents the increase in red cell rigidity induced by 1053

1 h submaximal strenuous exercise [85]. 1054

Caloric intake has also a pivotal importance. In athletes, there 1055

is a tendency to consume fewer calories than expended and to 1056

avoid fats. This tendency may further compromise antioxidant 1057

mechanisms protecting red cells against the exercise stress [54]. 1058

That stress is proportional to the intensity and duration of the 1059

exercise, relative to the maximal capacity of the athlete. Mus- 1060

cle glycogen depletion compromises exercise performance and 1061

also increases the stress. Glycogen stores can be protected by 1062

increased fat oxidation (glycogen sparing). The diets of athletes 1063

should be balanced so that total caloric intake equals expendi- 1064

ture, and so that the carbohydrates and fats utilised in exercise are 1065

replenished. Many athletes do not meet these criteria and have 1066

compromised glycogen or fat stores, have deficits in essential 1067

fats, and do not take sufficient micronutrients to support exer- 1068

cise performance, immune competence and antioxidant defence. 1069

From all nutritional variables optimal energy supply is consid- 1070

ered as most vital for human performance. It is postulated that 1071

lack of energy homeostasis is a basic problem in the develop- 1072

ment of overtraining [7]. Most if not all clinical symptoms of 1073

this syndrome are directly or indirectly related to the physio- 1074

logical mechanisms of energy homeostasis. Lack of available 1075

energy has surely a much greater impact than exercise stress by 1076

its own. Dietary insufficiencies should be compensated for by 1077

supplementation with nutrients, with care not to over compen- 1078

sate. In a recent study we addressed the hemorheological side 1079

of this problem [89]. In 41 elite athletes, exercising 13 ± 0.9 h 1080

per week a standardized nutritional questionnaire suitable for 1081

sports medicine was applied. We found negative correlations 1082

between fibrinogen and protein intake. Accordingly, the RBC 1083

disaggregability threshold was also correlated negatively with 1084

protein intake. Caloric intake was correlated with red cell rigid- 1085

ity and negatively correlated with the RBC disaggregability 1086

threshold. Lipid intake was negatively correlated with the RBC 1087

disaggregability threshold. Carbohydrate intake was positively 1088

correlated with whole blood viscosity and negatively to the 1089

hematocrit/viscosity ratio. Therefore, fibrinogen levels and red 1090

cell rheology exhibit correlations with nutritional status in ath- 1091

letes. Low protein intake appeared to be associated with (mildly) 1092

raised fibrinogen and aggregability and caloric restriction with 1093

lowered red cell deformability [54]. These data are thus consis- 1094

tent with the concept of a pivotal role of adequate nutrition to 1095

prevent the effects of the chronic exercise-induced inflammation 1096

in people on the edge of the overtraining syndrome [89]. 1097

Contrasting with these effects of nutritional status on base- 1098

line hemorheology of people submitted to more than 10 h per 1099

week of training, there are few reported effects of a preexe- 1100

cise feeding on blood rheological response to exercise [12,17]. 1101

In thirty-one male triathletes, Van der Brug [84] investigated 1102

the effects of different kinds of feedings on the hemorheolog- 1103

ical response to prolonged exercise. While exercise caused the 1104

expected increase in whole blood and plasma viscosity, hemat- 1105

ocrit, and osmolality, and a very small, but significant decrease 1106

in erythrocyte deformability, irrespective of the feedings con- 1107

sumed, the intake of different amounts of carbohydrate had 1108

no influence on the hemorheological parameters. Therefore, if 1109

dx.doi.org/10.1016/j.scispo.2007.09.010
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water supply is sufficient, carbohydrates have no major influence1110

to the hemorheological response to exercise.1111

By contrast, polyunsaturated fatty acids of the omega 3 fam-1112

ily (�3PUFA) increase exercise performance by improving RBC1113

flexibility [18,57]. Thoth and co-workers [81] described also that1114

�3PUFA increase aerobic exercise capacity in patients suffer-1115

ing from ischemic heart disease and hyperlipoproteinemia. This1116

increase is related to an improvement in hemorheology (whole1117

blood viscosity) and circulation (decrease in total peripheral1118

resistance). Actually a recent well-conducted study apparently1119

challenges all this literature [68] since it shows that a three-week1120

of fish oil supplementation (6 g/day), without or with vitamin E1121

(300 IU/day), has no effect on either RBC rheology or exercise1122

performance.1123

In fact, the simple fact to take or not a breakfast before exer-1124

cise has a significant influence on hemorheological response to1125

this exercise [15]. After a 495 kcal breakfast (8.9% proteins,1126

27.3% lipids; 63.9 % glucids, i.e. mimicking a “French break-1127

fast”), the increase in erythrocyte rigidity that occurs at fast is1128

prevented, while plasma viscosity is higher and increases more1129

when subjects were fed than when they were fasting. Therefore,1130

such a breakfast modifies the rheologic response to exercise, by1131

preventing a reduction in red cell deformability and increasing1132

plasma viscosity as well as its rise during cycling [12,17].1133

Recent studies have underlined the importance of mineral1134

and trace element status in sports hemorheology. Zinc, which1135

in vitro increases the deformability of artificially hardened red1136

cells [18], is frequently low in the serum of athletes, this sit-1137

uation reflecting some degree of deficiency. Athletes with low1138

serum zinc have a higher blood viscosity and an impairment in1139

erythrocyte deformability which is associated with a decrease in1140

performance. Experimentally, a double blind randomized trial of1141

oral zinc supply in healthy volunteers improves blood viscosity1142

[59] while the effects on performance are not significant. Zinc1143

seems also to reduce erythrocyte aggregation both in vitro and1144

in vivo [18].1145

Another mineral, which is frequently lacking in athletes is1146

iron. Even without anemia, this situation is likely to impair1147

performance, although there is still some controversy concern-1148

ing the opportunity of iron supplementation in athletes. In elite1149

athletes plasma ferritin has been observed to be negatively corre-1150

lated with blood viscosity [60]. Subjects with low ferritin levels1151

suggesting mild iron deficiency thus exhibit a higher blood vis-1152

cosity explained by a higher plasma viscosity while hematocrit1153

and red cell rigidity are unchanged. Erythrocyte aggregability1154

is also higher in iron-deficient subjects [60]. These data suggest1155

that mild iron deficiency as commonly seen in athletes, before1156

anemia occurs, is associated with an increase in plasma viscos-1157

ity and RBC aggregation, together with an increased subjective1158

feeling of exercise overload.1159

Finally, studies in body builders evidence abnormalities,1160

including hemoconcentration and alterations in cholesterol1161

metabolism, which have been suggested to be at risk for throm-1162

boembolic phenomena because of increased blood viscosity.1163

Those abnormalities could reflect the use of diet, exercise, and1164

ergogenic drug regimens, which are common among competi-1165

tive athletes [44].1166

Recently the issue of alcohol consumption and blood rhe- 1167

ology during exercise has been extensively studied (see review 1168

in [43]). According to El-Sayed [45], alcohol continues to be 1169

the most frequently consumed drug among athletes and appears 1170

to evoke detrimental effects on exercise performance capac- 1171

ity. Alcohol consumption decreases the use of glucose and 1172

amino acids by skeletal muscles, adversely affecting energy sup- 1173

ply during exercise. Although moderate alcohol consumption 1174

has favourable effects on blood coagulation and fibrinolysis, 1175

but occasional and chronic alcohol consumption is usually 1176

linked with unfavourable alterations in platelet aggregation and 1177

function and may be associated with platelet-related throm- 1178

bus formation. Concerning the effects of alcohol on rheological 1179

properties of the blood evidence suggests that alcohol use fol- 1180

lowing exercise is associated with unfavourable changes in the 1181

main determinants of blood viscosity [45]. In moderately active 1182

young men, alcohol (0.7 g/kg body mass) was given 1 h after 1183

exercise. During recovery, while the increase in haematocrit 1184

postexercise similarly returned to the baseline level in both con- 1185

trol and alcohol trials, plasma viscosity and plasma fibrinogen 1186

remained significantly high during recovery in the alcohol trial 1187

compared with control condition. Authors conclude that the con- 1188

sumption of alcohol after exercise delays the normal return of 1189

plasma viscosity, plasma fibrinogen to resting baseline levels 1190

during recovery. 1191

7. Exercise as a “hemorheologic therapy” 1192

In sedentary patients, regular exercise also improves blood 1193

rheology [44]. In fact, an improvement in blood fluidity can 1194

be induced by regular physical exercise regardless of whether 1195

the blood rheology was normal or abnormal at baseline. Thus, 1196

regular exercise might be a way of therapeutically increasing 1197

blood flow in ischaemic vascular diseases. Training compen- 1198

sates not only for the potential damage risk factors represent but 1199

also for the physical stress provoked by vigorous exercise. A 1200

large literature on the therapeutic effects of exercise in periph- 1201

eral obliterative arterial disease shows that the therapeutic effect 1202

of training in this disease may be largely explained by rheologic 1203

improvements [47]. 1204

Non-insulin dependent diabetes represents an extreme exam- 1205

ple of the insulin-resistance syndrome in which all the metabolic 1206

abnormalities are overtly expressed. Exercise has been pro- 1207

posed as a preventive treatment for this disease which is mostly 1208

explained by a decrease in muscular fat and glucose process- 1209

ing. In these patients, there is also a link between unfitness 1210

and cardiovascular risk [83]. Recently Aloulou reported the 1211

hemorheologic effects of low intensity endurance training in 1212

sedentary patients suffering from the metabolic syndrome [3] 1213

in 24 patients submitted to a two months targeted training 1214

designed for increasing exercise lipid oxidation. Variations of 1215

whole blood viscosity at high shear rate were explained here 1216

by two statistically independent determinants: hematocrit and 1217

red cell rigidity. Changes in RBC rigidity appeared to reflect 1218

weight loss and decrease in LDL cholesterol. Plasma viscos- 1219

ity was related to cholesterol and its training-induced changes 1220

are related to those of VO but not to lipid oxidation. Red cell 1221

dx.doi.org/10.1016/j.scispo.2007.09.010
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aggregability reflected both the circulating lipids (cholesterol1222

and its subfractions HDL and LDL) and the ability to oxi-1223

dize lipids at exercise. Factors associated to a post-training1224

decrease in aggregability were weight loss and more precisely1225

decrease in fat mass, improvement in lipid oxidation, rise in1226

HDL-Cholesterol, and decrease in fibrinogen. On the whole,1227

the major determinant of hemorheologic improvement was an1228

increase in cardiorespiratory fitness (VO), correlated with a1229

decrease in plasma viscosity, rather than an improvement in1230

lipid metabolism, although RBC aggregability and deforma-1231

bility exhibited clear relationships with lipid metabolism. This1232

study thus evidences that the return to “metabolic fitness” in1233

such subjects prone to develop metabolic diseases and diabetes,1234

is closely associated with a parallel improvement in blood rhe-1235

ology, aerobic capacity and metabolism.1236

The effects of cardiac rehabilitation and exercise training on1237

blood rheology in patients with coronary heart disease (CHD)1238

have been recently investigated by Church et al. [24]. After reha-1239

bilitation, patients with CHD had reductions in plasma viscosity1240

(from 1.85 ± 0.18 to 1.77 ± 0.11 mPa.s) and whole blood vis-1241

cosity. Thus, cardiac rehabilitation improves blood rheology in1242

patients with CHD. However, whether these improvements actu-1243

ally contribute to the increased functional capacity and reduced1244

morbidity and mortality that is associated with participation1245

in cardiac rehabilitation and exercise programs remains to be1246

demonstrated.1247

8. Conclusions1248

A major historical issue in Sports Medicine is the research1249

of accurate “markers of fitness”, which may help to predict1250

performance and/or under performance, and thus avoid some1251

unexpected health problems in athletes. Although less studied1252

than other aspects of Sports Medicine and Exercise Physiol-1253

ogy, exercise hemorheology is likely to provide some interesting1254

possibilities fitting with this scope. As explained above, the1255

training-induced improvement in blood rheology provides an1256

integrated reflect of not only “autohemodilution” (i.e. training-1257

related decrease in hematocrit) which is clearly a sign of fitness,1258

but also some in plasma and red cell rheology that reflect1259

metabolic improvements and thus what we propose to term1260

“hemorheologic fitness”. A first unresolved question is thus the1261

exact value in sports medicine of those alterations as “integrated1262

markers of fitness”.1263

The issue of overtraining is another field where clini-1264

cal assessment is difficult and where there is absolutely no1265

consensus on biological signs. Interestingly, our findings of1266

hemorheological signs of overtraining fits with the more recent1267

pathophysiological concepts of this disease, which involve1268

exercise-induced muscle histologic microlesions leading to pos-1269

texercise inflammation in order to govern muscle repair. This1270

interleukine-related “wartime economy” is likely to explain1271

more of the behavioral and metabolic signs of this disease, and1272

is clearly reflected by hemorheological changes. In our stud-1273

ies, plasma viscosity seems to be more related to overtraining1274

itself while hematocrit is rather linked to associated variations1275

in aerobic working capacity (i.e. fitness). The clinical relevance1276

of these potential “markers” clearly requires more investigation. 1277

Close from this topic is the issue of so-called “sports anaemia”: a 1278

quite confusing question that hemorheologists may help to clar- 1279

ify. Hemorheologists observe that: (a) low hematocrit in athletes 1280

does not generally mean anemia but hemodilution; (b) iron defi- 1281

ciency, at the beginning, impairs blood rheology in athletes, even 1282

before anemia occurs, and may be associated with a paradoxical 1283

rise in hematocrit and viscosity. That leads to what we pro- 1284

posed to call “the paradox of hematocrit in athletes”. According 1285

to traditional physiology, it is highly paradoxical to observe that 1286

doped athletes with high hematocrit may win races. According to 1287

Poiseuille’s law and its application to hemorheology they should 1288

not, since excess hematocrit would increase blood viscosity and 1289

thus impair perfusion. The recent understanding of non-linear 1290

acute transition between two structures of blood (highly fluid 1291

versus highly viscous) resolves this apparent paradox. Accord- 1292

ing to this approach, tremendously high hematocrit would thus: 1293

(a) actually improve O2 supply at exercise; (b) induce a true 1294

hyperviscosity syndrome (like polycythemia vera) at rest. This 1295

is likely to explain at least a part of recently reported fatalities 1296

in young cyclists in a clear context of hyperviscosity. However, 1297

there is clearly a need for specific studies. 1298

Another amazing question is that of race horses that undergo 1299

pulmonary hemorrage, which seems to be related to the story of 1300

elite athletes that undergo oxygen desaturation at peak exercise. 1301

The recent abovementioned studies by Connes and co-workers 1302

actually indicate that highly trained endurance athletes may have 1303

specially designed red cells which cope very well with blood lac- 1304

tate. They are able to uptake more lactate. This lactate, which 1305

impairs RBC deformability in sedentary subjects, paradoxically 1306

improves it in trained subjects. Some so-called extreme athletes 1307

who undergo oxygen desaturation at exercise actually exhibit a 1308

higher viscosity response than those who don’t, and that appears 1309

to be associated with a lack of exercise-induced red cell “fluid- 1310

ification”. 1311

Studies on blood rheology in SCT carriers performing exer- 1312

cise might also allow resolving an important question: that 1313

is, “Do SCT carriers are really at risk for developing medical 1314

complications, such as exercise-related sudden death”. Several 1315

reports underlined that SCT could be one of the most frequent 1316

cause of exercise sudden death in black army recruits and ath- 1317

letes but pathophysiological mechanisms responsible of such a 1318

fatal scenario remain unclear. Some investigations demonstrated 1319

disturbed hemorheologic characteristics at rest and in response 1320

to exercise in this population that could participate to blood flow 1321

impairment into the microcirculation. 1322

Another potentially promising area of research in exercise 1323

hemorheology is the correlations between RBC deformability 1324

and the ability to oxidize at exercise more lipids. This may reflect 1325

the fact that a low ability to oxidize and to periodically deplete 1326

triglyceride in muscle is associated with raised blood lipids. 1327

Alternatively, high carbohydrate oxidation rates in the mito- 1328

chondrion are likely to promote more free radical generation. 1329

All this requires to be elucidated. 1330

Concerning red cell aggregation, it is thus known to increase, 1331

and postexercise RBC aggregability is correlated to fibrinogen 1332

at rest. Whether other factors than fibrinogen also play a role 1333

dx.doi.org/10.1016/j.scispo.2007.09.010
CHU
Note
corr: VO2max

01174696
Note
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in this physiological, rapidly reversible process is unknown.1334

Even more mysterious is the functional role of these exercise-1335

related changes in RBC aggregation. G. Brook’s “crossover1336

concept” [16] implies that blood lactate during exercise is nowa-1337

days considered rather as a mirror of the balance between1338

oxidized carbohydrates and lipids than resulting from a “Pasteur-1339

like” effect (so-called “anaerobiosis”). As shown above, RBC1340

aggregability seems to be associated with a higher lactate accu-1341

mulation in blood during exercise. Whether this repeatedly1342

reported observation means that aggregation induces in mus-1343

cle some degree of “anaerobiosis” remains to be clarified. Our1344

more recent finding in this issue is that the kinetics of lactate1345

removal from blood after exercise is related to the extent of1346

RBC aggregation at peak exercise.1347

On the whole, both physiological and clinical fields of sports1348

medicine are full of questions still to be resolved by hemorhe-1349

ologists, and that potentially imply clinical applications of1350

hemorheology in this domain of biological sciences.1351
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