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Abstract
Background: In endurance sports, stress, dehydration and release of chemical factors have been associated with red blood cell (RBC) alterations
of structure and function, which may contribute to sports anemia, a well-observed phenomenon during long-distance running. Until now, the
investigation of the changes of viscoelastic properties of RBC membrane, a decisive factor of RBC deformability to avoid hemolysis, is lacking,
especially in an Oriental population.
Methods: nineteen runners were prospectively recruited into our study. Hematological parameters were analyzed before and immediately after
the 2015 Taipei 24H Ultra-Marathon Festival, Taiwan. Video particle tracking microrheology was used to determine viscoelastic properties of
each RBC sample by calculating the dynamic elastic modulus G0(f) and the viscous modulus G00(f) at frequency f ¼ 20 Hz.
Results: Haptoglobin, RBC count, hemoglobin, hematocrit, mean cell hemoglobin, plasma free hemoglobin and unsaturated iron-binding ca-
pacity values of the recruited runners showed a statistically significant drop in the post-race values. Blood concentration of reticulocyte and
ferritin were significantly higher at post-race compared with pre-race. 15 out of the 19 runners had a concurrent change in the elastic and the
viscous moduli of their RBCs. Changes in the elastic and the viscous moduli were correlated with changes in the RBC count, hemoglobin and
hematocrit.
Conclusion: Viscoelasticity properties, the elastic modulus G0(f) and the viscous modulus G00(f) of RBCs are associated with endurance exercise-
induced anemia.
Copyright © 2017, the Chinese Medical Association. Published by Elsevier Taiwan LLC. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Exercise associated anemia, or decrease in red blood cell
(RBC) levels, is a widely observed phenomenon during long-
distance running.1e3 Hemolysis has been proposed as a
mechanism for exercise associated anemia, with numerous
hematological abnormalities being described in runners after
strenuous exercise. Studies supporting the phenomenon of
exercise induced hemolysis report decrease in haptoglobin and
increase in free circulating plasma hemoglobin levels, re-
ticulocytes, and increased ferritin levels.3e5 Several recent
studies have reported conflicting results reporting a modest
presence of hemolysis by measuring similar physiological
parameters with various methods.6e8 The proposed term “Foot
strike hemolysis”, defined as a shearing force causing RBC
corpuscular destruction resulting from the athlete's feet strik-
ing on hard surfaces frequently, has also been called into
question.4,6 While the causes of fluctuations in RBC levels are
far from settled, it is generally accepted that RBC levels do
change during prolonged exercise.9 Whether or not this is
purely secondary to fluid status changes, or do RBC charac-
teristics (such as half-life, rheology, size and shape) play a role
in determining RBC levels, is still largely unknown.

During high intensity endurance sports, the body undergoes
dehydration and release of chemical factors into the blood
stream. This phenomenon as well as changes in rheology
(increased blood flow and speed) can theoretically alter with
RBC structure and function.10e12 Blood viscosity has been
reported no changes after endurance sports such as cycling.13

Other studies report structural changes in RBC membrane
skeleton following marathon running.14,15 Altered RBC os-
motic resistance and increased susceptibility to chemical and
physical stress after prolonged endurance exercise have also
been reported in different studies.16 These evidence prompted
us to hypothesize that microscopic changes in RBC properties
such as viscosity and elasticity may be present in athletes
following endurance sports.

We thus designed an experimental study to specifically
assess the viscoelastic properties of RBC in runners before and
after a 24-hr ultra-marathon.

2. Methods
2.1. Study design and population
Twenty-five experienced male ultra-marathon runners
participating in the event known as the 2015 Taipei 24H Ultra-
Marathon Festival, in Taipei, Taiwan volunteered for this
study. Approval was obtained from the TMU- Joint Institu-
tional Review Board (201309022). All subjects provided
written consent to participate in the study. The competition
began at 3 pm February 13, 2015 and ended at 3 pm on
February 14, 2015. Ultimately, the data of 19 male runners
were included in the analysis; One runner who had history of
anemia (hemoglobin <13 g/dL), 1 runner who didn't run more
than 2/3 of the average kilometers of all finishers and 4 run-
ners who didn't finish the 24-h race were excluded. All runners
ran around a 668-m park trail, and they were permitted to rest
and to ingest water and food freely. Before the competition, all
runners were required to complete a questionnaire for de-
mographic data and information on medical and training his-
tory. The body weight of each of the 19 subjects was measured
30 min before and immediately after the race.
2.2. Laboratory assessment
Using sterile techniques, blood (20 mL) was drawn from an
antecubital vein from each subject 1 week before and imme-
diately after the race. All specimens were refrigerated and
transported to the laboratory within 4 h of sampling. Red
blood cell (RBC) count, hemoglobin, hematocrit, mean cell
volume (MCV), mean cell hemoglobin (MCH), mean
corpuscular hemoglobin concentration (MCHC), red cell dis-
tribution width, coefficient of variation (RDW-CV) and retic-
ulocyte were performed on a Coulter LH 750 Hematology
Analyzer (Beckman Coulter, Miami, FL, USA), which was
based on impedance detection for counting and sizing the
blood cells. The evaluated plasma haptoglobin was assayed by
the rate nephelometry on an Immage 800 Analyzer (Beckman
Coulter, Fullerton, CA, USA). Free plasma hemoglobin was
tested with a HemoCue Plasma/Low Hb System (HemoCue,
Lake Forest, CA, USA) utilizing the azide-methemoglobin
method. Ferritin levels were determined by an Architect I-
2000 Analyzer (Abbott Diagnostics, Abbott Park, IL, USA),
which used a chemiluminescent microparticle immunoassay.
Iron and unsaturated iron-binding capacity (UIBC) were
measured on a Modular E170 Analyzer (Roche Diagnostics,
Mannheim, Germany) using an electrochemiluminescence
immunoassay.
2.3. Viscoelastic analysis
Particle Tracking Microrheology (PTM) has been estab-
lished as an important tool for the study of the viscoelasticity
of living cells for more than a decade17e24; however, only a
few studies deal with RBC viscoelasticity measurements by
PTM.21,23 On the measurements of RBC viscoelasticity, the
experimental results may vary by one to two orders of
magnitude depending on the specific approach to measure
either the global stretching, bending, or torsional modes of the
RBC deformations or local membrane fluctuation.17,18 In our
VPTM approach, we used fluorescent nanoparticles attached
to the RBC membrane to probe the local RBC membrane
fluctuation to deduce the elastic and the viscous moduli (via
the Generalized StokeseEinstein equation),17,21,22 which are
expected to be dominant by the viscoelasticity of the RBCs
spectrin network underneath the lipid bilayer.23 Specifically,
Video particle tracking microrheology (VPTM) was used to
track, record, and analyze the Brownian motion of 100 nm
diameter fluorescence polystyrene beads attached to the
membrane of the RBC samples to deduce the dynamic elastic
modulus G0(f) and the viscous modulus G00(f) of each RBC
sample, for frequency (f) in the range of 0.2 Hze100 Hz. The
sample preparation and the experimental procedures were as



Table 1

Demographics of 24-h ultra-marathoners (n ¼ 19).

Parameter Median (IQR)

Age (years) 45 (38e54)

Weight (kg) 65.1 (62.4e71.4)

Height (m) 1.72 (1.68e1.75)

BMI (kg/m2) 22.8 (20.8e24.1)

Running marathons (years) 4 (2e8)

Running ultra-marathons (years) 2 (1.5e3)

Training distance (n)

<40 km/week 4

40e100 km/week 13

>100 km/week 2

Best marathon score (min) 231.50 (200.75e241.25)

This ultramarathon score (km) 153.64 (134.27e167.00)

IQR ¼ interquartile range.
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follow. 100 mL of blood sample was taken from the Vacutainer
and mixed with 1000 mL of 0.9% saline in an Eppendorf tube
and then centrifuged at 3000 rpm at 4 �C for 10 min to
separate the RBCs from the whole blood. 20 mL of Poly-L-
Lysine coated fluorescent beads (diameter ¼ 100 nm, fluo-
rescence excitation/emission peaks: 580/605 nm) were added
to 500 mL saline and agitated with an ultrasonic cleaner for
20 min to avoid beads aggregation. The two saline solutions
(500 uL containing the beads and 1 mL containing RBCs),
were mixed, and agitated in a rotator for 30 min to allow the
beads to bind to the RBCs. A small drop (10 mL) of the sample
of RBCs with beads (~3e7 beads per RBC) attached to their
outer membranes was transferred to a sample chamber of an
inverted epifluorescence microscope (Nikon Eclipse Ti,
Tokyo, Japan), equipped with an oil immersion objective lens
(100�, N.A ¼ 1.45) and a CCD camera (Hamamatsu,
Hamamatsu, Japan, OHCA-Flash 4.0) to track and record the
Brownian motion of beads on the RBCs membrane for 5 s.
From the 2-dimensional projection of the trajectory x(t) and
y(t) of the Brownian motion of each bead, the mean square
displacement MSD of each bead as a function of the lag time
(t), and the dynamic elastic modulus G0(f) and the viscous
modulus G00(f) of the RBC membrane, for frequency (f) in the
range of 0.2 Hz to 100 Hz, were deduced, via a standard
mathematical model and algorithm.17,20,21
2.4. Statistical analysis
Descriptive results were reported as median (IQR, inter-
quartile range). The plasma hematological and biochemical
values immediately post-race were compared to the pre-race
values using Wilcoxon signed-ranks test. The values of the
elastic modulus G0(f) and the viscous modulus G00(f) at
f ¼ 20 Hz of each RBC from each individual runner before
and after the ultra-marathon event were also compared by
Wilcoxon signed-ranks test. The Spearman's rank correlation
coefficient was used to evaluate the association of hemato-
logical changes and their association with viscoelastic moduli
differences. Commercially available statistical software (SPSS
version 21.0, IBM Corp., Armonk, NY, USA) was used for
statistical analysis. Differences were considered to be statis-
tically significant when 2 tailed p < 0.05.

3. Results

During the competition, the ambient temperature ranged
from 17.4 to 23.4 �C, the relative humidity was 39e59%, and
the wind speed ranged from 1.1 to 4.6 m/s (data provided by
the Taiwan Central Weather Bureau). There were 19 male
runner participants (median, 45 years) who finished the 24-h
ultra-marathon race. Their demographic data are summarized
in Table 1.

Hematological parameters and RBC viscoelastic properties
of these subjects throughout this 24-h ultra-marathon are
shown in Table 2. In terms of hematological parameters, the
values of body weight, haptoglobin, plasma free hemoglobin,
RBC count, hemoglobin, hematocrit, MCH and UIBC showed
statistically significant decreased between immediate post-
race compared to pre-race results. Reticulocyte and ferritin
increased at the immediate post-race values. No significant
changes were observed in MCV, MCHC, RDW-CV and iron
immediately post-race compared with pre-race levels.

As for RBC viscoelastic properties at f ¼ 20 Hz, our sta-
tistical analysis of elastic modulus G0(f) and the viscous
modulus G00(f) for 19 male ultra-marathoners before and after
the race is summarized in Table 2, and shown graphically in
Fig. 1 in box and whisker plots. On the average over the 19
male runners, the differences in the values of both the elastic
and the viscous moduli before versus after the race are sta-
tistically insignificant. As a control experiment, we did mea-
sure the viscoelasticity of RBC samples (from a single
volunteer) in vitro under different saline osmolarity (of 250
mOSM, 300 mOSM, and 350 mOSM), the results (not shown)
are comparable with the corresponding values of the RBC
samples from the ultra-marathon runners, given in Fig. 1.

Since the particle tracking microrheology method allows us
to determine the elastic modulus and the viscous modulus of
individual RBC samples, we further examined our data and
compared the effect of the 24-h run on the elastic and the
viscous moduli for each individual runner. The results are
summarized in Fig. 2 in a 2-D plot with the fractional changes
(i.e., post-race value e pre-race value/pre-race value) in the
elastic modulus G0(f) and the viscous modulus G00(f) for the 19
male runners. Fig. 2 reveals that of the data set (DG0/G0, DG00/
G00) associated with 19 runners, 15 (79%) lie in the vicinity of
a straight line (the dash line in Fig. 2) with a slope of 0.33.
That means for each individual, the fractional change DG0/G0

bears a positive correlation with DG00/G00. Specifically, of these
15 runners, 7 exhibited an increase in both the elastic modulus
and the viscous modulus of their RBC membranes after the
run, while 8 exhibited a decrease in both.

To further investigate the role of RBC viscoelastic prop-
erties in the physiological context of ultra-marathoners in
Table 3, we performed Spearman's ranked coefficient analysis
between the viscoelastic properties and biochemical parame-
ters in these 2 groups with concurrent changes in elastic
modulus G0(f) and the viscous modulus G00(f). The associated
RBC parameters and viscoelastic moduli for each subject are



Table 2

Hematological and RBC viscoelastic parameters throughout the ultra-marathon race (total subject, n ¼ 19).

Parameter Median (IQR) p Normal range

Pre-race Post-race

Weight (kg) 65.1 (62.4e71.4) 64.2 (59.0e70.6) 0.000

Osmolality (mosm/kgH2O) 289 (285e292) 306 (301e308) 0.000

CBC counts

RBC (x 106/mL) 4.66 (4.55e5.12) 4.60 (4.48e4.73) 0.006 4.6e6.1

Hgb (g/dL) 14.8 (13.9e15.3) 14.2 (13.8e14.5) 0.001 13e17

Hct (%) 42.7 (41.8e44.9) 41.5 (40.9e42.7) 0.001 39e52

MCV (fL) 91.1 (87.2e94.5) 90.5 (86.7e94.1) 0.337 80e99
MCH (pg) 30.7 (30.2e32.3) 30.3 (29.9e32.1) 0.011 26e34

MCHC (g/dL) 34.2 (34.0e34.7) 34.2 (33.6e34.6) 0.367 33e37

RDW-CV (%) 13.1 (12.8e13.6) 13.2 (12.8e13.7) 0.887 11.5e14.5

Reticulocyte (%) 1.12 (0.98e1.58) 1.35 (1.11e1.82) 0.020 0.5e2.5
Hemolysis markers

Haptoglobin (mg/dL) 76.6 (47.5e101.6) 19.1 (4.0e52.6) 0.000 30e200

Plasma Hgb (g/dL) 0.03 (0.03e0.07) 0.02 (0.02e0.03) 0.007 0e3

Iron Panel

Ferritin (ng/mL) 110.4 (58.4e151.4) 158.3 (68.1e202.8) 0.000 21e274

Iron (ug/dL) 98 (71e113) 100 (77e152) 0.056 35e200

UIBC (ug/dL) 209 (181e232) 191 (130e210) 0.001 191e269
Viscoelastic properties

Elastic Modulus (Pa) 74.8 (60.9e106.4) 68.6 (57.6e103.7) 0.798 0e100

Viscous Modulus (Pa) 41.7 (35.8e48.8) 42.9 (34.7e47.3) 0.984 0e100

IQR ¼ interquartile range; CBC ¼ complete blood cell; RBC ¼ red blood cell; Hgb ¼ hemoglobin; Hct ¼ hematocrit; MCV ¼ mean corpuscular volume;

MCH ¼ mean cell hemoglobin; MCHC ¼ mean cell hemoglobin concentration; RDW-CV ¼ red cell distribution width, coefficient of variation;

UIBC ¼ unsaturated iron-binding capacity.

p < 0.05 is considered significant, and is highlighted in bold.
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presented in Table 4. We found that in the “increased” group
(defined as post race values increased when comparing to pre-
race), the changes in the elastic modulus and viscous modulus
were strongly negatively correlated with changes in the ane-
mia indicators, RBC count, hemoglobin and hematocrit. In the
“decreased” group, decrease in the viscous modulus was
strongly positively correlated with changes in RBC count and
hematocrit.
Fig. 1. Box plot of membrane elastic modulus and viscous modulus (both at

20 Hz) of RBCs from 19 male runners before and after the 24-hour ultra-

marathon. The lower and the upper boundaries of the box represent Q1 (25

percentile) and Q3 (75 percentile) of the data, respectively; we denote

IQR ¼ Q3 � Q1, and indicate Q1 � 1.5 IQR by the lowest horizontal line, and

Q3 þ 1.5 IQR by the highest horizontal line; the symbol “,” and the hori-

zontal bar inside the box represent the mean and the medium, respectively.
4. Discussion

Pre-race hemoglobin and hematocrit values were within the
normal ranges, suggesting the runners were well hydrated and
not suffering from anemia before the race. The three indicators
of anemia, RBC count, hemoglobin and hematocrit signifi-
cantly decreased after the 24-h ultra-marathon race. In he-
molysis, intravascular destruction of erythrocytes releases free
hemoglobin forming stable complexes with haptoglobin to
inhibit its oxidative activity, which causes haptoglobin levels
to be decreased.3,8,15 Our findings showed all the 19 runners
had significant decrease of haptoglobin at the immediate post-
race time point. Moreover, the reticulocyte levels, a reflection
of the release of an increased of red blood cell production, also
statistically increased in our data. It has been previously pro-
posed that exercise-induced hemolysis results in increase in
iron levels.25,26 In our study, we observed a trend (but insig-
nificant) in iron increase ( p ¼ 0.056) and a significant increase
of ferritin increase ( p ¼ 0.000) immediately post-race, which
are in line with Robach's study of an extreme mountain ultra-
marathon.8 Moreover, the results of iron elevation and UIBC
depression ( p ¼ 0.001) immediately after the 24-h ultra-
marathon race were similar to our previous study with a
rebound raise of iron and drop of TIBC in the 24-h timepoint
measurement after a 100-km ultra-marathon.3 Our data,
although far from conclusive, provides additional information
regarding the phenomenon of whether hemolysis is present in
long distance running sports.

Our study on RBC viscoelastic properties showed that 7
runners in the “increased” group had increased viscosity (or



Fig. 2. The effect of the 24-hr ultra-marathon on the elastic and the viscous moduli for each individual runner summarized in the form of a 2-d plot where the

fractional change (i.e., post-race value e pre-race value/pre-race value) in elastic modulus (DG0/G0) is plotted along the horizontal axis, and the corresponding

fractional change in viscous modulus (DG 00/G00), is plotted along the vertical axis for the 19 male runners. The dash line represents the linear least square fit of the

data.
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less fluidicity) after the run, while the 8 runners in the
“decreased” group showed the opposite trend. Although the
viscoelasticity (or deformability) and pathophysiology of
RBCs have been studied and reported from the perspective of
Table 3

Subjects' demographic/hematological parameters and their association with viscoe

Parameter G0_Ri
n ¼ 7

( p; rs)

Age (years) NS

Weight_R (kg) NS

Training distance (km) NS

This ultra-marathon score (min) NS

Osmolality_R NS

RBC_R 0.014; �0.857

HgB_R 0.023; �0.821

Hct_R 0.023; �0.821

MCV_R NS

MCH_R NS

MCHC_R NS

RDW-CV_R NS

Reticulocyte_R NS

Haptoglobin_R NS

Plasma HgB_R NS

Ferritin_R NS

Iron_R NS

UIBC_R NS

Ri ¼ ratio between pre- and post-race value in “increased” group; Rd ¼ ratio betwee

correlation coefficient; NS ¼ not statistically significant; RBC ¼ red blood cell;

MCH ¼mean cell hemoglobin; MCHC ¼mean cell hemoglobin concentration; RD

iron-binding capacity.

p < 0.05 is considered significant, and is highlighted in bold.
different diseases,10,27 most of the molecular mechanisms
remain unclear. It is remarkable that 15 out of the 19 runners
(79%) had a concurrent change in elastic and viscous modulus
(both increased or both decreased). This implicates that there
lastic moduli differences.

G0_Rd
n ¼ 8

( p; rs)

G00_Ri
n ¼ 7

( p; rs)

G00_Rd
n ¼ 8

( p; rs)

NS NS NS

NS NS NS

NS NS NS

NS NS NS

NS NS NS

NS 0.014; �0.857 0.004; 0.881

NS 0.023; �0.821 NS

NS 0.003; �0.929 0.015; 0.810

NS NS NS

NS NS NS

NS NS NS

NS NS NS

NS NS NS

NS NS NS

NS NS NS

NS NS NS

NS NS 0.037; 0.738

NS NS NS

n pre- and post-race value in “decreased: group; R¼ ratio; rs ¼ Spearman rank

Hgb ¼ hemoglobin; Hct ¼ hematocrit; MCV ¼ mean corpuscular volume;

W-CV ¼ red cell distribution width, coefficient of variation; UIBC, unsaturated



Table 4

Associated RBC parameters and viscoelastic moduli of each subject (n ¼ 19).

Subject G0(f)_b
(Pa)

G0(f)_a
(Pa)

Ratio G00(f)_b
(Pa)

G00(f)_a
(Pa)

Ratio RBC_b

(�106/mL)

RBC_a

(�106/mL)

Hgb_b

(g/dL)

Hgb_a

(g/dL)

Hct_b

(%)

Hct_a

(%)

I1 47.02 74.06 þ58% 36.63 41.68 þ14% 4.2 4.08 13.8 13.4 40 38

I2 40.21 91.81 þ128% 33.33 42.19 þ27% 5.1 4.73 15.5 14.4 45 42

I3 59.02 91.87 þ56% 41.73 50.33 þ21% 4.8 4.60 14.9 14.1 44 42

I4 70.81 103.74 þ46% 39.65 45.80 þ15% 4.7 4.52 15.2 14.2 45 42

I5 92.67 117.72 þ27% 44.46 48.56 þ9% 4.6 4.58 13.8 13.9 42 42

I6 55.36 79.44 þ44% 32.43 32.68 þ1% 4.6 4.50 13.9 13.5 40 40

I7 112.01 114.14 þ2% 43.07 45.15 þ5% 5.5 5.54 15.5 15.5 46 47

D1 91.45 68.60 �25% 58.20 46.25 �21% 4.6 4.42 15.2 14.5 44 42

D2 84.62 57.63 �32% 48.69 42.94 �12% 4.7 4.63 13.8 13.8 41 40

D3 69.04 57.53 �17% 37.83 34.69 �8% 4.6 4.52 14.3 13.7 42 41

D4 144.73 137.96 �5% 61.49 59.29 �4% 4.7 4.65 15.1 15.2 44 44

D5 101.97 30.13 �70% 53.34 33.31 �38% 5.2 4.94 15.3 14.5 45 43

D6 108.12 47.72 �56% 48.83 32.35 �34% 4.5 4.30 14.8 14.3 43 41

D7 74.84 47.62 �36% 35.79 30.17 �16% 5.1 5.10 15.7 15.7 47 46

D8 106.35 67.25 �37% 44.62 41.41 �7% 4.5 4.47 14.5 14.4 42 42

N1 109.33 117.32 þ7% 41.62 50.88 þ22% 4.9 4.87 13.9 13.8 42 41

N2 74.39 61.77 �17% 30.45 47.28 þ55% 4.8 4.48 14.6 13.5 42 39

N3 61.68 62.31 þ1% 53.30 37.49 �30% 5.1 4.72 15.6 14.2 45 41

N4 60.90 63.13 þ4% 34.65 43.15 þ25% 4.2 4.60 14.8 14.7 42 43

I ¼ increased group; D ¼ decreased group; N ¼ not lie in the vicinity of the red line in Fig. 2 with a slope of 0.33; G0(f) ¼ elastic modulus; G00(f) ¼ viscous

modulus; RBC ¼ red blood cell; Hgb ¼ hemoglobin; Hct ¼ hematocrit; b ¼ pre-race; a ¼ post-race.
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might be an underlying relationship between the exercise-
induced anemia and the RBC viscosity and elasticity. It is
intriguing to fathom that changes in viscoelastic properties in
RBC might lead to changes in half-life or promote hemolysis.
Indeed, changes in viscoelastic properties in RBC have been
linked to vulnerability to stress and shortened RBC life span.28

Our study provides a tantalizing hint that microscopic prop-
erties of RBC may play a role in exercise associated anemia
and rheological changes.

We acknowledge that there are some limitations in our
study. The relatively small sample size and the observational
design limit the overall strength of the conclusions. Due to
the limited number of cases available in this study, more
detail biochemical and biophysical analysis (in conjunction
with the viscoelasticity measurements) with a much larger
number of samples will be required to elucidate the molec-
ular mechanisms involved. On the other hand, ultra-marathon
is an exclusive sports with far fewer participants compared to
regular marathon races, and we believe our study, albeit a
small sample size, is of noteworthy importance. Second, we
did not follow-up the subjects' hematological tests and
viscoelastic properties later than the 24-h measurement, and
therefore were not able to assess the long-term effects of the
24-h race on these ultra-marathoners. It can be hypothesized,
however, that the changes in viscoelasticity are either
reversible, or is too mild to cause global pathological situa-
tions in athletes. Since RBCs have a half-life of 3 months,
even irreversible changes to RBC will only last for the life-
time of the affected cell: newly produced RBC should
theoretically have unaltered characteristics. A final limitation
is that only male runners were recruited in our study, in
consideration of sex differences in hemogram data. Therefore
our data would not be representative of any potential un-
derlying sex related physiological changes related to this
event.

In conclusion, running a 24-hr ultra-marathon will induce
changes in hematological parameters and change the RBC
viscoelastic properties. In most runners, viscous and elastic
moduli are concurrently either increased or decreased, hinting
an underlying relationship between RBC viscoelastic proper-
ties and long distance endurance sports.
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