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Effects of reqular exercise on blood
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Regular physical activity (RPA) promotes cardiovascular health but its effects on blood flow and
rheology characteristics remain unclear. This study compared hemorheological parameters between
healthy adults who regularly jogged (n=35) and sedentary controls (n=35). Participants in the RPA
group showed significantly lower fibrinogen levels, C-reactive protein concentrations, blood viscosity,
plasma viscosity, and red blood cell aggregation (all p<0.05). They also had higher hematocrit and
albumin concentrations. Blood viscosity decreased by around 30% (native) and 49% (hematocrit-
adjusted) in active individuals. These findings suggest regular jogging improves blood flow, potentially
protecting against cardiovascular diseases.
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Hemorheology is the subject of blood viscosity and contributes to clinical diagnosis and treatment decision
in medicine. Viscosity is defined as the ratio of shear stress to shear rate which is reflect the fluidity of blood
in the circulatory system!. There are many factors such as hematocrit, plasma viscosity, and attraction force
between RBCs would influence blood resistance. Abnormal viscosity was found in a range of diseases, including
cardiovascular disorders®?, cerebral ischemia?, arterial hypertension® and diabetes mellitus®. Blood fluidity can
be measured using.

tradition rheometer”®, which directly estimate the physical properties of blood.

Regular physical activity (RPA) is known to reduce cardiovascular risk in healthy individuals and improve
blood fluidity potentially. Exercise programs have been shown to normalize pathological hemorheological status
within the normal range’, and RPA is widely accepted as a therapeutic approach for cardiovascular patients”!°.
Previous studies have also linked RPA to improve exercise self-efficacy and resilience and overall quality of
life'"'2, as well as enhanced cardiorespiratory and muscle metabolism through increased oxygen supply and
cardiac output!>14,

Physical activity is characterized by intensity, duration, type, and frequency, with intensity being closely
related to energy expenditure and oxygen consumption'®. The World Health Organization (WHO) recommends
that adults engage in at least 2.5 h of moderate-intensity physical activity per week!. RPA exercise has been
associated with cardiovascular risk reduction, the specific effects of RPA on blood rheology in this population
remain understudied. While some studies have explored the relationship between RPA and hemorheological
parameters in patient populations or isolated physiological settings, few have systematically examined these
effects in a healthy adult cohort!”""°.

This study aims to compare the hemorheological profiles of healthy adults with and without long-term regular
physical activity. It seeks to quantify differences in key parameters, including blood viscosity, RBC aggregation,
and fibrinogen levels. The study tests the hypothesis that healthy adults engaging in regular activity exhibit lower
blood viscosity and improved hemorheological profiles than sedentary individuals.

Materials and methods
Equity, diversity and inclusion statement
Our study aimed to include a diverse cohort of participants representing various demographics relevant to our
research focus. The study population comprised healthy adults of different genders, ages, and socioeconomic
backgrounds from urban and suburban areas of Taiwan. We recruited participants through various channels,
including community centers and online platforms, to ensure broad representation.

Our research team consisted of 10 members, including cardiovascular doctors, anesthetists, nurses,
academic professors from biomedical engineering, and graduate and undergraduate students. This diversity in
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academic and professional backgrounds ensured a range of perspectives throughout the research process. The
team’s expertise spanned various fields, including exercise physiology, hematology, cardiovascular health, and
biostatistics, bringing diverse viewpoints to the study design and data interpretation.

Subjects enrollment

Seventy participants were enrolled in this study to investigate the effects of moderate-intensity activity focused
on jogging as the primary form on blood rheology. They were divided into two groups based on their lifestyle and
exercise habits. Participants eligible for the regular exercise group were healthy adults aged between 20 and 40
years who performed jogging approximately 3000 m per session, 3 to 5 times per week, for at least one year. Their
weekly average exercise time exceeded 180 min, meeting the WHO recommended exercise standard of at least
150 min per week. The exercise status and weekly jogging distances of participants in this group were verified
through face-to-face interviews and confirmed by exercise logs maintained prior to enrollment. Conversely,
participants included in the sedentary group were healthy adults aged between 20 and 40 years who engaged in
minimal physical activity and no structured exercise or training within the past year. Their daily activities were
predominantly limited to routine work-related tasks. The sedentary status of these participants was verified using
detailed self-report questionnaires, specifically the validated Global Physical Activity Questionnaire (GPAQ),
and confirmed by follow-up telephone interviews. Physical activity levels of all participants were evaluated using
the Global Physical Activity Questionnaire (GPAQ, version 2, 2012), developed by the WHO?’. The GPAQ
quantifies physical activity in the metabolic equivalent task (MET)-minutes per week and records sedentary
behavior in minutes per day. The GPAQ scoring system adhered to WHO guidelines, facilitating comparability
with other studies using the standardized GPAQ instrument.

Participants in both groups were excluded if they smoked, had been diagnosed with cardiovascular,
metabolic, inflammatory, or hematologic diseases, experienced recent acute illness or infection within the past
month, or were taking medications known to affect cardiovascular or hematological parameters. This study
protocol was approved by the Institutional Review Boards of Tri-Service General Hospital (1-104-05-032) and
Academia Sinica (AS-IRB01-15037). All participants provided written informed consent prior to participation.
All methods were carried out in accordance with the relevant guidelines and regulations.

Protocol

All participants were diagnosed as clinically healthy through annual health examinations and were not taking
any medications. All trials were conducted during participants’ rest periods, not immediately following exercise.
After obtaining informed consent, venous blood samples were collected into vacutainers (BD, Franklin Lakes,
NJ, USA) containing ethylenediaminetetraacetic acid (EDTA) and trisodium-citrate at room temperature
(24+1 °C). All experiments were performed within two hours of blood collection?!. Blood pressure and heart
rate were measured and recorded using a sphygmomanometer. A questionnaire collected relevant information,
including body mass index (BMI), exercise type, frequency, and lifestyle habits. Additionally, biochemical
parameters such as fibrinogen, C-reactive protein (CRP), high-density lipoprotein (HDL), and low-density
lipoprotein (LDL) were investigated and analyzed. To minimize potential confounding factors such as fasting,
fatigue, and postprandial effects, all trials were conducted between 8:30 AM and 11:00 AM.

Blood rheological measurement

Whole Blood Viscosity (WBV) was measured using a stress-controlled Physica Rheometer MCR 501 (Anton-
Paar, Graz, Austria), equipped with a titanium Concentric-Cylinder Measuring System (CC-MS). This rheometer
employs a conventional rotation sweep method for viscosity measurement. The blood sample was contained in a
cylindrical pot with a concentrically mounted bob in the measuring system, as shown in Fig. 1. Hemorheological
measurements adhered to the standard protocol outlined by Baskurt et al.?2. Blood viscosity was measured
across a shear rate range of 0.1 to 1000 s™!, with all measurements conducted at a constant temperature of 37 °C.
To account for the effect of varying hematocrit levels on native blood viscosity, we calculated the WBV at a
standardized hematocrit level of 45% using an empirical formula developed by Matrai et al.*?%. This adjusted
viscosity, denoted as #,,(45), eliminates the influence of individual hematocrit variations on native blood
viscosity measurements.

RBC aggregation estimation

Blood microstructure at rest was characterized using optical microscopy (Nikon E100; Nikon Corp, Japan) with
10x magnification in a narrow-gapped slide chamber?°. Images were captured within 5 min of sample preparation
using a microscope connected to a CCD camera. Each blood sample underwent centrifugation for 10 min at
2000 rpm, after which RBCs were resuspended in autologous plasma at 1% hematocrit. Digital microstructure
images of the diluted RBC suspension were analyzed using Image] software to obtain information on the
morphology and size of RBC aggregates?®?’. The average aggregation size (AAS) was used as the quantitative
measure for this analysis.

Statistics analysis

Data were presented as mean+standard deviation (SD) or median with interquartile range, depending on
the normality of data distribution. Normality was assessed using the Shapiro-Wilk test. Statistical differences
between groups were evaluated using the two-tailed Student’s t-test for normally distributed data or the Mann-
Whitney U test for non-normally distributed data. Spearman’s rank correlation coefficients (r) were computed
using the entire sample to assess the associations between hematocrit-adjusted blood viscosity (7, ,5)) and
biochemical parameters. A p-value<0.05 was considered statistically significant. All statistical analyses were
conducted using IBM SPSS Statistics, version 22.0 (IBM Corp., Armonk, NY, USA).
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Fig. 1. The measurement system with concentric-cylinder geometry is the conventional method for low
viscosity sample due to the large contact surface and minimal evaporation effect.

Results

To fully understand the physiological benefits of physical activity, we compared hemorheological parameters
between individuals with active and sedentary lifestyles. Table 1 presents a comparative analysis of laboratory
parameters related to complete blood count (CBC) and biochemical profiles for the regular exercise (n=35) and
sedentary (n=35) groups. there was no difference on blood pressure and heart rate. Table 1 also summarizes the
baseline characteristics of the two groups. the regular-exercise group and the sedentary group were comparable
in age (31.23+5.21 vs. 29.68£10.63 years, p=0.68), BMI (22.09+2.21 vs. 23.31+3.09 kg/m? p=0.77), height
(170.2+7.3 vs.167.8 £6.9 cm, p=0.24), and weight (63.9+ 8.7 vs. 67.4 £ 9.5 kg, p=0.52). Gender distribution was
also similar (20 men/15 women vs. 16 men/19 women). these data indicate that the two cohorts were well matched
for basic variables the laboratory data encompass a spectrum of biomarkers, including fibrinogen, hematocrit
levels, C-reactive protein (CRP), and lipid profiles, specifically low-density lipoprotein (LDL) and high-density
lipoprotein (HDL). the fibrinogen and CRP concentrations are significantly lower in the regular exercise group
(p<0.01). Additionally, hematocrit and albumin levels were significantly higher in the regular exercise group
(p<0.01). However, LDL and HDL concentrations and total protein levels did not show statistically significant
differences between the two groups.

As depicted in Table 2, the GPAQ quantified physical activity in terms of Metabolic Equivalent of Task
(MET) minutes per week, providing a comprehensive assessment of participants’ engagement in various forms
of physical activity. Notably, the regular exercise group reported significantly higher levels of vigorous-intensity
sports activities than the sedentary group. Figure 2 illustrates the microstructure of RBC aggregates in both
groups. The regular exercise group exhibits smaller and more dispersed RBC aggregates, with individual cells
and small clusters clearly visible. In contrast, the sedentary group shows larger and more compact aggregates,
forming extended chain-like structures. The average aggregation size (AAS), indicated by the white arrow in the
left image, is visibly smaller in the regular exercise group.

Figure 3 illustrates the results from whole blood viscosity (WBV) measurements conducted using a
rheometer. These measurements were taken at native hematocrit (HCT) levels for both the regular exercise
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Group Regular exercise | Sedentary

(number) (n=35) (n=35) Pvalue
Age (years) 31.23+£5.21 29.68+10.63 0.68
Gender (M: F) 20:15 16:19 0.46
BMI (kg/m?) 22.09+2.21 23.31+3.09 0.77
Height (cm) 170.2+7.3 167.8+£6.9 0.24
Weight (kg) 63.9+8.7 67.4%9.5 0.52
SBP (mm-Hg) 110.16+11.93 116.77 £19.67 0.26
DBP (mm-Hg) 74.16+£9.67 71.85+11.37 0.62
HR (Bpm) 70.29+11.74 72.46+10.94 0.65
Fibrinogen (mg/dl) | 207.52+38.37 368.66+114.97 | <0.01
CRP (mg/dl) 0.04 (0.03-0.08) | 0.57 (0.12-1.39) | <0.01
Hematocrit (%) 42.81+2.61 40.03£2.96 <0.01
HDL (mg/dl) 48.01£8.09 46.16+£15.17 0.69
LDL (mg/dl) 85.63+25.96 87.33+£22.09 0.80
Albumin (g/dl) 4.61+£0.64 4.05+0.40 <0.01
Globulin (g/dl) 2.72+0.32 2.93+0.51 0.48
Total Protein (g/dl) | 7.34+0.40 7.34+0.43 0.97

Table 1. Characteristics and laboratory data between the regular exercise and sedentary groups. Values are
expressed as mean + standard deviation (SD), except for C-reactive protein (CRP), which is presented as
median (interquartile range, IQR).

Group Regular exercise group | Sedentary group | P value
Travel to and from places

(MET-minutes/week) 537.7+253.8 553.7+301.6 0.811
Recreational activities

Vigorous-intensity sports (MET-minutes/week) 202?'; f gg; 50, ;L 85.8 < ggg}
Moderate-intensity sports (MET-minutes/week) . e ’
Total physical activity

(MET-minutes/week) 2713.1+£482.5 604.0+276.7 <0.001
Sedentary behavior (Minutes/day) 629.1+£64.0 648.0+69.4 0.242

Table 2. Global physical activity questionnaire (GPAQ) between regular exercise and sedentary groups.
METs = Metabolic Equivalents.

and sedentary groups across a range of shear rates. Notably, the regular exercise group exhibited a statistically
significant reduction in WBV compared to the sedentary group at shear rates less than 0.5 s7!.

Figure 4 depicts the hematocrit-adjusted viscosity (n,(45)) measurements for both groups, standardized
to a reference hematocrit of 45% to eliminate individual variations in hematocrit levels. The adjustment was
achieved using a specific correction formula, ensuring that the reported viscosity values are directly comparable
regardless of each subject’s native hematocrit. As shown in Fig. 4, at lower shear rates (7 <2 s™!), the sedentary
group exhibited a significantly higher viscosity compared to the regular exercise group. These results indicate
a difference in blood viscosity at low shear conditions between the two groups. Conversely, no significant
difference in viscosity was observed between the two groups at shear rates higher than 2 s7!. This observation at
elevated shear rates can be attributed to the shear-thinning behavior of RBCs, a typical rheological phenomenon
wherein RBCs align and deform under shear stress, resulting in reduced resistance to flow.

Table 3 Summarizes the hemorheological properties and RBC aggregation characteristics for two group
participants. Measurements include plasma viscosity at a high shear rate, native and hematocrit-adjusted
viscosity at a low shear rate of 0.1 s, as well as the average aggregation size (AAS) of rbcs. The data show that the
regular exercise group displayed a significantly lower hematocrit-adjusted viscosity at 0.1 s™!, approximately 25%
lower than that of the sedentary group (p<0.01). Similarly, plasma viscosity and the AAS of RBC aggregation
were substantially reduced in the regular exercise group compared to the sedentary group (p<0.01). These
results indicate a less pronounced tendency for RBC aggregation in the regular exercise group. Finally, Table
4 presents the associations between hemorheological parameters and various biochemical markers from entire
sample through spearman’s rank correlation analysis. A moderate positive correlation was observed between the
relative viscosity at a standardized hematocrit of 45% (7, ,5)) and fibrinogen concentration (r=0.523, p <0.001).
Additionally, the aggregation size of rbcs.(AAS) also showed a statistically significant correlation with 77,5 to
a lesser extent (r=0.375, p<0.001). However, correlations between 7, s and other lipid profile components
(CRP, LDL, HDL) were not statistically significant (p >0.05).
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Fig. 2. The image of RBC aggregates in regular exercise lifestyle and sedentary groups, and the AASis a
parameter for calculating number of RBCs per aggregate.

Discussion

Our study demonstrates that RPA is associated with lower WBV and diminished RBC aggregation in young
adults. This correlation appears to be linked to reduced fibrinogen concentrations observed in the regular exercise
group. While previous research has explored the relationship between elevated viscosity in cardiovascular
disease (CVD) patients and the benefits of physical activity?®, our study examines the long-term effects of a
physically active lifestyle on hemorheological parameters in healthy individuals. These findings suggest potential
mechanisms by which regular endurance training may contribute to the reduced cardiovascular risk observed in
regular physical activity individuals.

Our results are consistent with guidelines from the American Heart Association and the European Society of
Cardiology, which recommend adults engage in at least 30 min of moderate-intensity physical activity (70-85%
of maximal heart rate) three to five times per week?. Our study provides quantitative evidence of how long-
term regular physical activity (RPA) modulates blood rheology, particularly in relation to viscosity and RBC
aggregation. While previous research has demonstrated the benefits of short-term exercise interventions, fewer
studies have systematically assessed these effects in individuals engaged in sustained, long-term exercise. These
findings support the clinical importance of promoting long-term aerobic exercise as a non-pharmacological
strategy to enhance microvascular circulation and reduce cardiovascular risk. This approach is supported
by longitudinal studies showing that sustained RPA more effectively reduces cardiovascular morbidity and
mortality®®. Moreover, improvements in hemorheological parameters following prolonged RPA have been
associated with a concomitant reduction in cardiovascular disease risk®'. The present study examined healthy
volunteers segregated into two distinct cohorts based on their engagement in long-term RPA. This research
design addressed the limitations of previous studies that predominantly focused on patient populations®? or
lacked defined duration and intensity of exercise protocols®.

Blood fluidity is modulated by many factors, primarily hematocrit level, fibrinogen concentration, and
temperature?!. This study demonstrated that subjects engaged in regular physical activity (RPA) exhibited
significantly reduced blood and plasma viscosity compared to sedentary controls (p <0.01), correlating with
decreased plasmafibrinogenlevels (r=0.523,p < 0.001). Fibrinogenisakey determinant of both blood viscosityand
RBC aggregation, and its reduction may serve as an upstream mechanism that influences these hemorheological
parameters and improves blood flow. This finding aligns with prior research suggesting that an RPA lifestyle may
enhance microvascular blood flow and nutrient delivery®*. The native WBV was consistent with previous studies
for healthy control subjects®. Interestingly, RPA subjects showed significantly elevated hematocrit and albumin
levels (p<0.01). Unlike endurance athletes who undergo significant plasma volume expansion as a long-term
adaptation to prolonged high-intensity training, the regular physical activity individuals in our study may not
have reached the exercise intensity or duration necessary to induce this effect. This increase is likely attributed
to mild dehydration, resulting from chronic fluid loss during prolonged exercise®®. It is important to note that
the regular exercise group was recruited from an army school where all students adhere to a standardized diet.
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Fig. 3. Native viscosity plotted as a function of shear rate in Regular exercise group (N=35) and Sedentary
group (N=35). Error bar indicates the SD. “*” and “t”indicate P <0.05 and P <0.01 respectively when
compared by two-tailed T-test.

Consequently, dietary intake was uniform across the exercise group, minimizing the potential for diet-related
confounding effects on the observed hemorheological parameters. Furthermore, moderate-intensity aerobic can
lead to hemoconcentration and increased plasma protein levels due to fluid shifts and reduced plasma volume™’.
This adaptive response potentially serving as a protective mechanism against fluid imbalance and maintaining
vascular integrity.

Current literature indicates that increased red blood cell (RBC) aggregation can negatively impact
microcirculatory flow, particularly in microcapillaries where the luminal diameter is often smaller than RBCs,
potentially impeding the passage of aggregated cells*®. Our study found that individuals with an RPA lifestyle
exhibited significantly reduced RBC aggregation (p<0.01) compared to sedentary controls. Although blood
viscosity and RBC aggregation are direct measures of blood fluidity, we emphasize fibrinogen levels as a potential
mechanism because fibrinogen not only directly affects these parameters but is also an established marker of
inflammation and thrombogenic risk. This quantitative evidence suggests that regular physical activity may
influence the structural properties of RBC aggregates, potentially affecting blood flow characteristics. This
reduction may contribute to enhanced blood fluidity and potentially optimize oxygen transport to musculature
by reducing resistance to blood flow. This findings are consistent with previous studies reporting significant
reductions in whole blood viscosity and RBC aggregation following moderate-intensity physical activity
interventions in cardiovascular disease patients®®. Nevertheless, there remains a paucity of research on the
enduring impact of an RPA lifestyle on hemorheological properties®?. Our investigation contributes by examining
the implications of RPA on RBC aggregation. We observed lower RBC aggregation in the regular exercise group,
likely facilitating more efficient blood transit through the microvasculature?’. This observation is consistent
with multiple studies that have established a correlation between cardiovascular risk and hemorheological
abnormalities, such as increased RBC aggregation®!*2. Heightened RBC aggregation has been associated with
increased WBV and vascular resistance, potentially elevating the risk of cardiac events***4. The Spearman
correlation analysis showed that hematocrit-adjusted blood viscosity (n,,(45)) exhibited middle to weaker
correlations with fibrinogen (r=0.523, p<0.001), AAS (r=0.375, p<0.001), and CRP (r=0.388, p=0.091).
This reduction in correlation strength may be attributed to the correction formula applied to adjust hematocrit
to a standardized 45% (’7re1(45))’ which effectively reduces inter-individual variability in hematocrit levels.
Consequently, the adjusted viscosity values may not fully capture the natural hematocrit-dependent variations
observed in WBYV, potentially weakening the associations with hemorheological and biochemical parameters.
Interestingly, despite the significant improvements in hemorheological parameters, we observed no significant
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Fig. 4. HCT-Adjusted viscosity in .5, plotted as a function of shear rate in Regular exercise group (N=35)
and Sedentary group (N=35). Error bar indicates the SD. “*” and “t”indicate P <0.05 and P <0.01 respectively
when compared by two-tailed T-test.

Plasma viscosity at shear rate 532 s (mPas) | 1.31+0.17(*) 1.42+0.23 <0.01
Native blood viscosity at shear rate

0.1 51 (mPas) 74.30 £18.63(F) 106.50+32.18 <0.01
Hematocrit-adjusted blood viscosity at

shear rate 0.1 5! (mPas) 72.42+29.35(t) 142.33+73.43 <0.01
Average aggregation size (AAS) 11.62+2.60(T) 15.42+2.51 <0.01

Table 3. Hemorheological and RBC aggregate properties for the regular exercise and sedentary groups
(Mean £ SD). *p <0.05, 1p <0.01 by two-tailed t-test compared to controls.

Nei(as) VS- Fibrinogen | 0.523 <0.001
Hreigas) VS- AAS 0.375 <0.001
Hreigas) VS- CRP 0.388 0.091
Hraas) VS- LDL 0.115 0.536
sy VS- HDL 0.023 0.894

Table 4. Spearman’ rank correlation coefficients between hematocrit-adjusted blood viscosity (77,,,(,5)) and
selected biochemical parameters. Correlations were calculated using the entire sample.

differences in resting blood pressure between the groups. This dissociation supports the hypothesis that changes
in blood viscosity and RBC aggregation may precede and possibly contribute to later increases in blood pressure.

This study provides insights into the potential mechanisms by which RPA contributes to cardiovascular health.
We observed differences in blood rheology between regular exercise and sedentary individuals, suggesting that
hemorheological adaptations may play a role in the cardiovascular benefits associated with long-term exercise
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habits. The 15% reduction in fibrinogen levels among physically active individuals suggests that changes in
coagulation-related parameters may be linked to the cardiovascular benefits of physical activity. These findings
support further research into the role of hemorheological markers as potential indicators of cardiovascular
risk modification through moderate-intensity exercise interventions. In addition to lower fibrinogen levels,
the regular exercise group also had about 30% lower native blood viscosity and nearly 50% lower hematocrit-
adjusted viscosity than the sedentary group. These large differences suggest that long-term regular exercise may
significantly reduce vascular resistance and subsequently improve blood fluidity. The limitation of this study is
the self-reported questionnaires for quantifying physical activity levels, potentially introducing recall bias. Future
research should consider incorporating objective measures such as heart rate monitoring and accelerometry to
capture a more accurate representation of physical activity levels. Additionally, using a rheometer for blood
viscosity measurements may not fully represent the complex in vivo environment of the circulatory system.
Furthermore, the specific physiological mechanisms underlying the observed hemorheological changes should
be further investigated*>. While previous studies have only focused on specific populations (e.g., professional
athletes®® and cardiovascular patients®), the generalizability of this study to broader populations remains
limited. Moreover, this study was cross-sectional and cannot establish causal relationships between RPA and
hemorheological adaptations. Therefore, longitudinal or intervention studies are required to confirm whether
the hemorheological differences observed in this study are causally attributable to regular jogging behavior.
Future studies would benefit from including participants with a wider range of training backgrounds and
health conditions, using larger sample sizes to enhance statistical power, and exploring how different types and
intensities of physical activity may affect hemorheological outcomes.

Conclusions

This study provides evidence that long-term engagement in regular physical activity is associated with favorable
hemorheological adaptations in healthy young adults, including reduced blood viscosity, decreased RBC
aggregation, and lower concentrations of fibrinogen and CRP (p<0.01). Specifically, native and hematocrit-
adjusted blood viscosity were approximately 30% and 50% lower, respectively, in the regular exercise group
compared to sedentary controls. These differences highlight the substantial hemorheological benefits of
sustained physical activity. However, further research is needed to establish causal relationships and elucidate
the underlying mechanisms.

Data availability
The datasets generated and/or analysed during the current study are available from the corresponding author
upon reasonable request.
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