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Summary

	 Background:	 This study aimed to explore the effects of progressive resistance exercise training (PRET) on 
hemorheology.

	Material/Methods:	 Exercise sessions included 1–3 sets of 8–12 repetitions at 40–60% of 1-repetition maximum (1-RM) 
for 3 weeks and at 75–80% of 1-RM during weeks 4-12. Red blood cell (RBC) deformability and ag-
gregation were determined by ektacytometry, plasma and whole blood viscosities (WBV) by rota-
tional viscometry. Lactate concentration was evaluated by an analyzer and fibrinogen was evaluat-
ed by coagulometry. Plasma total oxidant/antioxidant status was measured by colorimetry.

	 Results:	 Following an acute increase after exercise on the first day, RBC deformability was elevated dur-
ing weeks 3 and 4 (p=0.028; p=0.034, respectively). The last exercise protocol applied in week 12 
again caused an acute increase in this parameter (p=0.034). RBC aggregation was increased acute-
ly on the first day, but decreased after that throughout the protocol (p<0.05). At weeks 4 and 12 
pre-exercise measurements of WBV at standard hematocrit and plasma viscosity were decreased 
(p=0.05; p=0.041, respectively), while post-exercise values were increased (p=0.005; p=0.04, respec-
tively). Post-exercise WBV at autologous hematocrit measured at week 12 was increased (p=0.01). 
Lactate was elevated after each exercise session (p<0.05). Fibrinogen was decreased on the third 
week (p<0.01), while it was increased on the 4th week (p=0.005). Plasma antioxidant status was in-
creased at week 3 (p=0.034) and oxidative stress index was decreased at week 4 (p=0.013) after 
exercise.

	 Conclusions:	 The results of this study indicate that PRET may have positive effects on hemorheological parameters.
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Background

Progressive resistance exercise training (PRET), which is a 
method of increasing the ability of muscles to generate force, 
is widely used in clinics, in athletic conditioning, maintain-
ing health and preventing disease [1,2]. PRET, when incor-
porated into a comprehensive fitness program, is known to 
improve cardiovascular functions [3], reduce the risk fac-
tors associated with coronary heart disease [4], preserve 
functional capacity [5] and thus improve quality of life [6].

The principles of PRET are to systematically increase the in-
tensity of load, and to deliver maximum performance by in-
creasing muscle strength and endurance. These principles 
are detailed in the guidelines of the American College of 
Sports Medicine (ACSM) [1,2]. Intensity of an exercise in 
PRET can be estimated as a percentage of 1-repetition max-
imum (1 RM). It is suggested that for novice individuals cir-
cuit training loads should be ~50–60% of 1 RM or less for 
8–12 repetitions and for advanced individuals 80–100% of 1 
RM is recommended. While training at a specific RM load, a 
2–10% increase in load is recommended to be applied when 
the individual can perform the current workload for 1–2 repe-
titions over the desired number on 2 consecutive training ses-
sions. Additionally, training of 1–3 sets, for 2 or 3 days a week 
and rest periods of at least 2–3 min are also suggested [1,2].

Blood flow, deformability and aggregability of red blood 
cells (RBC) are the main components of hemorheology. In 
large blood vessels, a basic component is the flow. In micro-
circulation, where cells must deform to pass through nar-
row capillaries, deformability and aggregation of RBCs are 
the major determinants of resistance to flow [7]. Increases 
in plasma fibrinogen concentrations in response to exer-
cise are known to cause enhancements in RBC aggregation 
[8]. Similarly, exercise-induced alterations in oxidative stress 
and plasma lactic acid concentrations have been shown to 
affect rheological properties of blood [9,10].

The short- and long-term effects of various exercise types 
on hemorheology have been well-defined and reviewed 
[8–12]. Exercise-induced alterations in blood rheology de-
pend on the type, duration and intensity of exercise, and 
the athletic capacity of the individual also plays a signifi-
cant role [11,12].

Previous studies have also presented some evidence of 
hemorheological alterations induced by resistance exer-
cise training (RET). Plasma viscosity (PV) and fibrinogen 
levels were found to be increased after RET performed at 
an intensity corresponding to 80% of 1RM [13]. A recent 
study was carried out in our laboratory to investigate the 
acute and long-term (6 weeks) effects of RET, performed 
at 2 different intensities (corresponding to 70% and 85% 
of 1RM) on hemorheological and hematological parame-
ters. RET-induced post-exercise increases in RBC aggrega-
tion and deformability on the first and last day of both pro-
grams were demonstrated in this study. On the other hand, 
WBC, RBC, Hb and Hct values were significantly increased 
immediately after the RET on the first and last day of the pro-
gram only in the moderate intensity group of subjects [14].

Although previous studies have already presented some ev-
idence of hemorheological and hematological alterations 

induced by RET [10,13,14], no information is available about 
the effects of PRET, which is widely used in clinics for taking 
highest level of advantage from RET, on hemorheological 
parameters. Therefore, the present study was designed to 
explore the acute and chronic effects of PRET performed 
at 12 weeks on hemorheological parameters in healthy, 
young, sedentary males. Hematological parameters, blood 
lactate and plasma fibrinogen concentrations, plasma to-
tal oxidant (TOS) and antioxidant (TAS) status were also 
determined to examine the contribution of these parame-
ters to the possible PRET-induced alterations in hemorhe-
ological parameters.

Material and Methods

Study population

Twelve male student volunteers from Pamukkale University 
(mean age 22.08±0.86 years) with no apparent health 
problems, who had not regularly performed resistance 
exercise training before, participated to the study. They 
were all nonsmokers and were instructed not to use alco-
hol or any medication during the study. Female students 
were excluded to avoid the effects of ovarian hormones, 
which are known to influence hemorheology and blood 
flow in healthy women. The study protocol conformed to 
the ethical guidelines of the 1975 Declaration of Helsinki. 
Additionally, the approval of experimental procedures was 
provided by the Pamukkale University Ethics Committee. 
Written consent forms were obtained from all subjects, 
who were completely informed about the study. The sub-
jects’ body fat was estimated by bioimpedance method by 
use of the TANITA body composition analyzer (TANITA 
Corporation of America).

Progressive Resistance Exercise Training (PRET) 
protocols

The full exercise program was completed in the Sports 
Rehabilitation Unit of the Physical Medicine and 
Rehabilitation Department of Pamukkale University. Before 
the beginning of the study, the subjects were familiarized 
with PRET upper and lower body exercises. All subjects per-
formed PRET 3 times a week for 12 weeks under staff su-
pervision. Seven stations were used to exercise upper and 
lower body large muscle groups: leg extension (quadri-
ceps), leg curl (hamstring), chest press (pectoralis major), 
arm flexion (biceps), arm extension (triceps), abdominal 
crunch (abdominal), twisting oblique (external and inter-
nal oblique) and outer thigh pull (hip abduction, gluteus 
medius). After the familiarization session, subject’s 1-rep-
etition maximum (1-RM) strength for each exercise was 
evaluated as the heaviest maximum weight that a subject 
could lift in a single repetition while maintaining appro-
priate exercise technique. Training protocol was applied as 
recommended by ACSM [1,2]. Exercise sessions included 
the performance of 1 set of 8–12 repetitions at 40–60% of 
1-RM during the first week, 2 sets during the second week 
and 3 sets during the third week. Three sets of 8-12 repeti-
tions at 75–80% of 1-RM were applied during weeks 4–12 
(Figure 1). Repeated 1-RM measurements were performed 
at baseline, once a week during the first 3 weeks and every 
2 week afterwards. The exercise intensity was adjusted ac-
cording to these measurements.
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The warm-up procedure consisted of 5–7 min walking on a 
treadmill and 5–7 min light stretching exercises. After each 
exercise session a 5-min cool-down period of light stretch-
ing was applied. The speed execution of the exercise was 
3:3 with a 2-minute rest interval. Anticoagulated blood sam-
ples (Heparin was used for TOS/TAS measurements, sodi-
um citrate for fibrinogen and EDTA for the other parame-
ters) were collected in Vacutainers at weeks 1, 3, 4 and 12 
before and after the exercise sessions (Figure 1) and mea-
surements from week 1 before the exercise session was used 
as the baseline value. Hemorheological parameters were car-
ried out within 3 hours after blood collection.

Assessment of RBC deformability

RBC deformability (ie, the ability of the entire cell to adopt 
a new configuration when subjected to applied mechanical 
forces) was determined by laser diffraction analysis using 
an ektacytometer (LORCA, RR Mechatronics; Hoorn, The 
Netherlands). The system has been described elsewhere in 
detail [15]. Briefly, a low Hct suspension of RBC in 4% poly-
vinylpyrrolidone 360 solution (MW 360 kD, Sigma P 5288, 
St. Louis, MO) (4% in PBS, viscosity: 23.2 cP) was sheared 
in a Couette system composed of a glass cup and a precise-
ly fitting bob with a gap of 0.3 mm between the cylinders. A 
laser beam was directed through the sheared sample, and 
the diffraction pattern produced by the deformed cells was 
analyzed by a microcomputer. On the basis of the geome-
try of the elliptical diffraction pattern, an elongation index 
(EI) was calculated for 9 shear stresses between 0.3 and 30 
Pascal (Pa) as: EI=(L–W)/(L+W), where L and W are the 
length and width of the diffraction pattern, respectively. An 
increased EI at a given shear stress indicates greater cell de-
formation and hence greater RBC deformability. All mea-
surements were carried out at 37°C.

Measurements of RBC aggregation

RBC aggregation was also determined by LORCA as de-
scribed elsewhere [16]. The measurement is based on the 
detection of laser back-scattering from the sheared (disag-
gregated), then unsheared (aggregating) blood, performed 
in a computer-assisted system at 37°C. Back-scattering data 
were evaluated by the computer and the aggregation in-
dex (AI), aggregation half-time (t1/2) which shows the ki-
netics of aggregation and the amplitude (AMP), which is a 
measure for the total extent of aggregation, were calculat-
ed on the basis that there is less light back-scattered from 

aggregating red cells. The hematocrit (Hct) of the samples 
used for aggregation measurements was adjusted to 40% 
and blood was fully oxygenated.

Determination of the whole blood and plasma viscosity

Whole blood viscosities (WBV) were determined with a 
Wells-Brookfield cone-plate rotational viscometer (mod-
el DV-II + Pro, Brookfield engineering Labs, Middleboro, 
MA) at shear rates between 75 and 375 s–1 at 37°C at both 
native Hct and standard (40%) Hct. The Hct of blood sam-
ples was adjusted to 0.4 l/l by adding or removing a calcu-
lated amount of autologous plasma. PV was determined us-
ing the same viscometer at 375 s–1 at 37°C.

Determination of hematological parameters

RBC counts, Hb, Hct, mean corpuscular volume (MCV) and 
mean corpuscular hemoglobin concentration (MCHC) were 
determined using an electronic hematology analyzer (Cell-
Dyn Sapphire, Abbott Diagnostic Division, USA).

Measurement of blood lactate concentration

Venous blood samples were obtained just before and imme-
diately after the PRET protocol on weeks 1, 3, 4, and 12 from 
subjects’ earlobes and lactate concentration was measured by 
a lactate analyzer (YSI 1500 Yellow Spring Inst., USA) [17].

Measurement of plasma fibrinogen concentration

Sodium citrated blood samples were analyzed for plasma fi-
brinogen concentration using a fully automated coagulom-
eter (Dade Behring, BCS XP).

Determination of plasma total oxidant status (TOS)

The total oxidant status (TOS) of plasma was measured us-
ing a novel automated colorimetric measurement method 
for TOS developed by Erel [18]. In this method, oxidants 
present in the sample oxidize the ferrous ion O-dianisidine 
complex to ferric ion. The oxidation reaction is enhanced 
by glycerol molecules, which are abundantly present in the 
reaction medium. The ferric ion makes a colored complex 
with xylenol orange in an acidic medium. The color inten-
sity, which can be measured spectrophotometrically, is re-
lated to the total amount of oxidant molecules (eg, lipids, 
proteins) present in the sample. The assay is calibrated 

Figure 1. �Blood sampling protocol; BPRET: 
before progressive resistance 
exercise training, APRET: after 
progressive resistance exercise 
training.
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with hydrogen peroxide, and the results are expressed in 
terms of micromolar hydrogen peroxide equivalent per li-
ter (µmol H2O2 equiv/L).

Measurement of plasma total antioxidant status (TAS)

The total antioxidant status (TAS) of plasma was measured 
using a novel automated colorimetric measurement method 
for TAS developed by Erel [19]. In this method the hydrox-
yl radical, the most potent biological radical, is produced by 
the Fenton reaction and reacts with the colorless substrate 
O-dianisidine to produce the dianisyl radical, which is bright 
yellowish-brown in color. Upon the addition of a plasma sam-
ple, the oxidative reactions initiated by the hydroxyl radicals 
present in the reaction mix are suppressed by the antioxidant 
components of the plasma, preventing the color change and 
thereby providing an effective measure of the TAS of the plas-
ma. The assay results are expressed as mmol Trolox equiv/L.

Calculation of oxidative stress index

The ratio of TOS to TAS is referred to as the oxidative stress 
index (OSI). The OSI is calculated according to the follow-
ing formula: 

OSI (arbitrary unit) = TOS (µmol H2O2 Equiv./L)/TAS 
(mmol Trolox Equiv./L) × 100 [20].

Measurement of maximal oxygen uptake (VO2 max)

Subjects were exercised until being exhausted on a mo-
torized treadmill according to Bruce protocol [21]. The 

treadmill grade was increased 3% every 3 min, starting from 
a 2.7 km/h speed and grade 10%. Oxygen consumption 
was measured indirectly according to the following formu-
la: (VO2max (ml/kg/min)=14.76–(1.379 × Time) + (0.451 × 
Time2) – (0.012 × Time3).

Statistical analyses

Results are expressed as means ± standard error (SE). 
The data were not normally distributed and non-para-
metric tests were used. Statistical comparisons between 
groups were done by Tests for Several Related Samples 
(Friedman Variance Analysis) followed by Wilcoxon Signed 
Rank Test, with p values ≤0.05 accepted as statistically sig-
nificant. Correlations were assessed with Spearman’s pro-
cedure. All analyses were carried out with the comput-
erized SPSS 10.0 program (Statistical Package for Social 
Sciences, SPSS, Inc).

Results

Physical characteristics and maximal oxygen uptake 
variables

All subjects completed both exercise protocols without prob-
lems. The PRET protocol applied did not induce statistically 
significant alterations in physical characteristics and maxi-
mal oxygen uptake (VO2 max) of the subjects. On the oth-
er hand, 1-RM of each muscle group measured on week 12 
after the exercise protocol was statistically significantly in-
creased compared to basal values obtained on the first day 
of the exercise (Table 1).

BPRET on first week APRET on twelfth week
p change (%) 

Mean ±SE Min–max Mean ±SE Min–max

Weight (kg) 	 71.21±3.74 51.50–95.40 	 71.96±3.71 53.10–97.50 0.054	 1

Body Mass Index (kg/m2) 	 22.29±1.09 16.60–29.40 	 22.46±1.09 17.10–30.10 0.343	 0.76

Fat mass (%/kg) 	 11.36±1.66 1.70–21.00 	 11.55±1.63 2.10–21.30 0.638	 1.7

VO2max (lt/min) 	 47.42±1.63 38.00–58.40 	 47.06±1.44 39.50–55.01 0.784	 –1

1RM-Leg extension (quadriceps)(kg) 	 65.83±5.60 40–90 	 75.83±4.72 50–100 0.002	 15

1RM-Leg curl (hamstring) (kg) 	 59.16±4.39 40–90 	 70.41±2.64 50–95 0.002	 19

1RM-Chest press (pectoralis major) (kg) 	 64.17±5.80 30–90 	 71.25±6.10 35–100 0.004	 11

1RM-Arm flexion (biceps) (kg) 	 24.17±1.72 15–35 	 30.00±1.74 20–40 0.001	 24

1RM-Arm extension (triceps) (kg) 	 27.50±2.42 15–50 	 33.33±2.64 20–55 0.002	 21

1RM-Abdominal crunch (abdominal) (kg)	 40.42±4.06 20–65 	 49.17±3.68 30–70 0.003	 22

1RM-Twisting oblique (external and 
internal oblique) (kg) 	 37.08±2.92 25–55 	 48.75±4.97 30–95 0.002	 31

1RM-Right Outer thigh pull (hip 
abduction, gluteus medius) (kg) 	 15.00±1.07 10–20 	 20.00±1.07 15–25 0.001	 33

1RM-Left Outer thigh pull (hip 
abduction, gluteus medius) (kg) 	 15.11±0.74 10–20 	 20.00±1.07 15–25 0.002	 32

Table 1. Physical and training characteristic data of the subjects.

BPRET – before progressive resistance exercise training; APRET – after progressive resistance exercise training; VO2 max – maximal oxygen uptake; 
1-RM – one-repetition maximum.
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RBC deformability measurements

RBC deformability (ie, the elongation index, EI) for the 
RBCs of all experimental groups was measured at 9 shear 
stresses between 0.3 and 30.0 pascal (Pa). Effects of PRET 
on RBC deformability were mostly observed at low and mod-
erate stress levels (0.95–5.33 Pa). Alterations in EI values 
measured at 0.53 Pa were more prominent and are shown 
in Table 2 as a representative. EI values of week 3 and pre-
exercise EI value of week 4 were increased compared to the 
basal value (p<0.05). The last exercise session on week 12 in-
duced increases in RBC deformability compared to the bas-
al value and pre-exercise value of the same week (p=0.028, 
p=0.034, respectively). Additionally, a positive correlation be-
tween the percent change in EI and 1 RM of arm extension 
(triceps) after 12 weeks of training was observed (r=0.739; 
p=0.006, data not shown).

RBC aggregation measurements

Table 2 also shows that 1 set of exercise applied at 40–60% 
of 1-RM induced a statistically significant acute increase in 
RBC aggregation amplitude (AMP) (p=0.05), aggregation 
index (AI) (p=0.01) and decrease in aggregation half-time 
(t1/2) (p=0.01). Although the alteration in t½ was not statis-
tically significant, the pre-exercise AI values measured on 
week 3 were decreased and t½ increased compared to the 
basal value. Additionally, AI values measured on weeks 3, 
4 and 12 were lower (p=0.006, p=0.003, p=0.015, p=0.023, 
p=0.023, p=0.019, respectively) and t½ higher than the val-
ues measured on the 1st week after the exercise session 
(p=0.01, p=0.003, p=0.034, p=0.023, p=0.01, p=0.019, re-
spectively). Taken together, the decreases in AMP and AI 
of aggregation and the increase in t1/2 indicate an exercise-
induced decrease in RBC aggregation. Positive correlations 
between the percent change in AI and 1 RM of chest press 

1st week 3rd week 4th week 12th week

BPRET on 
first week

APRET on 
first week

BPRET on 
third week

APRET on 
third week

BPRET on 
fourth week

APRET on 
fourth week

BPERT on 
twelfth week

APRET on 
twelfth week

Mean ±SE Mean ±SE Mean ±SE Mean ±SE Mean ±SE Mean ±SE Mean ±SE Mean ±SE

EI (0.53 Pa)	0.061±0.004 	0.076±0.008 	0.074±0.005** 	0.075±0.007** 	0.074±0.007** 	0.069±0.005 	0.068±0.004 	0.080±0.005**,≠≠

AMP 	25.14±0.76 	27.13±1.15** 	27.26±0.75 	26.83±1.46 	25.25±0.74≠ 	25.48±0.71≠ 	25.26±0.78 	26.24±0.90

AI (%) 	56.64±1.55 	61.85±2.34* 	53.21±1.91**,ø 	55.13±1.64ø 	55.67±1.70øø 	54.87±2.03øø 	53.41±1.79øø 	54.37±1.81øø

t 1/2 (s) 	3.08±0.21 	2.45±0.26* 	3.59±0.31ø 	3.20±0.21ø 	3.03±0.25≠,øø 	3.37±0.29øø 	3.57±0.28ø 	3.40±0.25øø

Table 2. RBC elongation index (EI), aggregation amplitude (AMP), aggregation index (AI) and aggregation half time (t½) of the subjects.

Values are expressed as mean ±SE. BPRET – before progressive resistance exercise training; APRET – after progressive resistance exercise training. 
* p≤0.01, difference from first week BPRET; ** p<0.05, difference from first week BPRET values; ø p≤0.01, difference from first week APRET; 
øø p<0.05, difference from first week APRET values; ≠ p≤0.05, difference from third week BPRET; ≠≠ p<0.05, difference from twelfth week BPRET 
values.

1st week 3rd week 4th week 12th week

BPRET on 
first week

APRET on 
first week

BPRET on 
third week

APRET on 
third week

BPRET on 
fourth week

APRET on 
fourth week

BPERT on 
twelfth week

APRET on 
twelfth week

Mean ±SE Mean ±SE Mean ±SE Mean ±SE Mean ±SE Mean ±SE Mean ±SE Mean ±SE

WBV at 
native Hct 

(75 s–1)
	6.14±0.23 	5.92±0.21 	5.77±0.17 	5.99±0.09 	5.73±0.15 	6.23±0.23** 	5.86±0.15 	6.39±0.22≠,≠≠,&

WBV at 
standard Hct 
(%40) (75–1)

	5.51±0.31 	5.92±0.21 	5.41±0.22 	5.43±0.15 	5.33±0.24 	5.04±0.14≠ 	4.71±0.16≠,*,≠≠,øø 	5.58±0.23&

Plasma 
viscosity 
(375 s_1)

	1.84±0.06 	1.92±0.13 	1.78±0.07 	1.68±0.06 	1.63±0.07**,ø 	1.75±0.06 	1.68±0.05 	1.68±0.05*

Table 3. Whole blood and plasma viscosity of the subjects.

BPRET – before progressive resistance exercise training; APRET – after progressive resistance exercise training. Values are expressed as mean ± SE. 
* p≤0.05, difference from first week BPRET values; ** p<0.05, difference from first week APRET values; ø p<0.05, difference from third week BPRET 
values; øø p<0.01, difference from third week BPRET values; ≠ p≤0.05, difference from third week APRET; ≠≠ p<0.05, difference from fourth week 
BPRET values; & p≤0.01, difference from twelfth week BPRET values.
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(m. pectoralis major) after 12 weeks of training were ob-
served (r=0.642; p=0.024, data not shown).

Whole blood and plasma viscosity measurements

Whole blood viscosities (WBV) were determined at shear 
rates between 75 and 375 s–1 at 37°C at both native and stan-
dard (40%) Hct. Table 3 shows results of 75 s–1 as an exam-
ple. Although the alterations were not statistically signifi-
cant, the exercise protocol applied resulted in decreases in 
WBV measured at native Hct, except for the post-exercise 
increases on weeks 4 and 12. On the contrary, WBV mea-
sured at standard (40%) Hct after the exercise session on 
the 4th week was low, indicating that the increase observed 
at native Hct was due to the alterations in Hct value. WBV at 
standard (40%) Hct was still low on the 12th week, in which 
the last exercise session resulted in an increase in this pa-
rameter. Additionally, PRET protocol applied herein caused 
decrease in PV at a shear rate of 375 s–1 which were statis-
tically significant on 4th (BPRET) and 12th (APRET) week 
measurements (Table 3). There was a positive correlation 
between the percent change in PV and 1 RM of twisting 
oblique (external and internal oblique) after 12 weeks of 
training (r=0.688; p=0.003, data not shown).

Measurements of hematological parameters

Alterations in hematological parameters in response to PRET 
applied in our study are presented in Table 4. Although ex-
ercising for 3 weeks resulted in a decrease in RBC count 
(p<0.05), it increased again on the 4th week. One set of ex-
ercise applied at 40–60% of 1-RM induced a statistically sig-
nificant decrease in Hb value (p=0.014). Hb values proceed-
ed at a low level for 4 weeks and increased again at the 12th 
week. Pre-exercise Hct values measured at week 3 was signifi-
cantly decreased compared to week 1 (p<0.05). Three sets of 
exercise applied at 75–80% of 1-RM (4th–12th weeks) induced 

increases at Hct value. PRET applied in our study did not 
induce any alteration in MCV until the 12th week, whereas 
MCV measured at this week was significantly higher than all 
the previous measurements. The post-exercise MCHC value 
measured on week 4 was lower compared to the basal value.

Blood lactate concentration measurements

Figure 2 demonstrates that each exercise session resulted 
in acute statistically significant enhancements in blood lac-
tate concentration. When pre-exercise measurements were 
compared with each other, it was observed that pre-exercise 
measurements of week 3 were elevated compared to that of 
the 1st week (p=0.043) and blood lactate concentration mea-
sured on the 12th week was higher than on week 4 (p=0.043). 
On the other hand, when post-exercise measurements were 
compared with each other, it was found that post-exercise 
values of all weeks were significantly higher than that of the 
1st week. Additionally, post-exercise blood lactate concen-
tration measured on the 4th week was lower compared to 
post-exercise value of weeks 3 (p=0.015) and 12 (p=0.028).

Plasma fibrinogen concentration measurements

Figure 3 shows that plasma fibrinogen concentrations were 
decreased on the 3rd week but increased again on the 4th 
week. The alterations are statistically significant.

Plasma total oxidant (TOS) and antioxidant status (TAS) 
measurements

The parameters showing the oxidant (TOS) and antioxi-
dant status (TAS) as well as the oxidative stress index of the 
groups are presented in Table 5. Although acute exercise 
induced increases in both TOS and TAS levels at every ex-
ercise session, this augmentation was only statistically sig-
nificant for TAS on the 3rd week (p=0.034). Similarly, the 

1st week 3rd week 4th week 12th week

BPRET on 
first week

APRET on 
first week

BPRET on 
third week

APRET on 
third week

BPRET on 
fourth week

APRET on 
fourth week

BPERT on 
twelfth week

APRET on 
twelfth week

Mean ±SE Mean ±SE Mean ±SE Mean ±SE Mean ±SE Mean ±SE Mean ±SE Mean ±SE

RBC count 
(106/µl) 	5.11±0.15 	5.09±0.12 	4.90±0.14*,≠ 	4.89±0.10*,≠≠ 	5.08±0.11& 	5.10±0.15 Ø 	5.00±0.12 	4.97±0.12

Hb (g/dl) 	15.40±0.30 	14.93±0.33* 	14.92±0.24* 	14.80±0.29** 	15.20±0.20& 	14.78±0.29**,$ 	15.62±0.23 Ø,&,$,§ 	15.37±0.27&,§§

Hct(%) 	43.45±1.12 	43.09±0.79 	41.86±0.83*,≠ 	42.19±0.59 	43.48±0.79 	43.74±1.03 Ø 	44.25±0.81 Ø,& 	43.55±0.74&

MCV (fl) 	85.14±1.15 	85.05±1.16 	85.60±1.10 	85.95±1.13 	85.64±1.01 	86.00±1.12 88.10±1.11*,≠, 

ØØ,&,$$,§§
87.76±1.10*,≠, 

Ø,&,$,§§, ß

MCHC (g/dl) 	35.53±0.41 	34.79±0.55 	35.70±0.50 	35.33±0.58 	35.10±0.56 	33.87±0.63*,Ø 	35.24±0.49 	35.30±0.51

Table 4. Hematological parameters of the subjects.

BPRET – before progressive resistance exercise training; APRET – after progressive resistance exercise training; RBC – red blood cell; 
Hb – hemoglobin; Hct – hematocrit; MCV – mean corpuscular volume; MCHC – mean corpuscular hemoglobin concentration. Values are expressed 
as mean ± SE. * p≤0.05, difference from first week BPRET values; ** p<0.01, difference from first week BPRET values; ≠ p≤0.05, difference from first 
week APRET values; ≠≠ p<0.01, difference from first week APRET values; Ø p<0.05, difference from third week BPRET values; ØØ p≤0.01, difference 
from third week BPRET values; & p<0.05, difference from third week APRET values; $ p<0.05, difference from fourth week BPRET values; $$ p≤0.01, 
difference from fourth week BPRET values; § p<0.01, difference from fourth week APRET values; §§ p<0.05, difference from fourth week APRET 
values; ß p<0.05, difference from twelfth week BPRET values.
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oxidative stress index (OSI) calculated for each exercise ses-
sion as TOS/TAS ×100 was decreased acutely after each ex-
ercise session except on week 1. However, only 3 sets of ex-
ercise applied at 75–80% of 1-RM on the 4th week induced a 
statistically significant decrease in this parameter (p=0.013).

Discussion

Effects of PRET on hemorheological parameters were inves-
tigated in this study. To clarify the mechanisms of these ef-
fects, hematological parameters, blood lactate and plasma 

Figure 2. �Blood lactate concentration values of the subjects before (BPRET) and after (APRET) progressive resistance exercise training on the first, 
third, fourth and twelfth week of the program. Values are expressed as mean ± SE. * p<0.05, difference from first week BPRET values; ** 
p<0.01, difference from first week APRET; *** p<0.05, difference from first week APRET; # p<0.01, difference from third week BPRET values; 
## p<0.05, difference from third week APRET values; $ p<0.01, difference from fourth week BPRET values; $$ p<0.05, difference from fourth 
week BPRET values; @ p<0.05, difference from fourth week APRET values; § p<0.05, difference from twelfth week BPRET values.
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Figure 3. �Plasma fibrinogen concentrations 
of the subjects before and after 
progressive resistance exercise 
training (BPRET- APRET) on the 
first, third, fourth and twelfth 
week of the program. Values are 
expressed as mean ± SE. * p<0.01, 
difference from first week BPRET 
values; ** p<0.01, difference 
from first week APRET; # p<0.01, 
difference from third week BPRET 
values; & p<0.01, difference from 
third week APRET values.
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1st week 3rd week 4th week 12th week

BPRET on 
first week

APRET on 
first week

BPRET on 
third week

APRET on 
third week

BPRET on 
fourth week

APRET on 
fourth week

BPERT on 
twelfth week

APRET on 
twelfth week

Mean ±SE Mean ±SE Mean ±SE Mean ±SE Mean ±SE Mean ±SE Mean ±SE Mean ±SE

TOS (μmol 
H2O2 Eqv/L) 	 8.82±0.70 	 9.61±1.55 	 9.10±0.49 	 10.56±1.32 	 9.05±0.40 	 9.23±0.94 	 8.34±0.74 	 9.01±0.31

TAS (mmol 
Trolox Eqv/L) 	 0.76±0.08 	 0.91±0.14 	 0.77±0.08 	 0.94±0.11* 	 0.90±0.14 	 1.01±0.13 	 0.8±0.1 	 0.93±0.12

OSI (arbitrary 
unit) 	 1.39±0.26 	 1.60±0.52 	 1.62±0.43 	 1.38±0.27 	 1.55±0.45 	 1.51±0.60≠ 	 1.35±0.43 	 1.27±0.24

Table 5. Plasma total oxidant (TOS), antioxidant (TAS) status and oxidative stress index (OSI) values of the subjects.

BPRET – before progressive resistance exercise training; APRET – after progressive resistance exercise training. Values are expressed as mean ±SE. 
* p<0.05, difference from third week BPRET values; ≠ p<0.05, difference from fourth week BPRET values.
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fibrinogen concentrations, plasma total oxidant (TOS) and 
antioxidant (TAS) status were also determined. The PRET 
protocol applied herein did not induce any statistically sig-
nificant alteration in physical and training characteristics of 
the subjects. This finding is consistent with other findings in 
the literature which report no effect of resistance exercises 
on these parameters [22]. As expected, 1-RM of each mus-
cle group measured on week 12 after the exercise session 
was increased, indicating improvement in muscle strength.

The ability of the entire RBC to deform is of crucial impor-
tance for performing its function in oxygen delivery and it 
is also a determinant of the cell survival time in the circula-
tion [7]. Following an acute increase after the exercise on 
the first day, RBC deformability measured at 0.53 Pa was el-
evated throughout the experimental protocol. This higher 
RBC deformability may be an advantageous factor during 
exercise by increasing O2 diffusion from alveoli to pulmo-
nary capillaries, resulting in higher blood and thus muscle 
oxygen content. Additionally, more deformable RBCs may 
contribute to physical performance, thus increasing mus-
cle strength observed herein by carrying O2 to smaller mus-
cle capillaries.

The findings of the studies investigating effects of exercise 
on RBC deformability in the literature differ depending on: 
(a) the type, duration, intensity of the exercise, (b) athletic 
capacity of the individuals, and (c) the method used to mea-
sure RBC deformability [23]. Exercise-induced decreases in 
RBC deformability were described in subjects with low phys-
ical fitness [12]. On the other hand, a 3-week training pro-
gram was reported to increase RBC deformability in seden-
tary people [24]. The participants of our current study had 
not regularly performed resistance exercise or weight train-
ing before, but they were physically active (football, run-
ning) young people. The short-term and chronic effects of 
RET performed at 2 different intensities (70% and 85% of 
1-RM) on RBC deformability and aggregation were studied 
in our laboratory in physically active subjects who were not 
engaged in resistance training. RBC deformability was found 
to be increased immediately after the RET on the first and 
the last day of the program, but this augmentation was sta-
tistically significant only for the moderate intensity group 
on the first day [14]. The deformability results of our cur-
rent study, which is the first one in the literature exploring 
the effects of PRET on hemorheology, are consistent with 
the findings of the above-mentioned study.

Physical activity was demonstrated to cause oxidative stress 
via increasing metabolic processes, which can be reversed 
by the antioxidant defence system [25,26]. Although sta-
tistically insignificant, our results indicating acute exer-
cise-induced increases in both TOS and TAS levels at every 
exercise session are in concordance with the above expla-
nation. OSI was decreased acutely after each exercise ses-
sion except on week 1. However, only the exercise of 3 sets 
applied at 75–80% of 1-RM induced a statistically signifi-
cant decrease in this parameter, which can be explained as 
a more pronounced increase in TAS induced by this severe 
exercise applied on the 4th week. Alterations in oxidative 
stress affect RBC deformability during exercise [9,10]. In 
addition, exercise-induced hemolysis is a well-known phe-
nomenon leading to an increased number of young eryth-
rocytes in the circulation which have higher antioxidant 

system levels and are more deformable [27,28]. Although 
age distribution of RBCs was not analyzed in the current 
study, when our data are evaluated together it can be spec-
ulated that the increase of the antioxidant defence systems 
may at least partially have contributed to the elevation of 
RBC deformability.

Increase of lactate during exercise is another factor affect-
ing RBC deformability [29]. Elevated post-exercise blood 
lactate concentrations of the current study are in agreement 
with results in the literature [30,31]. Results of some stud-
ies have indicated that lactate impairs RBC deformability 
in untrained subjects but improves it in trained individuals 
[29]. As we mentioned before, subjects of our study group 
were physically active young students. On the other hand, 
divergent literature data are found concerning lactate as a 
potential antioxidant agent acting by preventing lipid per-
oxidation [32]. These factors may explain the increase of 
RBC deformability in spite of the elevation of blood lac-
tate concentration.

Decreased MCV and increased MCHC are known to impair 
RBC deformability via increase of internal viscosity [33,34]. 
Young erythrocytes, which increase as a result of hemolysis 
during exercise, have less MCHC and higher MCV and de-
formability [28,34]. Although the current study does not 
include any parameter directly showing degree of hemoly-
sis, the decrease of RBC count and Hct on the 3rd week and 
increases observed in these parameters on the 4th week may 
indicate hemolysis and augmented RBC turn-over. Ernst et 
al. reported a significant decrease in MCHC and increase in 
MCV, which coincided with increase of RBC deformability 
after 3 weeks of training [24]. The alterations observed in 
MCV and MCHC in our study are in agreement with the re-
sults of the studies summarized above and may explain the 
PRET-induced alterations in RBC deformability, at least to 
some extent. Additionally, although neither plasma volume 
nor the total RBC mass were measured, the decreases ob-
served in RBC count, Hct and Hb in our study may be relat-
ed to possible exercise-induced increases in plasma volume.

Another hemorheological parameter determined in this 
study is the RBC aggregation, which is the reversible adhe-
sion of adjacent erythrocytes. The influence of exercise on 
erythrocyte aggregation is controversial, for some authors 
have found it increased [8], while others found that it de-
creased [12,35] or was unchanged [36]. These discrepant 
results may be due to the type of exercise applied, phys-
ical condition of the subjects and methods used to mea-
sure RBC aggregation. Cakir-Atabek et al. performed the 
first study investigating effects of resistance exercise train-
ing (RET) on RBC aggregation. Their findings indicating 
acute RET-induced increases in RBC aggregation, followed 
by slight decreases in the moderate intensity group after 6 
weeks of RET are in agreement with the results of the cur-
rent study [14]. The long-term decrease in RBC aggrega-
tion during PRET may be beneficial for tissue perfusion by 
decreasing resistance to flow and thus may also be related 
to the improvements observed in muscle strength after 12 
weeks of training.

Plasma fibrinogen concentration is a major determinant of 
RBC aggregation [8,9]. Several reports indicate exercise in-
duced enhancements in fibrinogen concentrations [8,37]. 
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Ahmadizad et al. reported that plasma fibrinogen was sig-
nificantly increased immediately after 3 sets of 5–7 repeti-
tions of 6 exercises at an intensity corresponding to 80% of 
1-RM, but the rise in plasma fibrinogen was transient and re-
turned to pre-exercise values after 30 min of recovery [13]. 
In our study, 3 sets of exercise at an intensity correspond-
ing to 75–80% of 1-RM (4th and 12th weeks) caused acute 
slight increases in plasma fibrinogen concentrations, simi-
lar to the study summarized above. Additionally, the results 
of our study also demonstrate that 3 weeks of PRET causes 
decrease in plasma fibrinogen concentrations. The reduc-
tion in RBC aggregation observed in our study at the same 
period may at least partly depend on decreased plasma fi-
brinogen concentration.

Exercise-induced oxidative stress is known to increase RBC 
aggregation by reducing the amount of erythrocyte mem-
brane sialic acid and thus creating negativity [33]. On the 
contrary, oxidative stress may decrease RBC aggregation via 
echinocyte formation [38]. When the results of the current 
study are evaluated together, it can be seen that the alter-
ations in RBC aggregation are far from explained by the 
changes in oxidative stress. Alterations in lactic acid con-
centrations are also known to affect RBC aggregation dur-
ing exercise [39]. Brun et al. have shown that erythrocyte 
aggregation is positively correlated with lactate accumula-
tion into blood during exercise [40]. The post-exercise in-
creases in RBC aggregation, which are in concordance with 
the literature, may be related to the post-exercise rises ob-
served in blood lactate concentration. On the other hand, 
it can be speculated that the general decrease observed in 
RBC aggregation after 12 weeks of training may partly be 
due to the increased RBC turnover, since young erythro-
cytes are known to aggregate less [27].

Generally, exercise is known to cause acute decreases in 
blood fluidity (hemoconcentration) in sedentary individ-
uals [10,35]. Following exercise training, increase in plas-
ma volume results in autohemodilution, thus a decrease in 
WBV was reported [36]. However, no information is avail-
able about effects of resistance exercises on blood viscosi-
ty. Hct is a main determinant of blood viscosity [10,31,41], 
which is why we measured WBV at both native and standard 
(40%) Hct. PRET applied in the current study induced slight 
decreases in WBV until week 4. On the 4th week, a post-ex-
ercise rise in WBV values, measured at native Hct, and de-
cline in standard Hct were observed. This difference may 
be explained by the possible acute hemoconcentration and 
thus the rise in Hct induced by the severe exercise (3 sets 
of 8–12 repetitions at 75–80% of 1-RM) applied on the 4th 
week. The general decrease in WBV and the decrease mea-
sured in the 12th week before the exercise session are in con-
cordance with the autohemodilution process described in 
the literature for other exercise types. On the other hand, 
WBV increased acutely again after the last exercise session.

The results of a study exploring the effects of RET on PV 
have shown that although 3 sets of 5–7 repetitions of 6 ex-
ercises (80% of 1-RM) induced elevation in PV, this altera-
tion returned to pre-exercise values 30 min later [13]. The 
rise obtained in PV on the 4th week after PRET applied at 
75–80% of 1-RM is similar to the findings of the above- men-
tioned study. This post-exercise rise may also be explained 
by acute plasma loss, as mentioned above. Additionally, the 

decrease observed in PV after 12 weeks of training may con-
tribute to the increase observed in 1 RM.

Conclusions

In conclusion, the results of this study in young, healthy sub-
jects indicate that the PRET protocol applied herein may 
have beneficial effects on the regulation of circulation and 
tissue oxygenation, and thus contribute to cardiovascular 
well-being by increasing RBC deformability, general decreas-
es in viscosities and an acute enhancement, then decrease, in 
RBC aggregation. The changes observed in muscle strength 
(1 RM) after 12 weeks of training may be related to these 
improvements in hemodynamics. It is worth emphasizing 
that effects of different resistance training models (isokinet-
ic, isometric) as well as different training systems (eg, differ-
ent combinations of resistance, sets, repetitions, speed, rest 
period) on hemorheological parameters may also be stud-
ied in order to observe which of them are more effective 
and can be suggested for healthy exercise. Additionally, to 
get more relevant information about the risks and health 
aspects of PRET, the alterations in hemorheological param-
eters in response to PRET of a group of patients with car-
diovascular pathologies may also be investigated.
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