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Abstract: The aim of this study was to analyze the selected hematological and rheological indices in
female rowers during the competitive season. The study included 10 female rowers (aged 21.2 &+ 2.6)
and the control group consisted of 10 woman of corresponding age (non-athletes). The examination
of athletes took place two times: at the beginning of the season during high endurance low intensity
training period in January (baseline) and at the end of the competitive season in October (after).
Blood samples taken from all woman were analyzed for hematological and rheological parameters.
The training period of rowers during the 10 months resulted in decrease in red blood cell count and
RBC deformability, in contrast to an improvement in some rheological functions such a decrease in
fibrinogen concentration, plasma viscosity and aggregation index. The training program practice in
rowing modulated some hematological and rheological indices. Some of them positively influenced
the cardiovascular system and reduced potential risks connected with hard training and dehydration,
but others may have followed from overtraining or not enough relaxation time between training units.
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1. Introduction

Based on actual knowledge, there is no doubt that the role of physical activity on the
human body is non-substantiable and many works discuss benefits in the prevention of
many current diseases [1,2]. Nowadays, much attention concentrates on the protective
impact of regular activity on cardiovascular disease as well as cardiovascular adaptation [3].
Due to physical effort, there is increased demand for oxygen, glucose and nutrients. This,
in the long run, improves metabolic status connected with the transformation of lipids and
carbohydrates [4]. Additional benefits from regular exercise alternate with improvements
in blood rheology properties in some clinical situations [5,6]. As well as in medical and
sports training, the objective is to improve muscle strength, increase the aerobic capacity
and metabolic profile [7]; however, the goals of an athlete’s training program are to increase
their sporting abilities. Thus, the efficiency of muscle, circulatory and hematopoiesis
systems play an important role in determining the possibilities to achieve high results in
sport competitions. Nonetheless, studies present that strenuous exercise might result in
cardiovascular incidents in professional athletes [8-10].
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One of these dangers could be some periodic negative changes related to hemorheol-
ogy. Due to physical exercise, the blood drop hemoconcentration phenomenon can occur
resulting in a loss of extracellular water [11,12]. Red blood cells are almost the half amount
of the whole blood volume, and they affect the circulatory fluid dynamics. Blood, regarding
its mechanical relevance, is a non-Newtonian liquid, which means that an increase in shear
rate (depends on vessel radius and speed of blood flow) causes a decrease in viscosity [11].
It has direct meaning regarding the speed of blood flow. The hemorheology effects of
training are seen to be dependent on the time spent training, and relate mainly to short,
medium and long term exercise [4].

Erythrocytes (RBC) are characterized by their deformability and aggregation prop-
erties. RBC have the ability to shape and reshape erythrocytes and, thanks to this, they
can pass the capillaries with a smaller diameter than theirs [13]. Single physical efforts
lead to increased heart rate, cardiac output and accordingly this accelerates blood flow
to the respiratory and exercising muscles. During enhanced flow in the cardiovascular
system, erythrocytes are subject to many forces, mainly in the arteries. Even an increase
in hematocrit to 60% will increase blood viscosity, but erythrocytes carry off the capillary
system. Red blood cells” deformability depends on membrane flexibility, cell geometry
and internal cytoplasmic viscosity [14]. One of the deformability measurement procedures
abuses a laser diffraction method as a fast and simple way to perform an elongation index
of red cells [15]. In normal conditions, it is expected to decrease erythrocyte aggregation
with reduced deformability, especially in low fibrinogen concentrations [11]. Erythrocytes
could bind with each other and form aggregates, called rouleaux formation, and also 3D
networks. This process is reversible. When higher shear forces occur in blood vessels,
negative surface charge erythrocytes could disaggregate on single cells. RBC aggregation,
which is strictly linked with blood flow especially in smaller venous compartments, could
be the main agent of vessel resistance. Higher erythrocyte aggregation could increase
vascular flow resistance and indirectly induce stronger work of the heart muscle, leading
to the development of hypertension [16]. This can lead to cardiovascular consequences
as well as some thrombotic diseases as a result of dehydration, increased blood coagulate,
high physical work or contraceptive medications [17,18]. Nonetheless, regular physical
exercise leads to an improvement in nitric oxide (NO) production by the endothelium and
release from red blood cells [18]. As a result, this can develop protective mechanisms such
as the regulation of arteriolar vasodilation.

To our knowledge, the training effects of the whole rowing season on rheological
blood properties was not studied before. Only the work of Telegtéw et al. [19] described the
effects of intermittent hypoxic training among professional male rowers on performance,
rheological properties of blood and metabolic activity of erythrocytes. It is worth emphasiz-
ing that hematological research is usually conducted on male athletes because of the many
factors that affect making accurate conclusions among women.

Thus, the present study aimed to investigate red blood cell deformability, aggregation,
plasma viscosity and concentration of fibrinogen in professional female rowers, in different
periods of the season.

2. Materials and Methods
2.1. Participants

The study involved 11 women who trained as professional rowers at the University
Sport Krakow Club. The women were aged 18-25 years (mean = 21). In the main season,
when the most championships were held, they trained for a total of about 8-10 training
units per week, which consisted of main training on-water, gym exercise, ergometer and
running. The sportswomen trained all year, except for 3 weeks in August and a few days
at the end of December. In the period of the most important sports events (from May
to September), they started about every other weekend. To assess the potential changes
in blood morphology and rheology, the authors decided to take the samples two times
(in January and October) from each competitor. Blood was collected from the ulnar vein,
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on an empty stomach in the morning hours. In addition, the control group consisted of
10 healthy, non-training women. The research was approved by the Bioethics Committee
at the Regional Medical Chamber in Cracow. The participants were also informed about
the aim of the research, and they approved their participation. The samples were taken at
the Laboratory of Blood Physiology at the University of Physical Education in Cracow. A
qualified nurse collected blood into 2 types of Vacuette test tubes: with potassium EDTA
and with clot activator for serum. Blood samples were tested for morphological and
rheological properties. Blood was used for examination one hour after collecting samples.

The measurements of the basic hematological indicators were performed on the
HORIBA ABX Micros 60 (USA).

WBC [109/1]—White Blood Cells;

RBC [1012/1]—Red Blood Cell;

HGB [g/dl]—Hemoglobin;

HCT [%]—Hematocrit;

PLT [109/1]—Platelet Count;

MCH [pg]—Mean Corpuscular Hemoglobin;

MCYV [fl]—Mean Corpuscular Volume;

MCHC [g/dl]—Mean Corpuscular Hemoglobin Concentration.

2.2. Measurement of Erythrocyte Elongation and Aggregation

To study deformability and aggregation indicators, blood samples were analyzed in
the LORRCA device (Laser-Optical Rotational Cell Analyzer (R&R Mechatronics, Hoorn,
The Netherlands). For the determination of erythrocyte elongation, they have been put into
5 mL of standardized viscous solution Polyvinylpyrrolidone (PVP), M = 360,000, osmolality
~300 mOsm/kg. The temperature in Lorca was configured at 37 °C. Then, a sample was
injected into the Lorca measuring system and was subject automatically to increasing shear
stresses (from 0.3 Pa to 60.30 Pa). The system analyzed the diffraction of light on the blood
cells and calculated the elongation index from the special formula:

a—>
a+b

El =

a—is length of the red blood cell;

b—is width of the red blood cell.

To study aggregation, the same device (LORRCA) was used. A total of 1 mL of blood
was previously subject to oxygenation for 10 min. Then, blood was injected into a rotating
cylinder in LORCA. The computer was adjusted at 37 °C and it started moving the cylinder
with a shear rate of >400 s~!. After 10 s, the cylinder stopped and the aggregation of
red blood cells came out. Changes in the intensity of light diffraction and time when
they occurred are presented on the syllectogram. The following parameters determining
erythrocyte aggregation kinetics were assessed:

A

Al= 275

x 100%

Al [%]—aggregation index;

A—area above syllectogram curve;
B—area below syllectogram curve.

Also analyzed were

AMP [au]—total extent of aggregation;
TY2 [s]—half time kinetics of aggregation.

2.3. Determination of Fibrinogen Concentration

To indicate plasma fibrin concentration, the Chrom 7-coagulometer (Bio-Ksel, Grudz-
iadz, Poland) was used. To 50 pL of plasma, we added 100 pL of Bio-Ksel PT reagent
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containing thromboplastin with calcium chloride. This resulted in plasma coagulation and
clot formation. After conversion of fibrinogen to fibrin, the light detector analyzed the
concentration of fibrinogen.

2.4. Blood Plasma Viscosity (BPV)

To examine plasma viscosity, we used the Myrenne Roetgen viscometer (D-52159,
Myrenne GMBH, Roetgen, Germany). Before measuring the plasma viscosity, calibration
was performed using two standard solutions Myrenne NP1 and NP2 for the lower and
upper ranges of standard measurements, accordingly, for 1.10 mPas and 1.90 mPas. Then,
0.5 mL of plasma was placed into the measurement capillary. The device detected the time
at which plasma passed through the distance from barrier L3 to L4 spectrophotometer, with
constant pressure and temperature (37 °C). The normal range for human plasma viscosity
is 1.10-1.90 mPas.

2.5. Statistical Analysis

Continuous variables are presented as mean + standard deviation (SD) or median
and interquartile range (IQR), depending on the normality of distribution. The normality
of distribution was tested using the Shapiro—Wilk test. For intergroup comparisons, we
used ANOVA or, in the case of not meeting its assumptions, Kruskal-Wallis test followed
by post hoc tests: Tukey or Dunn, respectively. Dunnett’s Multiple Comparison was
additionally used for testing with respect to the control group. SS1/2 and EImax were
calculated by fitting SS versus EI to equation, representing Lineweaver-Burke model, using
a non-linear, curve-fitting algorithm available in a commercial statistical package (Prism
7.02, GraphPad Software Inc., La Jolla, CA, USA). The methodology was described in detail
by Baskurt et al. (2013). Calculations were performed using Statistica 12 (StatSoft®, Tulsa,
OK, USA) software. Statistical significance was defined as p < 0.053.

3. Results

In the study group, we found a significance decrease in red blood cell count (RBC) by
7.82%. Additionally, there was a higher erythrocyte level reported in the control group.
Mean corpuscular volume (MCV) was higher in the athlete group compared to untrained
individuals. Eight months of training resulted in an increase in average mass corpuscular
hemoglobin (MCH) by 4.82%. The two groups did not differ significantly in the levels
of hematocrit (Hct) and hemoglobin (Hgb). The results of the basic hematological mea-
surements are listed in Table 1. Comparing rowers to the control group, we have found
statistically significant changes: average RBC count decreased by 7.23% in rowers; average
value of MCV (fl) increased by 6.19% in rowers at the first examination (baseline) versus
controls; average value of MCV (fl) increased by 3.70 % in rowers at the second examination
(after) versus controls; average mass of corpuscular hemoglobin MCH (fmol) increased by
4.82 % in rowers at the second examination (after) versus at first examination (baseline). In
hemoglobin and fibrinogen concentration as well as WBC and PLT count, there were not
any significant changes in rowers compared to the control group.

Blood plasma viscosity

The viscosity in the athlete group was meaningfully lower at both examinations
compared to the control group (p < 0.05). Compared to the first examination, there was
a notable decrease in blood plasma viscosity of 13.85 % in rowers (baseline) compared
to the control group and of 17.70% in rowers (after) compared to the control group (see
Table 2 below).
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Table 1. Mean values (£SD) of hematological parameters and fibrinogen concentration in the rowers
at first and second examination compared to the control group.

Parameter Rowers Rowers p Control
(Baseline) (after) (Baseline vs. after) Group (after vs. Control)
RBC [1012]/L 4.46 +0.40 423 +0.21 0.041 * 4.56 +0.28 0.012 %
HGB [g/d]] 13.31 £ 1.15 13.25 + 0.61 0.690 13.53 £ 0.85 0.452
HCT[L/L] 39.39 £+ 3.96 39.89 +1.78 0.703 40.65 & 2.39 0.849
MCV [fl] 88.25 4+ 3.10 86.18 4= 2.44 0.031 * 83.10 £ 3.60 0.002 *
MCH [pg] 29.85 £ 1.10 31.36 £0.92 0.007 * 29.65 £ 1.26 0.013 *
MCHC [mmol/L] 33.82 +0.90 33.24 +0.48 0.163 33.23 £ 0.56 0.952
WBC 10°/L 5.53 & 1.55 5.75+0.89 0.125 6.72 £ 1.42 0.083
PLT 10°/L 262.55 4 88.17 246.55 - 48.99 0.810 253.90 £ 30.06 0.999
Fibrinogen [g/dl] 46+0.75 393 +0.76 0.041 * 4.59 +1.02 0.475
*p <0.05.
Table 2. Median (with interquartile ranges) of blood plasma viscosity (BPV) in rowers at first and
second examination compared with control group.
Parameter Rowers Rowers p Control
(Baseline) (after) (Baseline vs. after) Group (after vs. Control)
BPV [mPas] 1.12 (0.26) 1.07 (0.12) 0.188 1.30 (0.14) 0.036 *
*p <0.05.
Erythrocyte deformability
The eight-month professional training was reflected by a significantly lower Elongation
Index (EI) in the athlete group at a shear stress level between 0.30 Pa and 15.98 Pa; however,
at higher levels (31.03 and 60.3 Pa), there were no differences observed. In a group of
non-training women (control), there was a higher erythrocyte deformability noted at all
shear stress levels compared to the athlete group (see Table 3 below).
Table 3. Mean values of Elongation Index (EI) depends on shear stress and aggregation parameters.
Parameter Rowers Rowers p Control
(Baseline) (after) (Baseline vs. after) Group (after vs. Control)
EI0.30 [Pa] 0.03 & 0.02 0.05 & 0.01 0.036 * 0.06 + 0.01 0.001 *
EI0.58 [Pa] 0.06 £ 0.01 0.07 £0.01 0.003 * 0.09 £0.01 0.001 *
EI 1.13 [Pa] 0.12 £ 0.01 0.13 £ 0.02 0.007 * 0.15£0.01 0.001 *
EI2.19 [Pa] 0.22 £ 0.02 0.21 £0.02 0.081 0.24 £0.01 0.002 *
EI4.24 [Pa] 0.33 £0.03 0.30 £ 0.03 0.008 * 0.33 £0.02 0.026 *
EI 8.24 [Pa] 0.41 £ 0.03 0.37 £ 0.03 0.004 * 0.41 £ 0.03 0.034 *
EI 15.98 [Pa] 0.47 + 0.03 0.44 + 0.03 0.005 * 0.48 £ 0.03 0.009 *
EI31.03 [Pa] 0.52 £0.03 0.51 £0.02 0.370 0.54 £ 0.02 0.031 *
EI 60.3 [Pa] 0.55 £+ 0.03 0.55 £ 0.02 0.095 0.58 £ 0.02 0.051 *
AMP [au] 14.69 + 3.64 1543 £5.26 0.062 10.05 £ 2.38 0.019 *
Al [%] 57.58 =£10.24 54.01 & 6.64 0.385 58.04 + 6.38 0.584
t1/2 [s] 295 +1.32 3.20 = 1.00 0.884 2.63 £ 0.64 0.394

*p <0.05.
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Aggregation parameters

The degree of total aggregation (AMP) was found to be significantly higher in athletes
compared to control groups. We did not observe any significant changes in terms of
Aggregation Index (Al) and half time of total aggregation (t1/2) in athletes and controls.

4. Discussion

The main objective of this study was to examine the effects of the changes in the
resting morphological and rheological properties of blood in response to a long-term
training period. There are enormous data about the impact of different exercises on basic
blood morphological parameters and the effects of different energetic character, duration
and other factors existing in specific sport disciplines. In rowing, applying high loads
can lead to a disturbance of the morphotic elements in the bloodstream. At the beginning
of the season, in rowers, the main objective of the implemented training is to enhance
general performance and therefore aerobic capacity. Therefore, this time serves to enhance
aerobic capacity, among other things, by the increase in red blood cells coming into the
circulation. The training process in rowing is divided into classical periods proposed by
Matvejev, such as preparatory, starting and transitional [20]. The samples were collected at
the beginning of the preparatory period (baseline), where a significant part of the training
provided aerobic schemes with cross country skiing, gym exercise and rowing indoors
(60-70% of time). The second collection took place after the last national competition, at
a moment of significant decrease in intensity and volume. This is the time when in some
athletes the overtraining symptoms can occur.

The total number of circulating red blood cells and total hemoglobin concentration
are mostly responsible for oxygen transport to muscles via the cardiovascular system [12].
These factors are particularly important in professional athletes competing mainly in en-
durance sports such as cycling, cross-country skiing, long distance running, rowing and
many others. However, RBCs rheological properties such as deformability and aggre-
gation could change as a result of intensive physical training periods. Physical exercise
affects the increase in demand and consumption of oxygen by the working tissues (mainly
muscles and neurons). The best athletes should have high oxygen uptake to tolerate ex-
haustive efforts, without any risks for their health. RBC homeostasis is related to changes
in hematopoiesis systems, including RBC production, RBC hemolysis, bone marrow ac-
tivity and iron resources [21]. Basic hematological indicators such as hemoglobin, red
blood cell count and hematocrit are strictly connected with the maximal oxygen uptake,
which is one of the determinants of aerobic capacity [22]. In general, it is proven that
endurance training results in a positive increase in red blood cell count, both in men and
women [23]. Nonetheless, it is known that in women, the monthly menstruation cycle
can disturb blood circulation, levels of erythrocytes or hemoglobin, and some rheological
properties [24,25]. Additionally, hemoglobin concentration in women is strictly linked to
the inhibitory impact of estrogens (estradiol) on bone marrow activity [26]. Although the
examinations were placed in the intermenstrual cycle, it cannot be excluded for sure that the
changes were related to monthly blood loss through menstruation, as well as amenorrhea
or oligomenorrhea which is frequent in athletes. It is also worth underlining that regular
endurance training seems to accelerate the selective elimination of rigid and old RBCs
via the reticuloendothelial macrophage system [27]. The level of reduced hematological
indices such as HGB, HCT and iron also could be influenced by the dietary intake, both
with sport-related issues, such as the type of sport (endurance/power), and the amount of
training [28,29]. The most recent data suggest that supplementation with iron preparations
could fill the iron stores (serum ferritin), contributing to simultaneously increasing the
energetic efficiency status in female rowers [30].

It is known that highly-trained athletes have changed parameters related to the ery-
throcytic system, such as higher mean corpuscular volume (MCV), higher hemoglobin
concentration, higher 2,3 2,3-bisphosphoglycerate and adenosine triphosphate (ATP) in
erythrocytes compared to non-trained subjects [31]. The distinct values enumerate red cell
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indices with a quicker turnover in hematopoietic systems. Under the regular physical train-
ing, there was an observed drop in mean corpuscular hemoglobin concentration (MCHC),
which is strictly related to an increase in red blood cell elasticity.

Diminished erythrocyte deformability can occur as the action of reactive oxygen
species (ROS) intensifies during hard physical exercise or during long exposure to hypoxic
conditions [32,33]. Certain researchers have underlined the effects of the adaptation of
trained subjects (humans and mice), and no instance of erythrocyte damage has been found
as a result of oxidative stress [34,35]. Decreased levels of HGB and PLT, as well as PV, could
indicate that there is more plasma (as an effect of training). Interesting findings were pro-
vided by the Dunch research team [36], who compared female and male rowers with blood
donor candidates. The retrospective analysis performed by comparing the hemoglobin
levels in healthy people and athletes confirmed the higher concentration in both male and
female athletes than in donors. Hemoglobin concentration measured photometrically, in
10.4% of male rowers and 8.3% of female rowers, was above the recommended level for the
competition [36]; whereas, only 3.9% male and 1.9% female blood donors exceeded these
values. A hemoglobin concentration of 10.5 mM equals a hematocrit of 51% in males and
9.7 mM equals 47% in females. Boyadijev and Taralov [37] found significant differences in
mean red blood cell count, with it being lower in highly trained athletes generally compared
to untrained subjects. The same research evidence on lower hematological indices such
as hemoglobin and hematocrit and higher mean corpuscular volume was found in female
highly trained athletes compared to untrained people. In agreement with this, the authors
came to a similar conclusion. In the study of Dellavalle et al. [29], considering iron status,
the hematological variables including Hb, Hct and mean cell volume were close to those
reported in our work. The research of Skarpariska-Stejnborn et al. [38] demonstrates that
under the influence of intensive exercise in rowers, there are disturbances in iron resources
as a result of increased escape through macrophages. Some explorers discovered that also
in other groups of athletes, such as footballers, there was a depletion of iron, independent
of the training system, which can occur with lower concentration of hemoglobin. In our re-
search, we could not detect these findings because there was not a measured level of iron in
the serum. In the literature, we can find different procedures of measurement deformability
index. In the present work, we used a method based on a laser diffractometer through
the Lorrca device. This could be the reason for little changes in our results in comparison
to other researchers who used alternative methods. The results of this paper indicated
that regular training performed by professional rowers led to significant alterations in
blood plasma viscosity, connected likely with the shift in blood compounds and plasma
volume. At both time points, in rowers, there were significant lower plasma viscosity levels
compared to untrained individuals. Many research conclusions approved the thesis that
under the impact of regular endurance training, there was an enhanced volume of plasma.
The reason for that is an increase in albumin concentration, followed by shift from the
extracellular space [39]. What is interesting is that four females were tested shortly after
3 weeks of mountain training, which could be another proof of an activity that increases
plasma volume and decreases its viscosity. This reaction is strictly connected with the
renin—angiotensin—-aldosterone axis. Although in the discussed article the authors did
not measure the whole plasma volume, it may have corresponded with plasma viscosity.
The earlier works concerning this issue [40,41] conclude that plasma viscosity is lower in
athletes than in untrained subjects, which depends mainly on fibrinogen concentration.
Other measured indices such as plasma total protein, globulin and albumin were also lower
in runners, but their impact was probably not strong enough to modulate plasma viscosity.
Additionally, plasma renin activity was significantly lower in runners, which corresponds
with a lower heart rate and adrenergic tone than was previously described by the other
authors [39].

Athletes who train excessively could be exposed to overtraining syndromes (OTS).
The main symptoms associated with hemorheology could be the feeling of heavy legs,
occurring with concomitant modifications in some hematological parameters such as
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decrease in red blood cells or hemoglobin. A study by Varlet-Marie et al. showed that
overtraining syndromes could be connected with hemorheology disturbances such as
mild hyperaggregation and mild hyperviscosity [42]; however, in this study, only a higher
amplitude of aggregation was noted in female rowers at the end of the season, without
increasing plasma viscosity, suggesting that athletes did not experience OTS. It could be
related to a loss of water, increase in hematocrit, increase in sodium and potassium ions
in the serum, nitrate in urine and transaminase, as a result of hard training (catabolic
intensification) [43]. In natural conditions, the increase in hematocrit correlates with
decreased performance; however, it is not the rule in every condition.

In athletes, the better indicator of OTS experience is increased plasma viscosity. In
our research, we noted a significant decrease in plasma viscosity in the experimental
group. There was also a relationship during physical exercise between deformability of
red blood cells and deficit of oxygen which is used in energetic processes. This leads to the
formation of free radicals and may disturb the flexibility of the RBC membrane [4]. Despite
antioxidant mechanisms (RBC have about 30 different enzymes), they are not free from
oxidative damage. Additionally, the close neighborhood of leukocytes, activated through
exercise, can lead to the structural alteration of erythrocytes [44].

We acknowledge some potential limitations in our study. The limitation of our study is
that we did not examine hemorheology changes at different time points during all seasons
in athletes. We think that a comparison with similarly practicing rowing men athletes would
also provide valuable information on blood rheology and differences/convergence between
genders. Moreover, we did not analyze performance indicators (such as cardio-respiratory
gas ergospirometry), which could be helpful in the evaluation of training processes and
their relationship to blood morphology.

5. Conclusions

In our results, we did not find any significant changes in the comprehensive overview
of blood hemorheology, but we could see some single modifications such as in plasma
viscosity, red cell volume and aggregation. In the examined group, ensuring consistency
between the time of blood collection, age of athletes and training experience led to us
obtaining stable results with marginal deviations between athletes.

Author Contributions: Conceptualization, M.M.; methodology, M.M. and B.P,; investigation, M.M.
and A.T,; statistical analysis, ].M.; writing, M.M., M.]. and G.M.; project administration, A.T. and
M.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the tenets of
the Declaration of Helsinki and approved by the Ethics Committee of the Regional Medical Chamber
in Krakow, Poland (approval No.: 130/KBL/OIL/2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: The authors would like to thank the rowers of the AZS AWF Krakow Sports
Club (ul. Kosciuszki 38, 30-105 Krakow, Poland) for their participation.

Conflicts of Interest: The authors declare no conflict of interest.

1. Paffenbarger, R.S., Jr.; Kampert, ].B.; Lee, LM.; Hyde, R.T,; Leung, R.W.; Wing, A L. Changes in physical activity and other lifeway
patterns influencing longevity. Med. Sci. Sports Exerc. 1994, 26, 857-865. [CrossRef] [PubMed]

2.  Kojda, G.; Hambrecht, R. Molecular mechanisms of vascular adaptations to exercise. Physical activity as an effective antiox-idant
therapy? Cardiovasc. Res. 2005, 67, 187-197. [CrossRef] [PubMed]

3. Brun, J.E; Khaled, S.; Rayunaud, E.; Bouix, D.; Micallef, ].P; Orsetti, A. The triphasic effects of exercise on blood rheology: Which
relevance to physiology and pathophysiology? Clin. Hemorheol. Microcirc. 1998, 19, 89-104.


http://doi.org/10.1249/00005768-199407000-00008
http://www.ncbi.nlm.nih.gov/pubmed/7934759
http://doi.org/10.1016/j.cardiores.2005.04.032
http://www.ncbi.nlm.nih.gov/pubmed/15935334

Int. |. Environ. Res. Public Health 2023, 20, 5159 90of 10

10.

11.
12.

13.

14.

15.

16.
17.

18.

19.

20.
21.
22.
23.
24.
25.
26.
27.

28.

29.

30.

31.

Brun, ].F. Exercise hemorheology as a three acts play with metabolic actors: Is it of clinical relevance? Clin. Hemorheol. Microcirc.
2002, 26, 155-174.

Dumortier, M.; Perez-Martin, A.; Pierrisnard, E.; Mercier, J.; Brun, J.F. Regular exercise (3 x 45 min/wk) decreases plasma
viscosity in sedentary obese, insulin resistant patients parallel to an improvement in fitness and a shift in substrate oxidation
balance. Clin. Hemo. Microcirc. 2002, 26, 219-229.

Sharman, J.E.; Brown, J.; Holland, D.J.; Macdonald, G.; Kostner, K.; Marwick, T.H. Influence of Altered Blood Rheology on
Ventricular-Vascular Response to Exercise. Hypertension 2009, 54, 1092-1098. [CrossRef]

Damaso, A.R.; Campos, RM.D.S,; Caranti, D.A.; De Piano, A.; Fisberg, M.; Foschini, D.; Sanches, P.D.L.; Tock, L.; Lederman,
H.M,; Tufik, S.; et al. Aerobic plus resistance training was more effective in improving the visceral adiposity, metabolic profile
and inflammatory markers than aerobic training in obese adolescents. J. Sports Sci. 2014, 32, 1435-1445. [CrossRef]

Weisel, ].W.; Litvinov, R.I. Red blood cells: The forgotten player in hemostasis and thrombosis. J. Thromb. Haemost. 2019, 17,
271-282. [CrossRef]

American College of Sports Medicine; Thompson, P.D.; Franklin, B.A.; Balady, G.J.; Blair, S.N.; Corrado, D.; EsteslII, N.A.M.;
Fulton, J.E.; Gordon, N.E,; Haskell, W.L.; et al. American Heart Association Exercise and Acute Cardiovascular Events: Placing
the risks into perspective. Med. Sci. Sports Exerc. 2007, 39, 886-897. [CrossRef]

Corrado, D.; Drezner, J.; Basso, C.; Pelliccia, A.; Thiene, G. Strategies for the prevention of sudden cardiac death during sports.
Eur. |. Prev. Cardiol. 2011, 18, 197-208. [CrossRef]

Baskurt, O.K.; Meiselman, H.J. Cellular determinants of low-shear blood viscosity. Biorheology 1997, 34, 235-247. [CrossRef]
Brun, J.-F; Connes, P,; Varlet-Marie, E. Alterations of blood rheology during and after exercise are both consequences and
modifiers of body’s adaptation to muscular activity. Sci. Sports 2007, 22, 251-266. [CrossRef]

Tomaiuolo, G. Biomechanical properties of red blood cells in health and disease towards microfluidics. Biomicrofluidics 2014, 8,
051501. [CrossRef] [PubMed]

Huisjes, R.; Bogdanova, A ; van Solinge, W.W.; Schiffelers, R.M.; Kaestner, L.; van Wijk, R. Squeezing for Life—Properties of Red
Blood Cell Deformability. Front. Physiol. 2018, 9, 656. [CrossRef]

Kim, J.; Lee, H.; Shin, S. Advances in the measurement of red blood cell deformability: A brief review. J. Cell. Biotechnol. 2015, 1,
63-79. [CrossRef]

Meiselman, H.J. Hemorheologic alterations in hypertension: Chicken or egg? Clin. Hemorheol. Microcirc. 1999, 21, 195-200.
Bishop, M.; Astolfi, M.; Padegimas, E.; DeLuca, P.; Hammoud, S. Venous Thromboembolism Within Professional American Sport
Leagues. Orthop. ]. Sports Med. 2017, 5, 2325967117745530. [CrossRef] [PubMed]

Grau, M.; Cremer, ].M.; Schmeichel, S.; Kunkel, M.; Bloch, W. Comparisons of Blood Parameters, Red Blood Cell Deformability
and Circulating Nitric Oxide Between Males and Females Considering Hormonal Contraception: A Longitudinal Gender Study.
Front. Physiol. 2018, 9, 1835. [CrossRef]

Teleglow, A.; Mardyla, M.; Myszka, M.; Patka, T.; Maciejczyk, M.; Bujas, P.; Mucha, D.; Ptaszek, B.; Marchewka, ]. Effect of
Intermittent Hypoxic Training on Selected Biochemical Indicators, Blood Rheological Properties, and Metabolic Activity of
Erythrocytes in Rowers. Biology 2022, 11, 1513. [CrossRef]

Bompa, T.O.; Haff, G.G. Periodization: Theory and Methodology of Training; Human Kinetics: Champaign, IL, USA, 2009.

Smith, J.A. Exercise, Training and Red Blood Cell Turnover. Sports Med. 1995, 19, 9-31. [CrossRef]

Astrand, I. Aerobic work capacity in men and women with special reference to age. Acta Physiol. Scand. Suppl. 1960, 49, 1-92.
Hu, M.; Lin, W. Effects of Exercise Training on Red Blood Cell Production: Implications for Anemia. Acta Haematol. 2012, 127,
156-164. [CrossRef] [PubMed]

Kameneva, M.V.; Watach, M.].; Borovetz, H.S. Gender difference in rheologic properties of blood and risk of cardiovascular
diseases. Clin. Hemorheol. Microcirc. 1999, 21, 357-363. [PubMed]

Murphy, W.G. The sex difference in haemoglobin levels in adults—Mechanisms, causes, and consequences. Blood Rev. 2014, 28,
41-47. [CrossRef] [PubMed]

Jelkmann, W. Regulation of erythropoietin production. J. Physiol. 2011, 589, 1251-1258. [CrossRef]

Brinkmann, C.; Bizjak, D.; Bischof, S.; Latsch, J.; Brixius, K.; Bloch, W.; Grau, M. Endurance training alters enzymatic and
rheological properties of red blood cells (RBC) in type 2 diabetic men during in vivo RBC aging. Clin. Hemorheol. Microcirc. 2016,
63, 173-184. [CrossRef]

Haymes, E.M.; Spillman, D.M. Iron Status of Women Distance Runners, Sprinters, and Control Women. Int. J. Sports Med. 1989,
10, 430-433. [CrossRef]

DellaValle, D.M.; Haas, ].D. Impact of Iron Depletion without Anemia on Performance in Trained Endurance Athletes at the
Beginning of a Training Season: A Study of Female Collegiate Rowers. Int. ]. Sport Nutr. Exerc. Metab. 2011, 21, 501-506.
[CrossRef]

Dellavalle, D.M.; Haas, ]. Iron supplementation improves energetic efficiency in iron-depleted female rowers. Med. Sci. Sports
Exerc. 2014, 46, 1204-1215. [CrossRef]

Brodthagen, U.A.; Hansen, K.; Knudsen, J.B.; Jordal, R.; Kristensen, O.; Pauley, PE. Red cell 2,3-DPG, ATP, and mean cell volume
in highly trained athletes—Effect of long-term submaximal exercise. Eur. J. Appl. Physiol. Occup. Physiol. 1985, 53, 334-338.
[CrossRef]


http://doi.org/10.1161/HYPERTENSIONAHA.109.135525
http://doi.org/10.1080/02640414.2014.900692
http://doi.org/10.1111/jth.14360
http://doi.org/10.1249/mss.0b013e3180574e0e
http://doi.org/10.1177/1741826710389924
http://doi.org/10.3233/BIR-1997-34307
http://doi.org/10.1016/j.scispo.2007.09.010
http://doi.org/10.1063/1.4895755
http://www.ncbi.nlm.nih.gov/pubmed/25332724
http://doi.org/10.3389/fphys.2018.00656
http://doi.org/10.3233/JCB-15007
http://doi.org/10.1177/2325967117745530
http://www.ncbi.nlm.nih.gov/pubmed/29318176
http://doi.org/10.3389/fphys.2018.01835
http://doi.org/10.3390/biology11101513
http://doi.org/10.2165/00007256-199519010-00002
http://doi.org/10.1159/000335620
http://www.ncbi.nlm.nih.gov/pubmed/22301865
http://www.ncbi.nlm.nih.gov/pubmed/10711771
http://doi.org/10.1016/j.blre.2013.12.003
http://www.ncbi.nlm.nih.gov/pubmed/24491804
http://doi.org/10.1113/jphysiol.2010.195057
http://doi.org/10.3233/CH-151957
http://doi.org/10.1055/s-2007-1024938
http://doi.org/10.1123/ijsnem.21.6.501
http://doi.org/10.1249/MSS.0000000000000208
http://doi.org/10.1007/BF00422849

Int. |. Environ. Res. Public Health 2023, 20, 5159 10 of 10

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

Hakim, T.S.; Macek, A.S. Effect of hypoxia on erythrocyte deformability in different species. Biorheology 1988, 25, 857-868.
[CrossRef]

Yalcin, O.; Bor-Kucukatay, M.; Senturk, U.K.; Baskurt, O.K. Effects of swimming exercise on red blood cell rheology in trained
and untrained rats. J. Appl. Physiol. 2000, 88, 2074-2080. [CrossRef] [PubMed]

Senturk, U.K.; Genturk, UK, Gundugz, F; Kuru, O.; Aktekin, M.R,; Kipmen, D.; Yalcin, O.; Bor-Kucukatay, M.; Yesilkaya, A.;
Baskurt, O.K. Exercise-induced oxidative stress affects erythrocytes in sedentary rats but not exercise-trained rats. J. Appl. Physiol.
2001, 91, 1999-2004. [CrossRef]

Dane, S.; Tavsi, S.; Gul, M.; Akcay, F.; Gunal, A. Acute exercise induced oxidative stress is prevented in erythrocytes of male long
distance athletes. Biol. Sport. 2008, 25, 115.

Johansson, P.I; Ullum, H.; Jensen, K.; Secher, N.H. A retrospective cohort study of blood hemoglobin levels in blood donors and
competitive rowers. Scand. |. Med. Sci. Sports 2009, 19, 92-95. [CrossRef]

Birkeland, K.I.; Stray-Gundersen, J.; Hemmersbach, P.; Hallen, J.; Haug, E.; Bahr, R. Effect of rhEPO administration on serum
levels of sTfR and cycling performance. Med. Sci. Sports Exerc. 2000, 32, 1238-1243. [CrossRef]

Skarpanska-Stejnborn, A.; Basta, P.; Trzeciak, J.; SzczeSniak-Pilaczyniska, L. Effect of intense physical exercise on hepcidin levels
and selected parameters of iron metabolism in rowing athletes. Eur. J. Appl. Physiol. 2015, 115, 345-351. [CrossRef] [PubMed]
Convertino, V.A.; Brock, PJ.; Keil, L.C.; Bernauer, E.M.; Greenleaf, J.E. Exercise training-induced hypervolemia: Role of plasma
albumin, renin, and vasopressin. J. Appl. Physiol. 1980, 48, 665-669. [CrossRef]

Letcher, R.L.; Pickering, T.G.; Chien, S.; Laragh, H. Effects of Exercise on Plasma Viscosity in Athletes and Sedentary Normal
Subjects. Clin. Cardiol. 1981, 4, 172-179. [CrossRef]

Charm, S.E.; Paz, H.; Kurland, G.S. Reduced plasma viscosity among joggers compared with non-joggers. Biorheology 1979, 15,
185-191. [CrossRef]

Varlet-Marie, E.A.; Gaudard, ].; Mercier, E; Bressolle, ].E. Brun. Is the Feeling of Heavy Legs in Overtrained Athletes Related to
Impaired Hemorheology? Clin. Hemorheol. Microcirc. 2003, 28, 151-159. [PubMed]

Hong, C.Z.; Lien, LN. Metabolic effects of exhaustive training of athletes. Arch. Phys. Med. Rehabil. 1984, 65, 362-365. [PubMed]
Temiz, A.; Yalcin, O.; Resmi, H.; Baskurt, O.K. Can white blood cell activation be one of the major factors that affect hemorhe-
ological parameters during and after exercise? Clin. Hemorheol. Microcirc. 2002, 26, 189-193. [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3233/BIR-1988-25606
http://doi.org/10.1152/jappl.2000.88.6.2074
http://www.ncbi.nlm.nih.gov/pubmed/10846020
http://doi.org/10.1152/jappl.2001.91.5.1999
http://doi.org/10.1111/j.1600-0838.2008.00771.x
http://doi.org/10.1097/00005768-200007000-00009
http://doi.org/10.1007/s00421-014-3018-3
http://www.ncbi.nlm.nih.gov/pubmed/25311752
http://doi.org/10.1152/jappl.1980.48.4.665
http://doi.org/10.1002/clc.4960040405
http://doi.org/10.3233/BIR-1979-16307
http://www.ncbi.nlm.nih.gov/pubmed/12775897
http://www.ncbi.nlm.nih.gov/pubmed/6742992
http://www.ncbi.nlm.nih.gov/pubmed/12082250

	Introduction 
	Materials and Methods 
	Participants 
	Measurement of Erythrocyte Elongation and Aggregation 
	Determination of Fibrinogen Concentration 
	Blood Plasma Viscosity (BPV) 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

