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ABSTRACT 

PURPOSE: How an acute training session of blood flow restriction (BFR) exercise 

affects autonomic modulation during a unilateral knee extension exercise. METHODS: 

Fourteen physically active males completed three different sessions while performing a unilateral 

knee extension exercise. The dependent variables measured: Heart rate variability (HRV), 

muscle oxygen saturation (SmO2), and rating of perceived exertion (RPE). Repeated measures 

ANOVAs were used to analyze HRV and SmO2 data. A paired t-test was used to analyze RPE 

data. RESULTS: Significant time-effect differences were found in lnRMSSD, lnHF, and lnLF at 

baseline to 15 minutes post-exercise and 15 to 30 minutes post-exercise (P < 0.05). Time and 

group-effect differences were significant in SmO2%, oxygenated, and deoxygenated hemoglobin 

in the vastus lateralis (VL) muscle in BFR compared to control (P < 0.05). RPE increased when 

BFR was applied (P < 0.05). CONCLUSION: Exercise protocol may need to be altered to show 

autonomic modulation changes.  
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CHAPTER I. INTRODUCTION 

 Heart disease remains the leading cause of death in the United States (U.S.) (Xu et al., 

2020). An increase in age increases the risk of developing cardiovascular disease (CVD). For 

males, life expectancy in 2019 was 76.3 years, and for females 81.4 years (Xu et al., 2020). 

That’s an astonishing 5.1-year difference between genders. Individuals who are older than 20 

years of age are 49.2% more prevalent to develop some form of CVD both in males and females 

(Aparicio et al., 2021). CVD has been attributed to being the highest U.S. health expenditure cost 

from 2016-2017, with heart disease attributing the most cost of all CVD at $219.6 billion 

(Aparicio et al., 2021). 

 Heart rate variability (HRV) has become a valuable health predictor in adverse outcomes 

in various diseases (Tsuji et al., 1996). The autonomic nervous system (ANS) is composed of the 

sympathetic (fight or flight) and parasympathetic (rest and digest) nervous systems, which, both 

are responsible for controlling your heart rate (HR). A healthy individual will have a good 

balance between the two systems in which they counteract each other equally (How the Heart 

Works | NHLBI, NIH, n.d.). Autonomic modulation can be used to treat patients with CVD, 

depression, neural diseases, heart arrhythmias, and heart failure (Stavrakis et al., 2021). 

Autonomic modulation utilizes neural tissue to stimulate neural remodeling which can obtain a 

therapeutic benefit (Stavrakis et al., 2021). Previous research using acute and long training 

sessions to improve HRV has been heavily studied. Furthermore, previous research that studied 

how blood flow restriction (BFR) can improve HRV during a long training program and an acute 

bout of BFR training has not been well established (Santos et al., 2022; Tai et al., 2019; Rossow 

et al., 2011; Okuno et al., 2014). 
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 The purpose of this study will be to determine how an acute bout of BFR exercise affects 

autonomic modulation during a unilateral knee extension exercise. This experimental study will 

examine heart rate variability (HRV) and muscle oxygen uptake while performing a unilateral 

knee extension exercise at 20% of one-repetition max (1RM) during a control session without 

BFR and an intervention session containing BFR. Before testing the control and intervention, an 

exercise session will be held to determine each participant’s 1RM on the knee extension 

exercise. A couple of research questions were proposed when reading the previous literature: 1) 

What are the acute physiological responses to the cardiovascular system when BFR is applied 

during a unilateral knee extension exercise? 2) How does BFR influence local muscle oxygen 

saturation between the intervention and control? 
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CHAPTER II. LITERATURE REVIEW 

Cardiovascular System 

The human body is composed of many systems that keep it functioning daily. Among 

these systems is the cardiovascular system (CVS). CVS is defined by the National Institute of 

Health (NIH) as the heart and blood vessels of the body, with the heart being the center of the 

CVS (How the Heart Works | NHLBI, NIH, n.d.). From the heart, blood vessels branch off to the 

rest of the body carrying oxygen and other nutrients to organs for proper functioning. The 

electrical system of the body controls the rate and rhythm of the heartbeat (How the Heart Works 

| NHLBI, NIH, n.d.). The hindbrain, which contains the spinal cord, brain stem, and cerebellum, 

controls vital functions such as respiration and heart rate (Brain Basics: Know Your Brain | 

National Institute of Neurological Disorders and Stroke, n.d.). The body needs enough blood 

with a healthy heart rate (HR) ranging between 60-100 beats per minute (bpm) (Laskowski, 

2015) for organ function (How the Heart Works | NHLBI, NIH, n.d.). A physically active 

individual may have a lower resting heart rate of around 40 bpm (Laskowski, 2015). 

Cardiovascular Health  

The health of CVS is important for living a long and sustainable life. Life expectancy for 

the United States (U.S.) population in 2019 was 78.8 years, with an increase of about 0.1 years 

from the following year. In 2019, heart disease remains the leading cause of death in the U.S., 

remaining unchanged from data collected in 2018 (Xu et al., 2020). An increase in age increases 

the risk of developing cardiovascular disease (CVD). For males, life expectancy in 2019 was 

76.3 years, and for females 81.4 years (Xu et al., 2020). That’s an astonishing 5.1-year difference 

between genders. Individuals who are older than 20 years of age are 49.2% more prevalent to 

develop some form of CVD both in males and females (Aparicio et al., 2021). Cardiovascular 
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(CV) health is important not only in preventing CVD and increasing life expectancy but reducing 

the economic burden. CVD has been attributed to being the costliest U.S. health expenditure 

from 2016 to 2017, with heart disease attributed to the highest cost of all CVD at $219.6 billion 

(Aparicio et al., 2021).  

Anatomy & Physiology  

For the body to function, the CVS is one of the most important driving factors to keep 

humans alive. The heart is located between the lungs in the middle of the chest and slightly 

behind the sternum (Heart Information Center: Heart Anatomy | Texas Heart Institute, n.d.). The 

heart is an organ that weighs between 200-425 grams (7-15 ounces) which is roughly the size of 

a fist (Heart Information Center: Heart Anatomy | Texas Heart Institute, n.d.). By the end of a 

long life, the heart would have beat more than 3.5 billion times, with an average of 100,000 

times per day pumping 7,571 liters (2,000 gallons) of blood (Heart Information Center: Heart 

Anatomy | Texas Heart Institute, n.d.). Heart size differs among each other based on many 

factors such as height, weight, and physical activity (PA) level. The heart is made up of multiple 

layers such as the endocardium, myocardium, and pericardium How the Heart Works | NHLBI, 

NIH, n.d.; Heart Information Center: Heart Anatomy | Texas Heart Institute, n.d.). The 

endocardium is a thin inner layer that forms the surface of the different heart chambers and 

valves. The myocardium is a thick middle layer of muscle, which allows the heart chambers to 

contract and relax to circulate blood throughout the body. Lastly is the pericardium, an important 

sac that is made up of a thin layer of tissue responsible for holding the heart in place and 

provides fluid between the layers to help the heart reduce any unwanted friction How the Heart 

Works | NHLBI, NIH, n.d.; Heart Information Center: Heart Anatomy | Texas Heart Institute, 

n.d.). The pericardium also protects major blood vessels around the heart and uses ligaments to 
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attach itself to the spinal column and diaphragm (Heart Information Center: Heart Anatomy | 

Texas Heart Institute, n.d.).   

The different heart chambers and valves allow blood to get pumped and circulated 

through them, in which pulmonary arteries pump de-oxygenated blood to the lungs and the aorta 

pumps oxygenated blood to the rest of the body (How the Heart Works | NHLBI, NIH, n.d.). The 

heart is separated into two halves, the first half being the right atria and right ventricle which 

contains de-oxygenated blood. The second half contains the left atria and left ventricle which 

contains oxygenated blood. The left ventricle is the largest and most powerful chamber around 

1.27 cm (1/2 inch) in width (Heart Information Center: Heart Anatomy | Texas Heart Institute, 

n.d.). This is because it needs to produce enough force to pump blood throughout the body 

(Heart Information Center: Heart Anatomy | Texas Heart Institute, n.d.). Both halves operate 

like a dual pump (How the Heart Works | NHLBI, NIH, n.d.). A wall of muscle called the septum 

separates the right and left ventricles (Heart Information Center: Heart Anatomy | Texas Heart 

Institute, n.d.). The right atrium is the first chamber where deoxygenated blood flows through 

first. Between this chamber and the right ventricle is the right atrioventricular valve (tricuspid). 

This valve will open when the atria pressure is greater than the ventricle pressure, allowing blood 

to flow from the right atria into the right ventricle (Heart Information Center: Heart Anatomy | 

Texas Heart Institute, n.d.). Within the right ventricle chamber sits the pulmonary semilunar 

valve. This valve regulates blood flow from the right ventricle to the greater arteries that supply 

the lungs with deoxygenated blood. The pulmonary semilunar valve is controlled due to pressure 

changes in the right ventricle (How the Heart Works | NHLBI, NIH, n.d.; Heart Information 

Center: Heart Anatomy | Texas Heart Institute, n.d.). 
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Oxygenated blood arrives back from the lungs and enters the left atria. Between the left 

atria and left ventricle is the left atrioventricular valve (bicuspid). Like the right atrioventricular 

valve, this valve operates in the same manner such as allowing blood to flow from the left atria 

into the left ventricle (How the Heart Works | NHLBI, NIH, n.d.; Heart Information Center: 

Heart Anatomy | Texas Heart Institute, n.d.). The oxygenated blood then flows into the left 

ventricle and once the pressure changes the aortic valve opens and the blood is pushed out of the 

aorta to the rest of the body. All heart valves are one-way valves, meaning they prevent the 

backflow of blood. Heart valve diseases can cause blood flow to be slowed throughout the heart 

and sometimes even cause backflow of blood through the heart (How the Heart Works | NHLBI, 

NIH, n.d.).  

Adding oxygen to the blood is important to keep muscle and organ tissue alive. De-

oxygenated blood enters our heart through large veins called the superior and inferior vena cava. 

This blood enters through the right atrium and is pumped to the right ventricle which is pumped 

to the lungs. The main artery involved in the deoxygenated blood transfer to the lungs is the 

pulmonary artery. Once the blood arrives at the lungs it becomes infused with oxygen. Gas 

exchange occurs between alveolar air and the blood in the pulmonary capillaries (Powers & 

Dhamoon, 2021). The capillaries saturate the alveoli in the lungs where the process of diffusion 

takes place. Oxygen diffuses into the bloodstream when the partial pressure of oxygen is greater 

in the alveoli than in the blood (Powers & Dhamoon, 2021). The gases must pass through the 

alveolar surfactant, alveolar epithelium, basement membrane, and capillary endothelium for 

blood to be saturated with oxygen (Powers & Dhamoon, 2021). The diffusion of gas across the 

alveolar membrane can increase with an overall surface area of the membrane, increase alveolar 

pressure difference, increase in solubility of the gas, and decrease in membrane thickness 
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(Powers & Dhamoon, 2021). De-oxygenated blood from the pulmonary arteries has a partial 

pressure of 40 mmHg and oxygen in the alveoli has a partial pressure of 100 mmHg, in which a 

movement of oxygen will diffuse across the membrane into the blood capillaries until 

equilibrium has been reached (Powers & Dhamoon, 2021). Carbon dioxide pressure will 

decrease from its partial pressure of 46 mmHg to 40 mmHg in the alveolar capillaries to retain its 

equilibrium (Powers & Dhamoon, 2021). Once the diffusion process has been completed, the 

oxygen blood then returns to the heart through the pulmonary veins. The blood enters the left 

atria and ventricle to be pumped throughout the aorta to the rest of the body (How the Heart 

Works | NHLBI, NIH, n.d.).   

Blood delivers oxygen and nutrients to every cell in the body (Heart Information Center: 

Heart Anatomy | Texas Heart Institute, n.d.). The blood travels through a complex pathway of 

arteries, arterioles, and capillaries (How the Heart Works | NHLBI, NIH, n.d.; Heart Information 

Center: Heart Anatomy | Texas Heart Institute, n.d.). Arteries take the oxygen and nutrients to 

working tissues such as muscles and organs, and in return veins and venules carry the used-up 

oxygenated blood back to the heart to be recirculated. This is a cycle that continues to occur 

throughout life (How the Heart Works | NHLBI, NIH, n.d.). 

The more important arteries and veins are those that surround the heart. The cardiac 

arteries branch off the aorta and consist of the left coronary artery, circumflex artery, left anterior 

descending artery, right coronary artery, marginal arteries, and posterior descending artery. The 

left coronary artery delivers blood to the left side of the heart, this includes the left atrium, left 

ventricle, and the septum between the ventricles. The circumflex artery branches off the left 

coronary artery to supply part of the left ventricle with blood. The left anterior descending artery 

branches off the left coronary artery and supplies blood to the right and left ventricles. The right 
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coronary artery supplies blood to the right atrium and both ventricles. The marginal arteries 

branch off the right coronary artery and supply blood to the right atrium. Lastly, the posterior 

descending artery branches off the right coronary artery and supplies blood to the bottom of both 

ventricles (How the Heart Works | NHLBI, NIH, n.d.). These arteries are responsible for keeping 

the heart tissues alive and well to ensure the tissues are not damaged.  

Once the heart tissues use the oxygenated blood from the arteries. The cardiac veins carry 

the deoxygenated blood back to the right atrium to be recirculated throughout the heart to be 

pumped back to the lungs to become oxygenated once again. The cardiac veins include the 

anterior cardiac veins, the great cardiac vein, the middle cardiac vein, and the small cardiac vein 

(How the Heart Works | NHLBI, NIH, n.d.). The arteries and veins throughout the body that 

surround the heart are a complex interconnected system that could stretch 96,500 kilometers 

(60,000 miles) if laid end-to-end (Powers & Dhamoon, 2021).  Arteries and veins keep our 

muscles and organ tissues alive and well. This helps the body function and allows us to perform 

everyday activities.  

The nervous system is an integral part of the functioning of the CVS. The autonomic 

nervous system (ANS) is often called the involuntary nervous system because it happens without 

any conscious thought. There are two parts of the autonomic nervous system, the 

parasympathetic and sympathetic systems. The parasympathetic system is responsible for telling 

the heart to beat at a slower pace or as result lower the heart rate. The sympathetic system is the 

opposite of the parasympathetic in which tells the heart to beat faster. This system is often 

referred to as the “fight or flight response” which our body uses as a protective mechanism. A 

chemical signal of norepinephrine is released to cause the heart to beat faster. This chemical also 

causes the heart to beat harder with a larger contraction. A healthy individual will have a good 
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balance between the two systems in which they counteract each other equally (How the Heart 

Works | NHLBI, NIH, n.d.).  

Understanding the electrical pathway of the heart is important for how the heart contracts 

and produces a heartbeat. The heart has its cardiac conduction pathway. The cardiac conduction 

system controls the rate and rhythm of the heart. With each heartbeat, an electrical signal travels 

from the right atrium to both ventricles to allow muscle contraction of the heart. The signal starts 

in pacemaker cells located in the sinoatrial (SA) node in the top right of the atrium (Heart 

Information Center: Heart Anatomy | Texas Heart Institute, n.d.). The SA node is often referred 

to as the “natural pacemaker” (Heart Information Center: Heart Anatomy | Texas Heart Institute, 

n.d.). This signal passes through the muscle fibers of the atria and causes them to contract and 

pump blood into the ventricles (How the Heart Works | NHLBI, NIH, n.d.; Heart Information 

Center: Heart Anatomy | Texas Heart Institute, n.d.). The SA node sends electrical impulses at a 

certain rate, although physical demands, stress, and hormonal factors may change the heart rate 

(Heart Information Center: Heart Anatomy | Texas Heart Institute, n.d.). An electrical signal 

then moves through pacemaker cells called the atrioventricular (AV) node which sits between 

the atria and ventricles. This signal is significantly slowed to allow enough time for the ventricles 

to fill up with blood. The AV node fires another signal along the walls of both ventricles causing 

them to contract and pump blood either to the lungs or out to the rest of the body. Once the 

ventricles relax, this process will take place again starting with the SA node (How the Heart 

Works | NHLBI, NIH, n.d.). Understanding how the CVS and ANS systems integrate gives us a 

better understanding of how the human body functions throughout our daily lives. The body 

cannot function without either one of the systems.  
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Health Assessments 

An increase or decrease in blood pressure (BP) is a common sign that an individual may 

be diagnosed with either hypertension (high BP) or hypotension (low BP). Understanding how to 

take a BP measurement accuracy is important in determining BP status. Accurate measurement 

of blood pressure is critical for making an appropriate clinical decision in primary health care 

(Frese et al., 2011). The American Heart Association (AHA) used the term BP for estimates 

obtained through the non-invasive way of measurement, often referred to as the “office BP” 

(Muntner et al., 2019). This BP is measured traditionally with a BP cuff and an observer 

listening through a stethoscope and watching a sphygmomanometer (Muntner et al., 2019). Other 

methods to measure BP using semiautomated and automated oscillometers. This method detects 

the amplitude of the BP oscillations on the arterial wall (Muntner et al., 2019). Systolic (SBP) 

and diastolic (DBP) are the most commonly used measures in research and clinical practice since 

they are well-established in identifying CVD risk factors (Muntner et al., 2019). According to BP 

requirements for physical therapists, BP screening should occur every two years in individuals 

with a BP less than 120/80 mmHg, and every year for individuals with an SBP of 120-139 

mmHg or DBP of 80-89 mmHg (Frese et al., 2011). Hypertension is the most common medical 

diagnosis in the U.S. affecting 29% of the adult population. It’s a major risk factor for coronary 

heart disease (CHD), stroke, and renal failure (Frese et al., 2011).  

Myers et al., (2011) investigated the differences and quality between manual office BP 

and automated BP while using awake ambulatory BP as the gold standard (Myers et al., 2011). 

Patients under the care of a primary health provider from 67 practices participated (N=303). Due 

to the large sample size, alpha was set at (P < 0.001). The mean SBP and DBP were recorded as 

135.6/77.7 mmHg for the automated office SBP/DBP measurement, and 149.5/81.4 mmHg for 
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the manual office BP. This may be explained due to the fact the automated BP does not need a 

physician to administrate the test, which as result could reduce “white coat syndrome.” The 

overall accuracy of the automated office BP compared to the manual office BP showed a 

significant difference (Myers et al., 2011). Similarly, Godwin et al., (2011) compared office-

based manual BP to automated ambulatory BP. The investigators found automated office BP 

predicts results more superior to the average of three manual office BP measurements. The 

investigators found this to be significant, and automated ambulatory BP to be overall more 

accurate (Godwin et al., 2011).  

Frese et al., (2011) found normative blood pressure to have an SBP lower than 120 

mmHg, and a DBP lower than 80 mmHg. Pre-hypertension BP ranges from an SBP of 120-139 

mmHg, with DBP ranging from 80-89 mmHg. Stage 1 hypertension values range from an SBP 

of 140-159 mmHg, with DBP ranging from 90-99 mmHg. Stage 2 hypertension values range 

from SBP greater than 160 mmHg, with DBP ranging greater than 100 mmHg (Frese et al., 

2011). Muntner et al., (2019) found the pre-hypertension, and stage 1 and 2 hypertension values 

to be different. Muntner et al., (2019) report the pre-hypertension value to have an SBP of 120-

129 mmHg and a DBP of less than 80. Stage 1 hypertension SBP value ranges from 130-139 

mmHg, and DBP of 80-90 mmHg. Stage 2 hypertension SBP value greater than 140 mmHg, and 

DBP greater than 90 mmHg (Muntner et al., 2019). Aram et al., (2003) also found different 

values for pre-hypertension, and stage 1 and 2 hypertension. Pre-hypertension value had an SBP 

range of 120-139 mmHg and DBP ranging from 80-89 mmHg. Stage 1 hypertension had an SBP 

range of 140-159 mmHg, with a DBP ranging from 90-99 mmHg. Stage 2 hypertension had an 

SBP greater than 160 mmHg, with a DBP greater than 100 mmHg (Bakris et al., 2003). All three 

reports found the same normative BP value, but Frese et al., (2011) and Aram et al., (2003) both 
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found the same pre-hypertension and stage 1 and 2 hypertension values. Aram et al., (2003) is 

the only report that states it combined stage 3 hypertension into stage 2 hypertension category 

(Bakris et al., 2003).  

Controlling for errors in BP is important for the most accurate BP that can be measured. 

A source of error referred to as “white coat syndrome”, is an error that affects men and women in 

which BP may rise when a primary care provider is administrating the test (Frese et al., 2011). 

Frese et al., (2011) define this syndrome as having a persistently elevated BP greater than 140/90 

mmHg with an average ambulatory reading of less than 135/85 mmHg (Frese et al., 2011). 

That’s an astonishing 5 mmHg difference between SBP and DBP. Likewise, Pickering et al., 

(2005) reported that 15-20% of individuals will experience “white coat syndrome” when a 

primary care provider administrates the measurement (Pickering et al., 2005). It occurs in the 

majority of hypertensive patients but can be reduced significantly using oscillometric automated 

devices (Pickering et al., 2005). As previously stated in Myers et al., (2011) and Godwin et al., 

(2011), automated devices are more accurate in reading BP and provide better quality to the 

patient (Myers et al., 2011; Godwin et al., 2011). 

Miscuffing results in the most commonly frequent error in measuring BP (Frese et al., 

2011). Pickering et al., (2005) report a proper cuff has a bladder length of 80% and a width of 

40% of arm circumference (Pickering et al., 2005). Cuff size should be determined between the 

halfway point of the olecranon and acromion process (Pickering et al., 2005). When 

administering a BP measurement patient should be seated with feet flat on the floor, with the 

upper arm bare without constrictive clothing (Bakris et al., 2003; Pickering et al., 2005). The 

observer must find and palpate the brachial artery which is located on the antecubital fossa, and 

place the midline bladder of the cuff over the arterial pulsation. Place the stethoscope over the 
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brachial artery located near the antecubital fossa. Inflate the cuff approximately 30 mmHg above 

at which point the pulse cannot be heard. Deflate cuff 2-3 mm/s, a deflation greater than this can 

underestimate SBP and overestimate DBP. The first Korokoff sound will be the SBP and the last 

Korokoff sound will be the DBP (Frese et al., 2011; Bakris et al., 2003; Pickering et al., 2005). 

Individuals who have hypotension in which SBP and DBP can be hard to hear. A doppler probe 

can be used over the brachial artery to determine the patient’s SBP and DBP (Frese et al., 2011).  

 HR holds important and prognostic information that can be associated with all-cause 

mortality and CVD. Lower HR has been associated with lower all-cause mortality and less 

chance of CVD, however, higher HR is associated with higher all-cause mortality and a greater 

chance of CVD (Avram et al., 2019). AHA defines normal resting HR to range between 60-100 

bpm (Mason et al., 2007). This is the accepted range commonly used by health providers to 

determine resting HR. HR can be measured at the carotid or radial artery using the index and 

middle fingers. Find either artery and count the number of beats up to 15 seconds. Multiply this 

number by 4 to calculate the HR (Laskowski, 2015). Likewise, Harvard Medical School uses the 

same technique to measure HR (Harvard Health Publishing, 2021). Factors that may influence 

HR are age, PA level, smoking, CVD, stress, medications, and body mass index (BMI) 

(Laskowski, 2015). BMI is defined as total body mass divided by the body height squared. 

Measuring resting HR should occur after 2 hours of strenuous activity or a stressful event. 

Resting HR can stay elevated for 1-2 hours after strenuous activity or a stressful event (Harvard 

Health Publishing, 2021). Normal range varies among individuals, while at rest under 60 bpm is 

considered bradycardia, and, above 100 bpm is considered tachycardia (Laskowski, 2015). 

Tachycardia reflects the imbalance between the autonomic nervous system tone. This high 

sympathetic activity can explain the link between atherosclerosis and a cardiac event occurring 
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(Perret-Guillaume et al., 2009). HR can be an early predictor of CV and non-CV mortality 

(Harvard Health Publishing, 2021).  

Perret-Guillaume et al., (2009) studied different subgroups in the French population 

according to age, gender, and BP levels. The study included 936 subjects between the ages 40-69 

years, who had a routine health examination over 3 years. The study found an increase in HR by 

10 bpm was associated with an increase in cardiac death by 20% (Harvard Health Publishing, 

2021; Perret-Guillaume et al., 2009). Likewise, Hozawa et al., found a home-measured resting 

HR of 5 bpm was associated with a 17% increase in 10-year CV mortality (Perret-Guillaume et 

al., 2009). High HR is an important indicator of CV health and leads to greater all-cause 

mortality (Perret-Guillaume et al., 2009). 

Heart rate variability (HRV) has been investigated for many years in clinical and 

experimental settings across the world. HRV has become a valuable health predictor in adverse 

outcomes in various diseases (Tsuji et al., 1996). HR and HRV differ from one another, in that, 

HR measures the average beats per minute, and HRV measures specific changes in time between 

two successive beats (Tsuji et al., 1996). Tsuji et al., (1996) studied the relationship between HR 

and HRV in 2,722 subjects with a mean age of 55 +/- 14 years. Tsuji et al., (1996) conducted 

three multiple linear regression analyses that revealed higher HR, older age, beta-androgenic 

blocking agent use, history of myocardial infarction (MI) or congestive heart failure (CHF), 

diuretic use, DBP greater than 90 mm Hg, diabetes mellitus (DM), consumption of three or more 

cups of coffee per day and smoking were all associated with a lower HRV (e.g, suggesting more 

sympathetic activity versus parasympathetic activity). Age and HR were the two determinants 

that were the most significant (partial R2 values 0.125 to 0.389), with R2 ≥ 0.005 20. Tsuji et al., 
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(1996) confirmed that HR must be taken into account when assessing HRV, and are significantly 

associated with each other.  

HRV Parameters 

HRV has many indexes and metrics that can be used throughout the research to explain 

the autonomic function of the heart when under stress. HRV is often looked at as how well the 

body can adapt and recover to different stressors placed upon it. Measuring autonomic function 

can be looked at by measuring different indexes that are collected through electrocardiogram 

(ECG), HR monitors, and pulse wave velocity (PWV) recordings. The HRV recording times can 

be measured using time and frequency domains, and also with non-linear measurements (Shaffer 

& Ginsberg, 2017; Guidelines et al., 1996). A combination of the three measures can be used in a 

single research study.  

Time-Domain Measures 

Time-domain indices of HRV count the variability between interbeat intervals (IBI), 

which is the period between successive heartbeats. The values may be expressed as units of the 

natural logarithm (Ln) to express a more normal distribution (Table 1) (Shaffer & Ginsberg, 

2017; Guidelines et al., 1996). NN intervals are interbeat intervals in which artifacts have been 

removed. RR intervals are interbeat intervals between all successive heartbeats (Shaffer & 

Ginsberg, 2017; Guidelines et al., 1996). Malik, (1997) explained there are two categories of 

time-domain methods. The Spectral method treats the RR intervals as a time-ordered series and 

the non-spectral method processes the sequence of RR intervals or their pairs without looking at 

the timing of each interval. The non-spectral method reports data on HRV in milliseconds (ms) 

and for this reason, it is termed the time-domain method (Malik, 1997). 
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Methods of gathering HRV have predominantly been done by ECG and are recognized as 

the gold standard of data collection. Any premature beats or pauses found on the ECG must be 

accounted for and removed to get an accurate HRV recording. Malik, (1997) termed “NN” 

normal-to-normal intervals. These intervals have been widely accepted when determining HRV 

measurements (Malik, 1997).   

Table 1.  

Time-Domain Indexes 

Ultra-Short-Term Recording Norms 

 Ultra-short-term measurements are defined as HRV recording times less than 5-minutes. 

This method has often been criticized due to its criterion for acceptable validity (Shaffer & 

Ginsberg, 2017). A 1-minute brief recording may be sufficient in obtaining HR, SDNN, and 

RMSSD data only if artifacts are carefully removed (Shaffer & Ginsberg, 2017). Munoz et al., 

(2015) used three, 10-second ECG recordings on each participant to measure SDNN and 

SDNN (ms) The standard deviation of NN intervals 

SDRR (ms) The standard deviation of RR intervals 

SDANN (ms) The standard deviation of the average NN intervals for each 5 min 

segment of 24-hour HRV recording 

PNN50 (%) Percentage of successive RR intervals that differ by more than 50 ms 

HR max – HR min 

(bpm) 

The average difference between the highest and lowest HRs during each 

respiratory cycle 

RMSSD (ms) Root mean square of successive RR interval differences 

HRV Triangular 

index  

The integral of the density of the RR interval histogram divided by its 

height 

TNN (ms) Baseline width of the RR interval histogram 

SDNN index (ms) Mean of the standard deviations of all the NN intervals for each 5 min 

segment of a 24-hour HRV recording 
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RMSSD data. Investigators calculated HRV by using the Bland-Altman method. The Bland-

Altman method uses 95% limits of agreement and Cohen’s d statistics to be used as an 

agreement analysis technique. By using this method Munoz et al., (2015) computed the ultra-

short-term ECG recordings to obtain measurements of SDNN and RMSSD to calculate HRV 

(Munoz et al., 2015). Nussinovitch et al., (2011) hypothesized that ultra-short-term HRV would 

prove to be more reliable than the short-term recording time. The method of the study was to 

conduct a 1-minute long series and a 10-second long series with the control being a standard 

short-term HRV recording. Agreement between measurements was obtained using the intraclass 

correlation coefficient. A good correlation between average RR intervals was found between 5-

minute, 1-minute, and 10-second recordings, along with the RMSSD. Investigators did not use a 

metronome to control respirations, which could have caused a good correlation in the RMSSD 

parameter (Nussinovitch et al., 2011). Salahuddin et al., (2007) used ultra-short-term HRV to 

measure parameters intervals starting with HR and RMSSD (10 sec); pNN50, HF n.u., LF n.u., 

LF/HF (20 sec); LF ms2, VLF ms2 (50 sec); SDNN (60 sec); HTI and TINN (90 sec) (Salahuddin 

et al., 2007). The parameters were used to estimate a total of 150 seconds of recording time for 

each HRV parameter being measured (Nussinovitch et al., 2011). Similarly, Nussinovitch et al., 

(2011) used 10-second intervals as well to gather data using the ultra-short-term recording to 

measure the total time for each parameter being measured. Shaffer et al., (2016) used 10-second 

intervals to estimate 5-minute values for each HRV parameter being measured. Each parameter 

was then estimated for a total of 5-minute recording time (Shaffer et al., 2016).    

 Ultra-short-term recording times can be accomplished but must be calculated to estimate 

a 5-minute recording time for all data to be valid. This can be observed in Nussinovitch et al., 

(2011) and Shaffer et al., (2016) where timing intervals separated each parameter and were 
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estimated for a total of 5-minute recording to give accurate results. Salahuddin et al., (2007) used 

the same intervals as Nussinovitch et al., (2011) and Shaffer et al., (2016) but only estimated the 

recording times to be 150 seconds, which could not be long enough for accurate results.   

Short-Term Recording Norms   

 Short-term recording can be defined as recording times of at least 5-minutes (Shaffer & 

Ginsberg, 2017). Berkoff et al., (2007) describe using a 5-minute short-term HRV recording in 

147 track and field athletes between endurance and non-endurance athletes at rest to stabilize 

their HR. Once HR was stabilized the subjects were informed to another 2.5 minutes in the 

supine position. The investigators used the Fast Fourier Transformation (FFT) method to run a 

spectral analysis of data. The investigators found females to show greater values for pNN50 and 

HF n.u. than male athletes, while male athletes had a greater value of LF n.u. and LF/HF ratio 

than females. The type of sport did not have any effect on any HRV parameter (Berkoff et al., 

2007). Abhishekh et al., (2013) used a short-term ECG recording of 5-minutes in the supine 

position in 189 healthy subjects. Subjects were informed to perform 12-15 breaths per minute to 

help control for any respiration interference within the parameters of SDNN and RMSSD. 

Investigators found a negative correlation between RMSSD, SDNN, and total power with age. 

There was also a negative correlation between HF n.u. with age, but a positive correlation with 

LF/HF ratio with age. Investigators concluded that sympathetic tone increases with age 

(Abhishekh et al., 2013). Seppala et al., (2014) investigated 465 children 6-8 years old. 

Recording times at rest were obtained at 5-minutes and 1-minute, with 1-minute being the 

control. The investigators found that HTI, TINN, LF ms2, SD2, relative LF, and HF power, and 

SD1/SD2 require at least 5 minutes of recording due to longer rhythms containing larger LF 

band activity (Seppälä et al., 2014).  
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 Short-term intervals of 5-minutes require less calculation when taking ultra-short-term 

intervals and estimating them to total 5-minutes. Seppala et al., (2014) compared 1-minute to 5-

minute recordings and even found that certain parameters could not be obtained due to the short 

recording period. While Berkoff et al., (2007) and Abhishekh et al., (2013) both obtained all of 

the same measures as Seppala et al., (2014) using the 5-minute short-term method but Berkoff et 

al., (2007) and Abhishekh et al., (2013) also did not measure parameters HTI, TINN, LF ms2, 

SD2, relative LF and HF power, and SD1/SD2. The previous studies discussed have shown that a 

short-term 5-minute recording is needed to obtain all the parameters in HRV recording. It also 

shows that fewer calculations are to be made compared to the ultra-short-term recordings to 

estimate for a short-term recording to get accurate results.    

Long-Term Recording Norms 

 Long-term recordings can be defined as 24-hour recordings. 24-hour recordings can be 

used to calculate more complex statistical time-domain measures. The calculation can be 

separated into two classes. The first class is those values derived from direct measurements of 

the NN intervals or instant HR, and the second class is derived from differences between NN 

intervals (Guidelines et al., 1996). SDNN is the simplest variable to calculate and is often 

calculated over a 24-hour recording. Long-term recordings also are designed for calculating ULF 

and VLF domains. Long-term recordings are only used when collecting data on ambulatory 

subjects (Shaffer & Ginsberg, 2017).       

 Umetani et al., (1998) used 24-hour Holter ECG monitoring to investigate if age and 

gender affected HRV over a decade. The investigators collected the time-domain measures of 

SDNN, SDANN, SDNN index, RMSSD, and pNN50. Also, investigators collected the frequency 

domains of HF, LF, and VLF. Two-hundred and sixty healthy subjects aged between 10-99 years 
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old. Both males and females were recruited for the study. The investigators analyzed the 

relationship between each time-domain measure with HR and age in 10 years. Several HRV 

parameters declined with age, after 65 years old, subjects fell below cutoffs, and mortality 

increased. Before the age of 30 females had lower HRV measurements than males, but gender 

differences disappeared after age 50 (Umetani et al., 1998). Beckers et al., (2006) also performed 

24-hour ECG recording in 276 healthy subjects consisting of males and females 18-71 years old. 

Investigators performed a spectral analysis using the FFT method and divided recordings into 

day and night time. Berkoff et al., (2007) also used this same method while performing short-

term power spectral analysis in elite American track and field athletes (Berkoff et al., 2007). 

Beckers et al., (2006) used the time-domain measures; SDNN, RMSSD, and pNN50, frequency-

domain measures; total power, HF, LF, and LF/HF ratio, non-linear measures; DFA a1, DFA a2, 

CD, percent of CD difference, S value, and Lyapunov exponent. Investigators found both non-

linear and linear measures decreased with age. Non-linear values were not different between 

sexes and decreased with age (Beckers et al., 2006). Likewise, Bonnemeier et al., (2003) 

investigated 166 healthy subjects between the ages of 20-70 years old, obtaining 24-hour ECG 

Holter recordings of day and night time patterns. Time-domain meausres used were RMSSD, 

SDNN, SDNNI, SDANN, NN50, and HTI. The study concluded that SDNNI, NN50, and 

RMSSD are strongly correlated with age. Mean 24-hour RR intervals were higher in males 

compared to females and there were minor gender differences with increasing age (Bonnemeier 

et al., 2003).  

 Increasing age seems to show minor gender differences. Umetani et al., (1998) found that 

after age 50, HRV measurements between genders seem to be minor. Beckers et al., (2006) also 

found that as you increase in age, HRV measurements between genders are also minor. 
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Likewise, Bonnemeier et al., (2003) found minor differences between genders with age. Umetani 

et al., (1998) found before the age of 30, HRV measurements showed a significant decrease in 

females compared to males. Bigger et al., (1993) performed a study outlining the importance of 

recording time lengths. The investigators found that the SDNN parameter is more accurate in 

long-term readings compared to ultra and short-term readings. Longer recording times provide 

more data about cardiac functions and reactions when placed upon an environmental stimulus. 

Cardiorespiratory regulations and increased measurement periods can obtain the heart’s response 

to changing workloads and circadian processes such as sleep-wake cycles. Long-term recording 

activates and increases the SNS component in HRV (Leicht & Young, 2012). SDNN Parameter 

is the “gold standard” for medical cardiac risk stratification when recorded within 24 hours. 

SDNN values below 50 ms are considered unhealthy, 50-100 are compromised, and greater than 

100 are healthy (Bigger et al., 1993). Long-term recording may be more applicable in clinical use 

for individuals who may be at risk for CV diseases.       

Frequency-Domains Measures 

Frequency-domain measurements estimate the relative or absolute power into four 

frequency bands. The four bands consist of: ultra-low-frequency (ULF), very-low-frequency 

(VLF), low frequency (LF), and high frequency (HF). Power is produced by the signal found 

within the frequency band. Absolute power is calculated as the millisecond (ms) squared divided 

by the cycles per second (ms2/Hz). Relative power is the percentage of total HRV power or 

normal units (nu), which divides the absolute power of the LF and HF bands. HF bands have 

been widely accepted as parasympathetic activity and can be influenced by respiration. LF bands 

are accepted as sympathetic activity. While the LF/HF ratio means sympathy-vagal balance 

(Pinheiro et al., 2016). Relative power can be used to compare frequency domains between two 
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subjects (Shaffer & Ginsberg, 2017; Guidelines et al., 1996). Shaffer et al., (2017) and “Task 

Force of the European Society of Cardiology and the North American Society of Pacing and 

Electrophysiology” have shown the same normative values of the different frequency domains 

that can be measured (Table 2) (Shaffer & Ginsberg, 2017; Guidelines et al., 1996). 

Table 2.  

Frequency-Domain Indexes 

The normative values of frequency ranges can be explained by numerous studies. 

Borchini et al., (2018) investigated the stimulation of the ANS using high and low-frequency 

domains as well as the LF/HF ratio. Thirty-six healthy nurses were measured on their work 

stress. 24-hour ECG recordings were used to measure the different frequency domains. The low-

frequency bands were measured using the range 0.04-0.15 Hz, while the high-frequency bands 

were measured using the range 0.15-.40 Hz (Borchini et al., 2018). These are the same ranges 

used by Shaffer et al., (2017) and by the “Task Force of the European Society of Cardiology and 

the North American Society of Pacing and Electrophysiology (Shaffer & Ginsberg, 2017; 

Guidelines et al., 1996). Seon-Ah Cha et al., (2018) measured low and high-frequency bands in 

patients who had type II diabetes mellitus (T2DM) and who also may be at risk of CVD. The 

band range for the low-frequency measurement was 0.04-.015 Hz and for high frequency was 

ULF power (ms2) The absolute power of the ULF band (≤ 0.003 Hz) 

VLF power (ms2) The absolute power of the VLF band (0.0033-0.04 Hz) 

LF peak (Hz) The peak frequency of the LF band (0.04-0.15 Hz) 

LF power (ms2) The absolute power of the LF band (0.04-0.15 Hz) 

LF power (nu) The relative power of the LF band in normal units (n.u.) (0.04-0.15 Hz) 

LF power (%) The relative power of the LF band (0.04-0.15 Hz) 

HF peak (Hz) The peak frequency of the HF band (0.15-0.4 Hz) 

HF power (ms2) The absolute power of the HF band (0.15-0.4 Hz) 

HF power (nu) The relative power of the HF band in normal units (n.u.) (0.15-0.4 Hz) 

HF power (%) The relative power of the HF band (0.15-0.4 Hz) 

LF/HF ratio (%) The power ratio between the HF and LF band 
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0.15-0.40 Hz (Cha et al., 2018). Berkoff et al., (2007) measured HF and LF bands in American 

track and field athletes. HF was measured at 0.15-0.4 Hz and LF at 0.04-0.15 Hz (Berkoff et al., 

2007). The low and high band frequencies are the same compared to the study by Borchini et al., 

(2018) Normal values of the different frequency ranges can be accepted when performing new 

research using the proven frequency ranges.       

Non-Linear Measures 

Non-linear measurements are defined as relationships between variables that cannot be 

plotted in a straight line (Table 3.) (Shaffer & Ginsberg, 2017). These measure the 

unpredictability of time series which come from the mechanisms that measure HRV. Non-linear 

measurements correlate time and frequency domain measurements when generated by the same 

processes. Different stressors and diseases can depress non-linear measurements (Shaffer & 

Ginsberg, 2017). Stein et al., (2005) demonstrated this in patients who had a myocardial 

infarction (MI). The investigators found that non-linear measurements could be used to utilize 

risk stratifications of patients with different CVDs (Stein & Reddy, 2005).  

Table 3.  

Non-Linear Measures 

S (ms) Area of the ellipse of total HRV 

SD1 (ms) Poincare plot standard deviation perpendicular to the line of identity 

SD2 (ms) Poincare plot standard deviation along the line of identity 

SD1/SD2 (%) The ratio of SD1 and SD2 

ApEn  Approximate entropy; measures the complexity of time series 

DFA a1 Detrended fluctuation analysis; describes short-term fluctuations 

DFA a2 Detrended fluctuation analysis, which describes long-term fluctuations 

D2 Correlation dimension, which estimates the minimum number of variables 

required to construct a model of dynamics 
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HRV Devices 

HRV is a variable to estimate cardiac autonomic function. Electrocardiography (ECG) is 

well known for being the gold standard way of measuring HRV (Shaffer & Ginsberg, 2017). 

New technological devices have been challenging the ECG in terms of accuracy and feasibility. 

HR monitors can be used to measure HRV through a wireless transmitter that connects to a 

mobile device allowing more versatility in different environments. Pulse wave velocity (PWV) is 

another method used to measure HRV. PWV can be defined as, the velocity at which the 

pressure waves generated by a systolic contraction of the heart, propagate through the arterial 

tree of the human body (Pereira et al., 2015). PWV also can be used to evaluate arterial health in 

the body (Pereira et al., 2015; Elgendi, 2012). There are various methods to measure PWV. The 

non-invasive use of photoplethysmography (PPG) is a feasible option that includes 

measurements of arterial stiffness and HRV (Pereira et al., 2015). PWV is considered the gold 

standard way of measuring arterial stiffness, and a tool for evaluating damage composed to the 

arterial system, vascular adaptation, and therapeutic efficacy. HRV research is often measured 

using frequency and time domains to measure the stimulation of the ANS. Devices such as ECG, 

HR monitors, and PWV can measure these different parameters using short or long-term 

recordings.  

Methodology Using ECG 

ECG has been the gold standard way of measuring ECG and has been validated 

throughout research when performing long-term HRV. Tsuji et al., (1996) Performed a study 

measuring 8 different time-domain and frequency-domain variables in a large cross-sectional 

study. The investigators studied the major determinants of HRV. The instrumentation used was a 

2-hour ECG recording across 2,722 eligible participants with a mean age of 55 years. 
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Ambulatory ECG recordings were used to measure HRV recordings using the 

Cardiodata/Mortara Mk5 Holter analysis system. Frequency power variables were computed 

with a 2-hour recording time (Tsuji et al., 1996). The parameters of the frequency power follow 

the same parameters found in the studies of Shaffer et al., (2017), Borchini et al., (2018), Seon-

Ah Cha et al., (2018), and by the “Task Force of the European Society of Cardiology and the 

North American Society of Pacing and Electrophysiology”. The investigators found that age 

must be taken into account when measuring HRV. Other covariates such as beta-blockers, 

diuretics, coffee, heart disease, and CV risk factors all decreased HRV (Tsuji et al., 1996). It’s 

important to screen for such variables before measuring HRV.  

HRV can measure CV physiological changes in athletes based on the type of training 

they acquire for specific sports. Toufan et al., (2012) investigated HRV differences between the 

dynamic and static types of athletes. HRV time and frequency domain parameters were 

measured. The sample measured was 50 professional athletes and 50 non-athletes with an age 

range of 20-35 years. A standard short-term 12-lead ECG was used to measure HRV in a resting 

supine position before any testing. Respirations were recorded at 25 mm/second while at rest. 

Along with HRV all subjects went under transthoracic echocardiography and measured Left 

ventricle ejection fraction (LVEF), left-ventricle end-diastolic diameter (LVEDD), left ventricle 

end-systolic diameter (LVESD, left ventricle mass, left atrial volume index (LAVI), early mitral 

velocity and early diastolic mitral annular velocity ratio, and pulmonary arterial pressure (PAP) 

were recorded. ECG short-term Holter monitoring was performed for 15 minutes after subjects 

had been resting in a supine position for 30 minutes. Before testing all subjects sustained from 

exercising for 12 hours. Statistical software SPSS was used to analyze the data. One-way 

analysis of variance (ANOVA) was used to measure the quantitative variables between the two 
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groups along with a posthoc test in cases of significance. For changes in qualitative data, the Chi-

square test was used with a P < 0.05 to be considered significant. Investigators found no 

differences in HRV parameters between both frequency and time domains between the two 

groups (Toufan et al., 2012).  

 Berkoff et al., (2007) used an ECG recording to measure HRV in elite American track 

athletes. Investigators used short-term ECG recording to obtain HRV measurements while 

athletes were lying supine for 5-minutes during the recording (Berkoff et al., 2007). Toufan et 

al., (2012) also used the same body position when testing HRV. Both studies utilized using short-

term ECG recordings, with Toufan et al., (2012) using a 15-minute duration and Berkoff et al., 

(2007) using a 5-minute duration. Berkoff et al., (2007) also used a one-way analysis of variance 

(ANOVA) to measure differences in HRV and sex. A two-ANOVA was used to measure the 

differences between sex and any track and field event categories. The level of significance was 

accepted at a P value < 0.05 (Berkoff et al., 2007). Unlike Toufan et al., (2012) and Berkoff et 

al., (2007), Tsuji et al., (1996) used a 2-hour recording using ECG in a large cross-sectional 

study measuring different determinants in HRV. Tsuji et al., (1996) used three multiple linear 

regression analyses between HRV parameters compared to the ANOVA’s used by Toufan et al., 

(2012) and Berkoff et al., (2007), whereas Tsuji et al., (1996) used a large cross-sectional study 

where multiple regression may have been the more viable option compared to the experimental 

studies of Toufan et al., (2012) and Berkoff et al., (2007). 

Borchini et al., (2018) used 24-hour ECG recording times to measure HRV parameters in 

nurses who may or may not work in a high-stress environment. Thirty-six healthy nurses 

participated in the study with each nurse filling out a job strain assessment to measure their work 

stress. The subjects were split into three groups; stable low stress (SLS), recent high stress 
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(RHS), and prolonged high stress (PHS). Subjects were placed in specific groups depending on 

their job strain assessment. Investigators used an ANOVA to measure differences across 

quantitative variables and a Chi-squared test across qualitative variables. Estimated age and 

smoking status geometric means for HRV frequency domain parameters across SLS, RHS, and 

PHS groups were done using ANCOVA linear regression models for subjects working during the 

day and sleeping at night. SAS software was used when analyzing the data, with a P < 0.05 level 

of significance (Borchini et al., 2018). Similarly, Berkoff et al., (2007) and Toufan et al., (2012) 

both used an ANOVA when analyzing differences among HRV and different independent 

measures performed in each study. Although, Borchini et al., (2018) and Tsuji et al., (1996) both 

used longer ECG recording times by using a Holter monitor to measure HRV.  

 Goldsmith et al., (1992) studied the differences in parasympathetic activity between 

endurance-trained and untrained young males. Investigators used Dual-lead ECG recordings that 

were made on Marquette 8500 recorders. Eight untrained and eight endurance-trained healthy 

males participated in the study. Each participant underwent a graded exercise VO2 max test. To 

be accepted in the study each participant’s VO2 max either had to be > 55 ml/kg for endurance 

training and > 40 ml/kg for untrained healthy males. After testing 24-hour continuous ECG 

recording was used to measure HRV. Time and frequency domains were computed both during 

the day and night time of each participant. Unpaired T-tests were performed to compare the two 

groups HRV over 24 hours. A two-way ANOVA was used to compare the two groups and day 

versus night time HRV. Investigators used a 95% confidence interval to determine the 

significance of the variable (Goldsmith et al., 1992). Casties et al., (2006) also used endurance-

healthy individuals who participated in cycling (Casties et al., 2006). Non-linear HRV 

parameters were performed during heavy exercise and recovery in 7 male cyclists. The VO2 max 
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was performed for baseline testing. An electromagnetic brake cycle ergometer was used during 

VO2 max testing while being monitored by a 2-lead Holter ECG. During the first session VO2, 

max was measured. The second session consisted of 10 10-minute rest period in a seated 

position, followed by a 30-minute exercise on the cycle ergometer and a 50-minute recovery 

seated position. Investigators used a 10-minute HRV recording at rest and during recovery. 

During exercise, they used the last 5 minutes of each 8-minute plateau while on the cycle 

ergometer. Recovery was separated into five-10 minute time windows. Time and frequency 

domain data were collected and analyzed. A one-way ANOVA with repeated measures was used 

to test the effect of time on the temporal, spectral, and non-linear dependent measures. 

Differences between means were tested using Scheffe post hoc for comparisons and significance 

was set at P < 0.05 (Casties et al., 2006). Results of the study concluded that HRV during most 

intense exercise was significantly lower than at rest due to a decrease in both LF and HF 

domains. Non-linear analyses showed that HRV remained scattered no matter the intensity level. 

Non-linear analyses also found that heartbeat dynamics were interrupted by other regulating 

systems (e.g. heavy breathing and respiratory rate) during recovery compared to at rest. HRV 

was mainly influenced by other factors than the ANS, and factors such as locomotor and 

respiratory systems could impact the results especially during HR recovery periods (Casties et 

al., 2006). This suggests that controlling for neurological factors that affect HRV other than 

cardiac related should be used to limit disruptions in HRV recording.        

 ANOVA is a statistical analysis that tests variance between groups or groups of data. 

HRV involves many different parameters that can be measured over short-term or long-term 

ECG recording. Researchers can use either a one or two-way ANOVA when comparing mean 

differences among variables (Berkoff et al., 2007; Borchini et al., 2018; Toufan et al., 2012;  
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Casties et al., 2006). Positioning when testing HRV varies among studies. Different positional 

testing includes lying supine or sitting in a chair when collecting data for HRV testing. 

Conducting 24-hour ECG recordings requires participants to be ambulatory during the day and 

asleep during the night, in which HRV is monitored during real-time activities (Tsuji et al., 1996; 

Borchini et al., 2018; Goldsmith et al., 1992). Short ECG HRV recordings are often done in a 

supine or seated position when the participants are in a controlled environment during testing 

(Berkoff et al., 2007; Toufan et al., 2012; Casties et al., 2006). ECG can be used during a 

controlled graded exercise test using a treadmill or cycle ergometer (Berkoff et al., 2007; 

Goldsmith et al., 1992). HRV can be used before, during, and after a max VO2 test to determine 

how well your nervous system is responding to the stimulus. Researchers often look at the 

recovery phase of a VO2 max test to see how well your CVS, PNS, and SNS respond after 

exercises (Goldsmith et al., 1992; Casties et al., 2006). HRV has been shown to decrease with 

age. The SNS increases with age, which allows the body to not be able to adapt adequately to a 

certain stimulus placed upon it (Tsuji et al., 1996).    

Methodology Using Polar Heart Rate Monitors 

HR monitors are commonly used for measuring HRV during short-term time domains. 

Weippert et al., (2013) investigated HRV and BP responses to dynamic and static exercises 

(Weippert et al., 2013). There were 23 healthy males with a mean age of 25.5 years who 

participated in the study. HRV measurements time and frequency domains were measured along 

with rate pressure product (RPP) and mean arterial pressure (MAP). Assumptions were made 

that low HR levels lead to greater vasoconstriction in static exercise than in dynamic. Another 

assumption was made that the vagal efferent activity is increased during static exercise. 

Investigators hypothesized that BP and HRV measures would be different between static and 
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dynamic exercise (Weippert et al., 2013). The investigators used a combination of all HRV 

measures; Time-Domain, Frequency-Domain, and Non-Linear. Participants underwent a 

dynamic exercise using a cycle ergometer while lying in the supine position, and also a static 

exercise using a leg press to measure a maximal isometric contraction in the supine position. A 

polar HR monitor along with Kubios HRV 2.0 was used to process the data. BP was measured 

minute-by-minute using a manual BP cuff, while the participants were being told to breathe 

normally when performing the exercises and avoid the Valsalva maneuver. Investigators used T-

test analysis and effect sizes for pair-wise comparisons of HR, BP, HRV, SE, and DE. The effect 

size for significant differences between SE and DE was done using G-Power 3.1 (Weippert et al., 

2013). The results of the study concluded that SBP, DBP, MAP, and RPP were significantly 

increased with SE. HRV parameters all increased with both SE and DE. Autonomic control 

during SE and DE were qualitatively different despite similar HR levels. There was a difference 

among BP and HRV indices in SE. HRV indices indicated strong vagal cardiac tone during SE 

when BP indicated a strong sympathetic efferent activity in the vessels. Investigators suggested 

that the strong vagal cardiac tone from SE could be a response mechanism from possibly co-

activation of sympathetic cardiac afferents. By this HR and LF/HF ratios were similar and LF 

seemed to increase (Weippert et al., 2013).  

Cornelissen et al., (2010) also investigated BP and HRV in healthy sedentary males and 

females while performing various aerobic training intensities over a 10-week, randomized 

crossover design (Cornelissen et al., 2010). Unlike Weippert et al., (2013), investigators used 

participants that were 55 years and older, but both studies measured HRV and BP during aerobic 

exercise. Cornelissen et al., (2010) used one training modality but different intensities through a 

10-week training protocol compared to Weippert et al., (2013) The first and third periods of the 
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10-week protocol consisted of low-intensity and high-intensity training. During the second 

period, the participants were asked to be sedentary. The intensity was monitored using a Polar 

HR monitor. Heart rate recovery (HRR) was measured using the polar HR monitor while HRV 

measures were obtained using ECG during the maximal graded cycle ergometer test (Cornelissen 

et al., 2010). Other studies similar to Cornelisson et al., (2010) only use either ECG or Polar HR 

monitor (Weippert et al., 2013; Bentley et al., 2020; Schneider et al., 2019). Power analysis was 

measured at LF, HF, and total power in the LF and HF bands. LF and HF units were normalized 

into absolute power divided by partial power. The LF/HF power ratio was also calculated. An 

ANOVA was used for the statistical analysis during each stage, intensity, and comparison of 

HRV and BP. The statistical significance was accepted at P < 0.05 for a two-tailed test 

(Cornelissen et al., 2010). The Results of the study concluded at rest before exercise, during 

exercise, and after exercise, endurance training at a low or high intensity significantly reduces 

SBP. The effect of training on HR at rest, during, and after exercise was significant at higher 

intensities. Endurance training had no significant impact on sympathovagal balance. Participants 

at an older age during both training programs exerted similar effects of SBP at rest, during, and 

after exercise. Whereas, HR was more significant after higher intensities (Cornelissen et al., 

2010).   

Bentley et al., (2020) studied HRV and HRR following maximal exercise in endurance 

athletes and PA individuals (Bentley et al., 2020). Cornelissen et al., (2010) measured HRV and 

HRR during maximal exercise, but only used one mode of instrumentation (Cornelissen et al., 

2010). Both modes can measure HRV and is interesting that one was used for HRV and the other 

used for HRR. The purpose of the study was to investigate chronic endurance training effects on 

HRV and HRR after a maximal exercise test between endurance-trained athletes and PA 
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individuals (Bentley et al., 2020). The investigators hypothesized that endurance-trained athletes 

would have greater RMSSD during dynamic and stable HRR periods, and an elevated HF during 

stable HRR periods. Both males and females participated in the study, with 36 being healthy 

endurance-trained athletes and 19 being healthy individuals (Bentley et al., 2020). Participants 

visited the lab on two separate occasions. The first visit entailed anthropometric measurements 

and completing a 2-week exercise diary in the lab before the first visit. The second visit entailed 

a maximal treadmill test where HRV and HRR were measured after the test (Bentley et al., 

2020). Participants were fitted with a polar wireless HR monitor to measure HRV and HRR. HR 

was captured before, during, and after exercise. Before exercise and after HRV monitored in a 

seated position. Ultra short-term duration of 30 seconds was used to measure the time and 

frequency domains of HRV. HRR was measured 6 minutes after the treadmill test to see the HR 

plateau. Kubios HRV analysis software was used to measure time and frequency domain data. 

ANOVA with repeated measures was used to assess HRR in 1-minute intervals and establish HR 

plateau in 30-second intervals. Independent t-tests were used for frequency domain data. The 

level of significance for all analyses was set at P < 0.05 (Bentley et al., 2020). The results of the 

study concluded the frequency domains LF and HF were non-significantly elevated after exercise 

in the EA group, while LF/HF ratio was also non-significant. The data suggest an increase in 

HRR in EA may come from a lower resting HR. There were no overall differences between the 

EA and PA LF/HF ratios (Bentley et al., 2020).   

 Using Polar HR monitors can be used for any type of training, unlike, compared to ECG 

where movement may be limited due to leads being pulled during exercise. High-intensity 

interval training (HIIT) requires a short burst of high-intensity exercise followed by long low-

intensity recovery periods (High-Intensity Interval Training: For Fitness, for Health or Both?, 
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n.d.). ECG leads may become pulled during a short burst of high-intensity exercise. Polar HR 

monitors can be chest-worn to prevent disruption.  

Schneider et al., (2019) investigated HRV between strength training (ST) and HIIT 

(Schneider et al., 2019). The study consisted of 37 trained male and female athletes who 

underwent HR and HRV testing during the four-day baseline and recovery period, with a six-day 

overload microcycle. The study consisted of two groups; strength and HIIT. Similar to Bentley et 

al., (2020), and Schneider et al., (2019) both used athletes’ incremental treadmill test to measure 

VO2 max used to measure aerobic capacity. The maximum isometric contraction was used to 

measure force output on a parallel squat. One-repetition max parallel squat was used to measure 

dynamic strength. Repeated sprint ability was measured on a non-motorized treadmill, which 

recorded peak velocities in 20-second sprints. Intermittent aerobic performance was measured 

with 40-meter shuttle runs. Based on the results of the different tests, participants were placed in 

the strength or HIIT group. The two groups underwent 11 total training sessions, with the 

strength group focusing on multi-joint upper and lower body resistance training exercises, and 

the HIIT group focusing on straight line runs, sprints, and shuttle runs. A polar HR monitor was 

used to measure HRV and Kubios software was used to analyze HRV parameter data. Every 

morning HRV was measured in a 7-minute supine and 5-minute standing position before training 

and before participants consumed any liquids. It is unusual to measure HRV using two types of 

positional testing compared to other studies that use one type  (Weippert et al., 2013; Cornelissen 

et al., 2010; Bentley et al., 2020). Schneider et al., (2019) used an ANOVA with repeated 

measures for the statistical analysis, with a level of significance of P ≤ 0.05 (Schneider et al., 

2019). The study concluded that HIIT training decreased HR and increased Ln RMSSD in the 

standing position, whereas supine recording was unchanged. During both group and individual 
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levels, moderate to strong negative correlations were found between HR and Ln RMSSD when 

analyzing changes between testing days and individual time series. Investigators used 2-4 day 

averages for a more precise estimation of mean changes with smaller confidence intervals 

compared to day single-day values. Using average values displays unclear effects for evaluating 

the association between HR, vagal HRV measures, and performance changes. This is determintal 

for the classification of individual short-term responses. The autonomic changes between 

standing and supine recording do not reveal any differences between ST and HIIT performance 

changes. Thus, could be caused by using rolling averages of groups and individuals rather than a 

single-day average.     

Polar HR monitors compared to ECG are primarily used during short-term HRV 

monitoring. ECG and Polar HR monitors both can be worn during graded exercise tests (Berkoff 

et al., 2007; Goldsmith et al., 1992; Cornelissen et al., 2010; Goldsmith et al., 1992; Casties et 

al., 2006). Although ECG Holter monitoring is more common during 2 or 24-hour monitoring 

periods (Tsuji et al., 1996; Borchini et al., 2018). This method is a common way of tracking 

HRV ambulatory and sleep cycles. Polar HR monitors are more commonly used in research to 

measure HRV in specific training modalities such as dynamic vs static, HIIT vs strength, and 

strength vs endurance. These methods of training can be done in a controlled lab environment for 

a short period (Weippert et al., 2013: Cornelissen et al., 2010: Bentley et al., 2020; Schneider et 

al., 2019). After collecting the data Kubios software 2.0 can be used to analyze the different 

HRV parameters as shown in previous studies (Weippert et al., 2013: Cornelissen et al., 2010: 

Bentley et al., 2020; Schneider et al., 2019). Cornelissen et al., (2010) used Labview 6.1 HRV 

analysis software to find values of different HRV parameters (Cornelissen et al., 2010). HRV 

analysis software can differ among studies but Kubios software is more common and easy to use. 
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Positional testing can vary among studies. ECG and Polar HR monitors are used in both 

standing, sitting, and supine positions when measuring HRV. Respirations need to be controlled 

when measuring HRV. Weippert et al., (2013) stated using the Valsalva maneuver may cause 

inaccurate readings. Measuring short-term HRV should be done at rest breathing normally 

(Weippert et al., 2013). A polar HR monitor and ECG can be used interchangeably when 

measuring HRV. A polar HR monitor is more generally used for short-term HRV and ECG is 

more used for long-term.  

Methodology Using PPG    

PPG uses a probe with an infrared light source to detect cardiovascular pulse waves that 

propagate through the body (Pereira et al., 2015). PPG is a non-invasive measurement that 

allows for infrared probes to be gently placed upon the skin. The infrared probes can detect deep 

arteries within your fingertip to examine arterial pressure waves. The finger probe detects blood 

movement from the heart and extremities (Tokutaka et al., 2009). Only peripheral body sites can 

be measured, which is a limitation of using PPG and could provide unreliable results. 

Measurement of PWV in overweight or obese individuals could vary the results depending 

placement of the sensor (Pereira et al., 2015).  

PPG is an alternative method for detecting HRV, compared to ECG. Pinheiro et al., 

(2016) investigated HRV indexes from both ECG and PPG measurements. The investigators 

used the term pulse rate variability (PRV) instead of HRV when assessing participants using 

PPG. The investigators hypothesized PRV features as surrogates for HRV in healthy subjects at 

rest healthy subjects after exercise and subjects with CVD (Pinheiro et al., 2016). The study 

included 51 males and 17 females. The subjects were separated into the three groups they 

qualified for. A finger probe was used on the index finger to measure PRV in each identified 
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group. All data were collected at rest in a supine position. Investigators used an ultra-short-term 

recording of 180 seconds to measure time and frequency domains. All artifacts were removed 

from analyses. HR and pulse rate (PR) were calculated before statistical analysis of time and 

frequency domain parameters could be made. HR was extracted from the ECG by measuring R-

R intervals, while PR was measured as the period between the characteristic points of two 

consecutive pulses. Pinheiro et al., (2016) evaluated the time and frequency domains obtained 

from PRV and compared them to HRV analysis obtained from ECG. One-sample unequal-tailed 

Kolmogorov-Smirnov test (KST) was performed for each parameter in each data set. The KST 

was used to determine if the data belonged to a normal distribution. Results show that none of 

the data fell into this criteria and non-parametric methods had to be used to assess agreement 

between features. Two-tailed Spearman rank correlation (SRC) was used to assess any 

agreement between HRV and PRV features. Normalized square root means squared error 

(NRMSE) formula and Wilcoxon’s rank sum test (WRST) were used to normalize error between 

any of the features of HRV and PRV (P < 0.05) (Pinheiro et al., 2016). The study concludes that 

PRV indexes may be used as replacements for ECG-based HRV in healthy subjects at rest, and 

after exercise. CVD participants were lower in performance in the estimation of PRV features 

(Pinheiro et al., 2016).  

Previous studies have also compared PPG PRV indexes to ECG HRV, and have used the 

same methodology and statistical analyses (Giardino et al., 2002; Gil et al., 2010; Lu et al., 

2009). Giardino et al., (2002) describe using a finger plethysmograph (FP) to measure PRV 

indexes compared to ECG HRV indexes in healthy subjects. High correlations between HF and 

LF domains were recorded at rest. During a Stroop Color-Word test, the correlations were 

negatively associated with each other. The study concluded that HRV was higher using the FP 
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device than ECG, but investigators noted ECG is still the recommended device in experimental 

settings. Test-retest reliability of the FP device needs to be verified (Giardino et al., 2002). Gil et 

al., (2010) found similar results when comparing PPG and ECG indexes in non-stationary 

healthy subjects who were resting in a supine or upright position (Gil et al., 2010). Lu et al., 

(2009) also compared PPG and ECG indexes in healthy subjects. The investigators used a 5-

minute recording time to measure HRV indexes. Investigators found PPG to be a valid 

measurement of HRV indexes compared to ECG. This method of FP can not be used in patients 

with nervous system disorders such as hyperkinesia. Hyperkinesia causes unwanted electrical 

signals through the extremities and may cause inaccurate results (Lu et al., 2009).    

PRV has been closely studied as an alternative to HRV. Lin et al., (2014) performed a 

study Comparing PRV and HRV in a healthy population (Lacković et al., 2014). PPG pressure 

waves are in correspondence to R-R intervals obtained for ECG. Investigators recruited 8 healthy 

participants. ECG and PPG were collected simultaneously for 5 minutes while participants were 

sitting in a chair. Participants performed a treadmill test, running 9 Km/h for 3 minutes. ECG and 

PPG were obtained simultaneously after the test for 5 minutes in a seated position. R-R interval 

(RRI) was calculated as the time interval of two successive beats from the ECG signal. Peak-to-

peak interval (PPI) was call calculated as the time interval of two successive peaks of the first 

PPG pressure wave. PRV and HRV were measured as the power spectrum (PSD) of the PPI and 

RRI time series. The strength of LF and HF components in PRV and HRV signals was calculated 

using mean squared coherence spectra at frequencies of each corresponding band. This was 

calculated for each subject before and after exercise (Lacković et al., 2014). Results show PSD 

of PRV corresponds well with HRV when subjects are at rest. However, exercise will decrease 

the correlation in the HF component of PRV (Lacković et al., 2014). The reason is due to the HF 
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component being interrupted by a peripheral condition such as arterial blood flow or respirations. 

This can be observed in populations with extensive premature beats (PVCs), which depending on 

the population PPG may not apply to certain people (Lacković et al., 2014).  

Likewise, Jeyhani et al., (2015) have also investigated the alternative of using PPG 

compared to ECG (Jeyhani et al., 2015). ECG-HRV and PPG-HRV were compared in 19 healthy 

male participants. HRV parameters were obtained from ECG signals, interpolation, and R-R 

wave detection. A similar procedure was used for PPG signals and their second derivatives, 

which constructs the P-P interval for each parameter. The second derivative method is commonly 

used to measure PPG pulse-to-pulse wave detection. HRV parameters were all verified using 

Kubios software. A 5-minute recording was used to measure HRV, PPG signals were filtered 

through the FIR band-pass filter with cut-off frequencies of 0.5 and 10 Hz (Jeyhani et al., 2015). 

Interpolation was applied to all signals for better peak detection and resolution. Both ECG and 

PPG signals were interpolated to 1000 Hz sampled per second. To show the effect of using PPG 

instead of ECG in HRV the parameters measured were SDNN, RMSSD, pNN50, SD1, and SD2. 

Poincare plots were constructed by plotting R-R interval signals as a function of itself. All plots 

were detected for false R-R intervals and pulse waves (Jeyhani et al., 2015). Investigators found 

PPG to be an alternative method for measuring HRV. Other studies argue this because it 

ultimately depends on the population. PPG measured in patients with CVD may present different 

results than that in a healthy population (Jeyhani et al., 2015). Lin et al., (2014) also mentioned 

this as an ongoing issue that needs to be investigated further.    

Resistance Training and Autonomic Modulation 

Resistance training (RT) is performed through physical activities that promote muscle 

strength and size. RT is often associated with weight lifting and can be done by using concentric, 
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eccentric, and isometric muscular contractions. Concentric (CON) muscle contractions rely on 

muscle shortening. Eccentric (ECC) muscle contractions rely on muscle lengthening. Concentric 

and eccentric movements are both involved during dynamic movements. Isometric (ISOM) 

muscle contractions rely on no change in muscle length (e.g. Holding your squat parallel to the 

ground) (Communications, 2009). ECC movements create a greater force per unit muscle than 

CON and ISOM. Dynamic CON muscular strength is at its greatest when ECC contractions 

require less motor unit involvement (e.g. Quick descending movements). ISOM contractions can 

play a major role in nonagonist muscle stabilization during an exercise. (e.g. Squatting while 

bracing your core to help with stabilization of the spine). ISOM training can help build 

secondary stability muscles to assist during a CON and ECC movement (Communications, 

2009).  

Autonomic modulation utilizes neural tissue to stimulate neural remodeling which can 

obtain a therapeutic benefit (Stavrakis et al., 2021). Different ways to assess autonomic 

modulation include vagus nerve stimulation, baroreceptor activation, tragus stimulation, renal 

denervation, and cardiac sympathetic denervation. Autonomic modulation can be used to treat 

patients with CVD, depression, neural diseases, heart arrhythmias, and heart failure (Stavrakis et 

al., 2021). HRV is an effective way of measuring autonomic tone, while BP is effective for 

measuring baroreflex sensitivity (BRS). Autonomic modulation can be affected by exercise, 

medications, and diet. HRV is emerging as a non-invasive method to assess autonomic 

modulation. It’s important to understand what modality of exercise can impact autonomic 

modulation the greatest after an acute exercise session. Aerobic exercise is often observed as the 

modality that promotes CV health the greatest while RT promotes muscular strength. Recent 
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studies have suggested that RT affects autonomic modulation, particularly the parasympathetic 

and sympathetic nervous system using HRV (Stavrakis et al., 2021).     

HRV After Acute Resistance Training 

Chen et al., (2011) investigated parasympathetic power effects on HRV in 7 male 

weightlifters, with at least 6 years of training at the national or international level of competition. 

Investigators hypothesized that “parasympathetic nervous activity can reflect recovery status in 

weightlifting performance after training” (Chen et al., 2011). Participants detrained 10 days 

before starting the 2-hour acute weightlifting session. Four whole-body exercises (back squat, 

seated shoulder press, deadlift, and front squat) were performed in the 2-hour training period. 

Each exercise was completed at the intensities of 60%, 70%, and 80% of 1-RM for 3 repetitions, 

90% of 1-RM for 2 repetitions, and 95% of 1-RM for 1 repetition at 90-second rest periods. 

Baseline HRV resting parameters (VLF, HF, LF n.u., Mean-variance) were measured for 5 

minutes in a seated position before starting the training session. HRV was measured at 3, 24, 48, 

and 72 hours after the training session to measure recovery. Muscular pain assessment (0-10 

scale, 0 = no pain, 10 = extreme pain) was used to see if there is a connection between muscle 

pain and autonomic modulation after an acute training session. One-way analysis of variance 

with repeated measures was used to compare the difference between all dependent variables 24, 

48, and 72 hours after a training session. Mann-Whitney U test was used to compare differences 

among pre and post-values. Significance level P < 0.05 was used on all tests. Results of the study 

concluded 3 hours after the training session performance and recovery significantly decreased, 

then were regained during the 72 hours. Muscle pain was significantly elevated during the 24-

hour recovery period and remained higher during the 48 and 72-hour periods. HF, VLF, and 

mean-variance were reduced significantly within 24 hours of recovery and returned to baseline at 
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the 72-hour mark. LF n.u. was elevated in the 24-hour recovery period but then returned to 

normal within 48 hours (Chen et al., 2011).   

 Rezk et al., (2006) investigated the hemodynamics (e.g. BP) and autonomic modulation 

at different intensities during an acute RT session (Rezk et al., 2006). Seventeen young healthy 

adults who had all had normal BP were included in the study. Seven days before the RT session, 

participants underwent a 1RM bench press, 70-degree leg press, lat pull down, leg curl, biceps 

curl, and 40-degree leg press. In a randomized double-blinded order participants underwent three 

experimental sessions: Control, exercise at 40%, and 80% of 1 RM. The control group performed 

no exercise and just rested. The 40% of 1 RM exercising group performed the 6 exercises for 3 

sets and 20 repetitions with a rest interval of 45 seconds between each interval and 90 seconds 

between each exercise. The 80% of 1 RM exercising group performed the 6 exercises for 3 sets 

of 10 repetitions with a rest interval of 60 seconds between each interval and 90 seconds between 

each exercise. HRV was taken 10 minutes before the intervention period while BP was taken 20 

minutes before the intervention. After testing, BP data were measured at 15, 30, 60, and 90-

minute intervals, while HRV data were measured at 10, 20, 40, and 65-minute intervals. Changes 

in hemodynamic and HRV data were calculated using a two-way ANOVA with repeated 

measures. A Shapiro-Wilk test was used to verify the distribution of data. Newman-Keuls test 

was used to show comparisons from a posthoc test. A level of P < 0.05 was used to show 

significance (Rezk et al., 2006). The results of the study concluded there were significant 

differences between all groups regarding the variables of SBP, DBP, and mean blood Pressure 

(MBP) from pre to post-intervention. There were significant differences between all groups 

regarding the variables of cardiac output (CO), systemic vascular resistance (SVR), stroke 

volume (SV), and HR. R-R interval did not change in the control group but significantly 
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decreased in the 40% of 1 RM group. R-R interval significantly decreased at the 50 minutes of 

recovery in the 80% of 1 RM group. There was a significant increase in the  HF, while LF and 

LF/HF significantly decreased in the 40% and 80% of 1 RM groups (Rezk et al., 2006). The 

main findings were low and high-intensity exercise decreased post-exercise SBP, with only DBP 

decreasing in the low-intensity group. Independent of the intensity of exercise, post-intervention 

hypotension was due to a decrease in CO, thus SVR did not completely affect it. CO decreased 

due to a decrease in SV which was associated with an increase in HR by an increase in 

sympathetic modulation of the heart (Rezk et al., 2006).  

 Kingsley et al., (2014) investigated acute RT modalities’ effects on autonomic 

modulation in 17 trained and untrained participants (Kingsley et al., 2014). Participants showed 

up to 4 sessions. The first session consisted of anthropometric measures and muscular strength. 

Muscular strength was assessed using the 10 RM method. Exercises that were included were the 

leg extension and curl, seated row, and chest press. The highest resistance achieved was used for 

the testing day measurements. The second visit consisted of muscular strength verification, while 

the third and fourth visits consisted of testing. The acute bouts of training were separated 

between 72 hours and completed at the same time each day. Participants rested in a supine 

position for 10 minutes before HRV measurements were taken for 5 minutes. After baseline, 

HRV testing participants were separated into four groups: whole-body, upper-body, lower-body, 

and control. RT consisted of 3 sets for 10 repetitions, with the weight lifted being based on 10 

RM. Two-minute rest intervals were used between each set for each group. The control group 

rested in a supine position for 15 minutes. After each group completed their given exercises, 

participants then returned to a supine resting position for 25 minutes. After 25 minutes HRV was 

measured for 5 minutes (Kingsley et al., 2014). A one-way ANOVA was used to assess the 
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characteristics between groups. The Kolmogorov-Smirnov test was used to show total power, 

LF, and HF values were not normally distributed. Repeated measures ANOVA was used to 

compare the trained versus untrained groups across time and to the 4 different testing modalities 

(control, whole, upper, and lower-body) on HRV. If there was a significant between interactions, 

the Tukey HSD test was used for post hoc comparisons. A P < 0.05 was used for the level of 

significance (Kingsley et al., 2014). The results concluded sample entropy significantly 

decreased after whole and upper body exercises in the trained group. Acute RT exercise 

increases parasympathetic modulation regardless of modality in trained or untrained individuals 

(Kingsley et al., 2014).  

 Nunes et al., (2021) investigated low-intensity resistance exercise (LI-RE) with short 

(SSC/LI-RE) and long (LSC/LI-RE) exercise sets of 10 and 20 repetitions (Nunes et al., 2021). 

Ten healthy males performed one session of both RE protocols. Participants were randomly 

assigned to either SSC/LI-RE or LSC/LI-RE group. Both protocols started with a warm-up that 

consisted of 25% of 1 RM. Three sets of 10 (SSC/LI-RE) or 20 repetitions (LSC/LI-RE) at 50% 

of 1 RM were performed for each exercise: Bench press, bent over barbell row, barbell front 

raise, barbell biceps curl, lying barbell triceps extension. A 90-second recovery period between 

each set and exercise was used. A 1 RM test and familiarization session were used before group 

assignments. Anthropometric measurements were taken along with resting HR and BP for 

baseline testing. HRV was measured at baseline in a seated position for 10 minutes. After the 

performance tests, HRV was assessed in a seated position for 60 minutes. Statistical power was 

set at 80% with a significance level set at P < 0.05. ANOVA with repeated measures was used to 

compare time and the different exercise conditions that were performed. Cohen’s d-effect size 

was calculated with a significance level of P < 0.05. Higher HRs were significant during the 10, 
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20, 30, 40, and 50-minute marks after LSC/LI-RE, and 10 minutes after SSC/LI-RE compared to 

baseline. There was a significant decrease in values for RRm, rMSSD, pNN50, LnHF, LnTP, 

SD1, and SampEn at 20-30 minutes after LSC/LI-RE compared to baseline. There was also a 

significant decrease in values in RRm, pNN50, and SampEn at 50-60 minutes after LSC/LI-RE 

compared to baseline. A significant decrease in RRm and SampEn at 20-30 minutes was 

observed after SSC/LI-RE compared to baseline. A significant increase in LnHF/LF at 20-30 

minutes after LSC/LI-RE compared to baseline (Nunes et al., 2021). The main findings of the 

study are LSC/LI-RE caused a significant increase in post-exercise HR and a significant decrease 

in HRV more than SSC/LI-RE. LSC/LI-RE promoted a sympathovagal imbalance and a decrease 

in HRV complexity during 60 minutes of recovery (Nunes et al., 2021). 

 Various methods have been used to investigate acute resistance training effects on HRV. 

Many studies use an exercise protocol that targets the whole body rather than only targeting the 

upper or lower body (Chen et al., 2011; Rezk et al., 2006; Kingsley et al., 2014). Nunes et al., 

(2021) only investigated acute RT using an upper-body exercise protocol (Nunes et al., 2021). 

Measuring and programming different intensities were mostly done using a percentage of a 1 

RM that was tested at baselines (Chen et al., 2011; Rezk et al., 2006; Nunes et al., 2021). Chen et 

al., (2011) used percentages of 50, 60, 70, 80, 90, and 95, Rezk et al., (2006) used percentages of 

40 and 80, and Nunes et al., (2021) used percentages of 25 and 50. Kingsley et al., (2014) did not 

use any percentages but instead used the 10 RM method at baseline, with the highest resistance 

achieved being used during testing (Kingsley et al., 2014).  

Rest intervals between sets varied for all studies and the appropriate amount of rest was 

not clearly defined or supported. American College of Sports Medicine (ACSM) position stand 

recommends 2-3 minute rest intervals between sets when performing multi-joint exercises and 1-
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2 minutes when performing muscle isolation exercises According to De Salles et al., (2009), rest 

intervals should be 3-5 minutes in length when exercising between 50% and 90% of 1 RM to 

maximize strength and power output (De Salles et al., 2009). When the goal is muscular 

hypertrophy rest intervals should be between 30 and 60 seconds due to an increase in growth 

hormone when working at a moderate intensity (De Salles et al., 2009). Chen et al., (2011) and 

Nunes et al., (2021) used a rest interval of 90 seconds between each set. According to De Salles 

et al., (2009), the rest interval is too short to maximize strength and power output and should be 

3-5 minutes. Rezk et al., (2006) used a rest interval of 45 seconds between each set but used a 

repetition range of 20 which typically correlates to muscular hypertrophy. Investigators never 

specified if muscular hypertrophy was being tested along with HRV. This rest interval would be 

within the range the 30-60 seconds that De Salles et al., (2009) reported. Kingsley et al., (2014) 

used 2-minute rest intervals between each set which does meet the rest range of 3-5 minutes to 

maximize strength and power output according to De Salles et al., (2009). Rest periods could 

affect HRV depending on the length of the interval. The rest interval can affect HRR depending 

on if it’s short or long. Shorter rest periods can mean an increase in intensity than a longer rest 

period. Rest periods can be used as a form of intensity and should be further investigated in a 

future study design. 

Targeting different areas of the body with exercises could affect HRV. Chen et al., (2011) 

investigated weight lifters in various whole-body exercises consisting of compound movements. 

HRV measurements returned to baseline after 24 hours and increased above baseline after 48-72 

hours, suggesting pain does not affect HRV since there was more HF activation than LF. 

Likewise, Rezk et al., (2006) also investigated whole-body exercises consisting of compound 

movements. Low vs high-intensity exercises promoted post-exercise systolic hypotension in 
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normative participants. Although, low-intensity exercises decrease diastolic BP. Both intensities 

increase sympathetic activation more than parasympathetic. Kingsley et al., (2014) investigated 

the differences between upper, lower, and whole-body movements to determine the effects on 

HRV. Between upper, lower, and whole-body exercises in trained vs untrained individuals, 

results show an increase in parasympathetic activation regardless of modality after acute RT. 

Nunes et al., (2021) investigated how the level of intensity affects HRV in upper-body exercises. 

A significant decrease in HRV was observed more in the LSC/LI-RE group compared to 

SSC/LI-RE showing that increased intensity can have an impact on the sympathovagal nervous 

system.     

Blood Flow Restriction 

Blood flow restriction (BFR) is the partial occlusion of a limb artery either using a 

pneumatic cuff or tourniquet (Neal et al., 2023). The cuff is placed at the most proximal part of 

the limb that is being trained. BFR is used to promote homeostatic disturbances used to increase 

signaling to enhance muscle adaptations (Santos et al., 2022). An increase in stimulus increases 

blood capillary supply and mitochondrial function which can improve exercise performance 

(Santos et al., 2022). Pneumatic cuff placement should have an arterial occlusion pressure (AOP) 

between 40 and 80% (Neal et al., 2023). Individuals who are unable to perform heavy loads can 

benefit from using BFR to enhance muscle development safely and feasibly (Neal et al., 2023). 

BFR is often used in clinical rehab centers for individuals recovering from musculoskeletal 

injuries. BFR is a way to increase muscular strength using a low-load to mimic a high-load 

effect. Healthy strength-trained individuals will use BFR in RT programs to promote muscle 

growth but more research is needed on endurance-trained individuals who strength-trained less 

than 3 days per week (Ferguson et al., 2021). Neal et al., (2023) investigated the feasibility and 
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efficacy of BFR in the lower limb. Investigators found lower limb BFR training is safe and 

effective with the maximum AOP not exceeding 80%. Likewise, Patterson et al., (2019) found a 

cut-off point of 80% for limb occlusion pressure (LOP) (Patterson et al., 2019). A mean pressure 

of 241.5 mmHg will fully occlude the artery in the lower limb with an 11.5 cm cuff size, and a 

pressure of 200 mmHg with a 5 cm cuff size should be the maximum pressure to prevent full 

occlusion. It’s important to have the correct size garment to prevent any harm and obtain 

accurate results (Neal et al., 2023).    

Acute Blood Flow Restriction Exercise and HRV 

Tai et al., (2019) investigated autonomic modulation after an acute bench press exercise 

with and without BFR (Tai et al., 2019). Investigators hypothesized that “autonomic modulation 

and vagal modulation would significantly decrease with no change in the sympathovagal balance 

after traditional high-load bench press without BFR compared to low-load bench press with BFR 

in resistance-trained men” (Tai et al., 2019). The study design consisted of 5 laboratory visits. 

The first visit consisted of anthropometric measurements, while the second visit consisted of 

muscular strength testing on the bench press. Each visit was separated 72 hours apart from the 

other. The next 3 visits consisted of LL-BFR, HL, and a control session for experimental testing. 

All participants avoided food for at least 3 hours, and caffeine and alcohol for at least 12 hours. 

Participants were asked to avoid strenuous exercise for 24 hours before any data collection. 

Participants rested in a supine position for 15 minutes before HRV was assessed for 5 minutes 

before testing (15-20 min). After each participant completed each training session (LL-BFR, HL, 

and Control), HRV was assessed in the same way as baseline testing (15-20 min). Except, with 

an added recording period of 25-30 minutes. A one-repetition max on the bench press was used 

for baseline testing. The highest weight lifted between the first and second visit was used for LL-



 

48 

BFR and HL conditions. Four sets on the bench press were used in the LL-BFR session. The sets 

consisted of 30, 15, 15, and 15 repetitions at 30% of 1 RM with 30 seconds of rest between sets. 

Knee wraps were used in both arms at the proximal end of each arm. Tightness at 7 out of 10 

was used to occlude venous blood flow while maintaining arterial blood flow (Tai et al., 2019). 

Knee wraps were released after each set to allow complete blood flow to affected muscles. The 

HL session consisted of 70% of 1 RM for 8 repetitions with 60 seconds of rest in between each 

set (4 sets total). The control consisted of resting in a supine position for 10 minutes (Tai et al., 

2019). ANOVA (3 X 3) with repeated measures was used between each condition. Paired t-tests 

were used to determine significance using Bonferroni correction for post hoc comparisons. The 

significance used was P < 0.05 (Tai et al., 2019). The results found significance in LnTP, LnHF, 

and LnRMSSD such as decreased recovery after LL-BFR and HL compared to the Control. No 

significance between LnLF, LnLF/LnHF ratio, and LnPNN50 (Tai et al., 2019). The main 

findings of the study found that LL-BFR and HL groups significantly affect autonomic 

modulation up to 30 minutes after exercise with significant reduction when HL is compared to 

LL-BFR (Tai et al., 2019).  

Santos et al., (2022) investigated the relationship between HRV and eccentric BFR 

training (Santos et al., 2022). Investigators hypothesized that “there will be a correlation between 

autonomic responses and performance when using BFR at various loads during eccentric 

training” (Santos et al., 2022). The study design consisted of 3 weeks of baseline testing. The 

first week was a familiarization session using an isokinetic dynamometer. Seven days after the 

first week, anthropometric data were gathered along with eccentric, concentric, and isometric 

peak torques using the dynamometer. A single-leg hop test was also used during the second 

week. The third week consisted of peak torques being retested, with the highest eccentric value 
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used for the 6-week eccentric training program. Participants were randomly assigned to 4 groups: 

High-load (HL) eccentric exercise with 80% of eccentric peak torque, low-load (LL) eccentric 

exercise with 40% of eccentric peak torque, high-load eccentric exercise with BFR (HL-BFR) at 

80% of peak torque, and low-load eccentric exercise with BFR (LL-BFR) at 40% of peak torque 

(Santos et al., 2022). Participants underwent a 6-week (18 sessions total) dominant knee-extensor 

eccentric exercise performed on an isokinetic dynamometer (Biodex). Participants performed a 

warm-up before completing 4-5 sts of 6-10 eccentric contractions with 1 minute of rest between 

each set. Total occlusion pressure (TOP) was determined by using a portable vascular doppler. 

The transducer was placed on the posterior tibial artery, while a nylon cuff was placed on the 

medial portion of the thigh covering up the femoral artery. The cuff was inflated to 40% of TOP 

before the eccentric exercise of the quadriceps was performed. HRV was assessed in a seated 

position for 15 minutes before each training session using kubios HRV software. Data were 

verified using the Kolmogorove-Simirnov test. Performance parameters were correlated with 

HRV indices SDNN, rMSSD, LF (nu), HF (nu), LF (ms2), HF (ms2), SD1 (ms), and SD2 (ms). A 

correlation magnitude of 0.00-0.19 is very weak; 0.20-0.39 is weak; 0.40-0.69 is moderate; 0.70-

0.89  is strong; and 0.90-1.00 is considered very strong (Santos et al., 2022). The results 

concluded a significant correlation between performance and HRV in the group’s LL and HL-

BFR groups, with an increase in parasympathetic indices in the first group along with an increase 

in performance in the second group (Santos et al., 2022). HRV directly correlates with 

performance. However, LL had an increase in parasympathetic response without repercussions, 

and HL-BFR increased performance but had no repercussions in HRV indices (Santos et al., 

2022).  
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BFR can be used with many applications. HRV is less commonly paired with BFR and 

has not been investigated deeply. Tai et al., (2019), Santos et al., (2022), and Okuno et al., (2014) 

both investigated how HRV is affected by BFR. Tai et al., (2019) studied how BFR impacted 

HRV through the bench press exercise where both arms were occluded. Santos et al., (2022) 

studied only the dominant knee extensor eccentric torque using an isokinetic dynamometer at LL 

and HL intensities. Likewise, Tai et al., (2019) and Okuno et al., (2014) studied LL and HL 

intensities. Rossow et al., (2011) the effects of acute BFR training on the effects of post-exercise 

BP (Rossow et al., 2011). Unlike Tai et al., (2019) and Santos et al., (2022), Rossow et al., 

(2011) and Okuno et al., (2014) used an acute bout of exercise rather than a long training 

program. Acute BFR on the effects of autonomic modulation has not been studied heavily, which 

elicits a gap in research.  

Rossow et al., (2011) compared low (LI) and high (HI) intensities between multiple 

lower-body exercises. Exercises included supine leg press, seated knee flexion, seated knee 

extension, and planter flexion. Ten participants (males) were randomly placed into 3 groups: HI, 

LI, and LI-BFR. BP (brachial artery) and vascular resistance (calf) via ultrasound were measured 

pre and post-testing. All groups performed a 1-RM on each exercise before testing. HI, group 

participants completed 3 sets of 10 repetitions using 70% of 1-RM with 1 minute of rest between 

each set. LI group performed 1 set of 30 repetitions, and 3 sets of 15 repetitions using 20% of 1-

RM with 30 seconds of rest between each set. LI-BFR group performed the same protocol as the 

LI group, except wearing 50 mm width elastic cuffs (Kaatsu-Master System). BFR was used 

bilaterally on the proximal portion of both legs (Rossow et al., 2011). Cuff pressure was set at 

200 mmHg, which Patterson et al., (2019) and Neal et al., (2023) found 200 mmHg to be the 

upper limit of AOP. A full occlusion of the artery could cause harm to the participant and is 
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advised to have an AOP of 80% or less (Patterson et al., 2019). Abe et al., (2006) also used an 

occlusion pressure of 200 mmHg to investigate how muscle size and strength are influenced by 

Kaatsu-walk training. BFR can also be defined as Kaatsu-walk training, due to being developed 

in Japan (Patterson et al., 2019; Abe et al., 2006). Tai et al., (2019) did not specify cuff pressure 

but instead used a tightness scale (1-10). Investigators used two 77 mm-wide knee wraps for 

occlusion of brachial arteries. When pressure would be rated 7/10, investigators then stopped the 

tightening of the knee wraps (Tai et al., 2019). This method provides no quantitative data on how 

many arteries were occluded and how safe. Okuno et al., (2014) used a standard BP cuff inflated 

to 100 mmHg to occlude femoral arterial blood flow during a unilateral leg press exercise 

(Okuno et al., 2014) . Santos et al., (2022) used a portable vascular doppler (DV-2001; Medpej) 

device to measure TOP (Santos et al., 2022). Once TOP was identified, cuff pressure was 

inflated to 40% of TOP which is the lower TOP that Patterson et al., (2019) recommended using.  

Various cuff pressures should be taken into consideration during resistance training. AOP 

should be between 40-80%, or not exceeding 200 mmHg for cuff pressure. BFR has been used 

with many different modalities of exercise and is safe and effective in aerobic and anaerobic 

training. A research question such as, “How does BFR effect autonomic modulation in an acute 

resistance training session?” needs to be further investigated to show any connection between 

acute BFR training and an increase in autonomic modulation.   
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CHAPTER III. METHODS 

Research Design 

The purpose of this study will be to determine how an acute bout of blood flow restriction 

(BFR) exercise effects autonomic modulation during a unilateral knee extension exercise. This 

experimental study will examine heart rate variability (HRV) and muscle oxygen saturation 

(SmO2) while performing a unilateral knee extension exercise at 20% of one-repetition 

maximum (1RM) during a control session without BFR and an intervention session containing 

BFR. Before testing the control and intervention, an exercise session will be held to determine 

each participant’s 1RM on the knee extension exercise. Research Questions:  

1. What are the acute physiological responses to the cardiovascular system when BFR is 

applied during a unilateral knee extension exercise?  

• HRV pre and posttest indices  

2. How is local SmO2 affected when BFR is applied?  

• SmO2 between control and intervention  

Participants 

The participants studied will be 15 physically active healthy males, who are regularly 

active (≥ 150 minutes of moderate activity per week) with at least 6 months of strength training 

experience, between 18-35 years of age (Bull et al., 2020; Okuno et al., 2014). The sample size is 

based on previous studies conducted (Santos et al., 2022; Tai et al., 2019; Rossow et al., 2011; 

Okuno et al., 2014). 

Inclusion 

Participants will complete a Physical Activity Readiness Questionnaire (PARQ +) to 

ensure they have no underlying health conditions that prohibit them from performing the 
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exercise (Warburton et al., 2011). To be considered, participants must be physically active and 

have at least 6 months of strength training experience (e.g., Bodyweight, free-weight, or strength 

machines) (Okuno et al., 2014). To be considered physically active, participants must participate 

in at least 150 minutes of moderate-intensity of activity per week (Bull et al., 2020). 

Additionally, participants must fill out a Qualtrics survey containing pre-exercising health 

questions about deep venous thrombosis (DVT) (Patients, 2002). Participants will be included if 

their DVT risk score of ≤ 2 (Patients, 2002). Before acceptance into the study, researchers will 

review the Qualtrics survey to determine if the participant is eligible to participate. After 

acceptance into the study, participants will be informed (verbally and visually) about the study’s 

exercise protocol and what responsibilities they have during exercise testing. Participants will 

have the opportunity to ask questions or address any concerns throughout the research study. 

Participants who agree to participate in the study will voluntarily sign the informed consent and 

will proceed with the research study.     

Exclusion 

The participant’s PARQ + will be reviewed by the principal investigator to determine if 

they are healthy and ready to perform the exercise protocol. Participants who answer ‘yes’ to any 

of the questions on the PARQ + are excluded from the study (Warburton et al., 2011). Any 

participants with, or at risk, for cardiovascular (e.g., hyper/hypotension, coronary artery disease, 

and peripheral artery disease), pulmonary (e.g., COPD and asthma), and metabolic (e.g., 

diabetes, metabolic syndrome, and hyperlipidemia) disease are excluded from the study. 

Additionally, any participants who currently have or have a family history of cardiovascular 

disease, exertional rhabdomyolysis, sickle cell anemia, deep venous thrombosis (DVT), recent 

surgeries, BMI > 35, and orthopedic pain are excluded from the study. Furthermore, participants 
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who self-report as active smokers, take heart medications (e.g., beta-blockers, hypertensives, and 

anticoagulants), have implanted medical devices, or inability to consent are excluded from the 

study. A survey will be used via Qualtrics for participants to complete before testing to screen 

for DVT, physical activity readiness, strength training experience, physical activity minutes per 

week, or present injuries that would not enable them to perform a knee extension exercise. 

Participants are also excluded if they have a DVT risk score of ≥ 3 (Patients, 2002). In addition, 

participants are excluded if they do not have at least 6 months of strength training experience or 

obtain 150 minutes of moderate-intensity of activity per week (Okuno et al., 2014; Bull et al., 

2020). Participants who are accepted in the study will be scheduled for three separate exercise 

sessions: 1RM testing, control (without BFR), and intervention (with BFR). An email 

announcement will be sent to North Dakota State University students and staff to aid in 

recruiting participants across the university. All protocols and instrumentation devices will be 

approved by the North Dakota State University Institutional Review Board (Appendix A).   

Methods 

A stadiometer (Seca 213, Chino, CA) and floor-level scale (Detecto, Webb City, MO) 

will be used to measure participant height (cm) and weight (kg). A knee extension exercise 

machine (Cybex International, Owatonna, MN) will be used during all sessions to assess 1RM 

weight and 20% of 1RM weight for each control and intervention session. A polar heart rate 

(Polar Electro H10, Kempele, FIN) chest monitor will be used to measure HRV indices at rest 

and post-exercise. HRV indices are measured in 5-minute increments during pre-and post-test 

procedures. The Elite HRV app (via Bluetooth) will be used to collect HR data. Kubios HRV 

software (Kubios HRV Standard version 3.5.0, Kuopio, FIN) will be used to display HRV indices 

data (via frequency and time domains). BFR (Delfi Medical Innovations Inc., Vancouver BC, 
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CA) will be used on each leg to restrict femoral venous blood flow to the quadriceps muscle 

group and lower leg during the knee extension exercise. During the control and intervention 

sessions, muscle oxygen saturation will be assessed using a near-infrared spectroscopy sensor 

(Moxy Monitor, Fortiori Design LLC, Hutchinson, MN) placed on the vastus lateralis (VL) 

muscle.  

Anthropometrics 

 Researchers will use a stadiometer and floor level scale to measure body composition 

during the first initial session. Body mass index (BMI) will be calculated as mass 

(kg)/height(m)2. Additionally, researchers will measure limb circumference of the upper thigh to 

determine BFR cuff size.   

Rated Perceived of Exertion (RPE) Measurement  

 Researchers will use a 0-10 RPE scale to measure intensity during the intervention and 

control sessions (Zourdos et al., 2015). RPE will be assessed on the last set completed while 

performing the knee extension on the right and left leg.  

HRV Measurement  

 A polar HR chest monitor will be placed under the pectoral muscles and wrapped around 

the sternum. The HR monitor then will be connected via Bluetooth to a cellular device through 

the app Elite HRV. Before testing during the control and intervention session, Participants will 

rest in a supine position for 15 minutes. The first initial 10 minutes is for the participants to rest. 

After 10 minutes, HR data will be recorded for 5 minutes through the Elite HRV app. After 

completing the control or intervention trial, participants will follow a modified HR recording 

time outlined by Tai et al., (2019). Participants will lay supine for 10 minutes with a 5-minute 

HR recording and at 25 minutes with a 5-minute HR recording, consisting of two recovery 
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intervals at 15 and 30 minutes. Data will then be transferred from the Elite HRV app and sent via 

email as a file with each participant’s corresponding HR data. Once received, data will be saved 

and uploaded to the Kubios HRV software on a computer. HR data will be processed by Kubios 

software to generate HRV time and frequency domains. The HRV indices documented are the 

same indices documented in Okuno et al., (2014): lnLF (ms2), lnHF (ms2), LF (nu), HF (nu), 

LF/HF ratio, and lnRMSSD (ms2) (Okuno et al., 2014). To avoid any inconsistency in data, 

participants have only 1 minute after they have completed their last set on the leg extension 

machine to be laying in a supine position to get ready for HRV recording.  

BFR Session (Intervention) 

BFR will be performed on each leg of each participant. Two BFR cuffs will be placed at 

the most proximal position on each leg in the supine position while the participant is resting. 

After the HRV recording is taken, both cuffs will be inflated to a limb occlusion pressure (LOP) 

of 80% to identify each participant's personalized tourniquet pressure (PTP) (Patterson et al., 

2019). The lowest LOP between each leg will be used to identify PTP for that participant. 

Patterson et al., (2019) identified a safe LOP between 40-80% (Patterson et al., 2019). 

Additionally, Patterson et al., (2019) suggested a higher LOP (e.g., 80%) when using weight 20% 

of the 1RM, and a lower LOP (e.g., 40%) when using weight 40% of 1RM (Patterson et al., 

2019). The cuffs will be deflated during the 1-minute rest interval between sets to allow blood 

flow to the affected quadriceps muscle group. The cuffs will remain on the participant’s leg for 

the entire intervention.  

SmO2 

 A Moxy monitor will be placed on the participant’s vastus lateralis (VL) muscle during 

each control and intervention session. Researchers adopted the same Moxy monitor placement 
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protocol that was determined by Crum et al., (2017), where researchers used a single Moxy 

monitor placed on the VL muscle (Crum et al., 2017). The protocol will consist of the sensor 

being placed on the right leg halfway between the greater trochanter and lateral epicondyle of the 

femur. The researchers used the VL muscle because it is a primary knee extension muscle in the 

quadricep muscle group. Once the monitor is placed, researchers will record SmO2 throughout 

the entire control and intervention sessions and time stamp the start and end time of each set. 

Data will be recorded as percentages (0-100%) via Feldmann et al., (2019) protocol in an Excel 

spreadsheet for each participant’s average SmO2 levels throughout the entire session (Feldmann 

et al., 2019).  

 Procedures  

 All participants will complete three exercise sessions in order: 1RM testing, intervention, 

and control. Each session will be separated by at least 72 hours. The sessions will take place 

Monday through Friday at the Benston Bunker Field House in the Human Performance Lab. 

Attempts will be made to try and schedule each participant’s completed exercise at the same time 

for each session. Before each session, participants will be told to keep to the same diet pattern 

and avoid caffeine and alcohol for up to 12 hours before exercise testing. Additionally, 

participants will also be told to avoid high-intensity exercise 48 hours before each session.  

Determining 1RM  

 Participants will report to Benston Bunker Fieldhouse for their scheduled session. Upon 

arrival, screening forms (PARQ +) and informed consent are presented to each participant. After 

height and weight are measured and informed consent is signed, participants will complete a 5-

minute warmup on a cycle ergometer before 1RM testing. Researchers will follow a modified 

version of Okuno et al., (2014) to determine 1RM on the knee extension exercise (Okuno et al., 
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2014). Before testing, participants will be asked for their bilateral predicted 5RM knee extension 

via Qualtrics survey. Researchers will use the equation [1RM = -0.46 + {0.79 X 5(reps)} + {1.08 

X load (kg)}] to predict each participant’s bilateral 1RM (Julio et al., 2012). Researchers will 

then divide each participant’s bilateral 1RM in two, to estimate a 1RM on each leg. The protocol 

will consist of 5 sets with 3-minute rest intervals between each set. Before testing, knee 

extension machine adjustments are made differently for each participant based on limb anatomy 

and are recorded to ensure consistency for each session. Each participant underwent 1RM testing 

on each of their lower limbs separately. The order of testing was randomized (e.g., left and right). 

The protocol to determine 1RM is in order as follows: 50% 1RM for 5 repetitions, 70% 1RM for 

3 repetitions, 90% 1RM for 1 repetition, 100% of participants predicted 1RM for 1 repetition, 

chance at another repetition if 100% of participants predicted 1RM will be completed. Testing 

will be exclusively done without a BFR cuff applied and a full range of motion (FOM) must be 

met with each repetition for that set to be completed. If participants develop any orthopedic pain 

during testing, the test will be immediately terminated. Once 1RM is determined, each 

participant's data will be documented in an Excel spreadsheet.      

Intervention Session 

 When each participant completes their 1RM, 20% of each participant’s 1RM will be 

calculated (.20 X 1RM). After the HRV recording is taken, a BFR cuff will be inflated on both 

limbs to measure a limb occlusion pressure (LOP) of 80% to identify each participant's 

personalized tourniquet pressure (PTP). The lowest LOP between each leg will be used to 

identify PTP for that participant. Once PTP has been identified, Participants will begin with a 5-

minute warm-up on the cycle ergometer without the BFR cuff before testing. Once the warmup 

has been completed the participants will be fitted with a BFR cuff at their own PTP. A total of 75 
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repetitions over 5 sets have been shown to increase muscle adaptation significantly in previous 

studies when BFR is applied. Researchers will use a modified version of Patterson et al., (2019) 

and Okuno et al., (2014) to obtain a goal of 75 repetitions on the knee extension exercise for each 

participant (Patterson et al., 2019; Okuno et al., 2014). The protocol will consist of 5 sets of 15 

repetitions on each leg with a 1-minute rest interval between each set. Participants will complete 

all five sets on one leg before switching to the other. During the rest interval, the BFR cuff will 

be deflated to ensure blood flow to the affected muscles. If a participant could not complete all 

sets or repetitions due to fatigue or not obtaining FOM, the last set or repetitions completed are 

documented to ensure consistency during the control session. If participants feel any orthopedic 

pain during testing, the test will be immediately terminated. Furthermore, if the participant 

reaches their max HR (220 – age) during any point of testing the test will be terminated.     

Control Session 

 After the intervention session is completed, the control session will consist of the 

identical knee extension exercise protocol as used in the intervention session. Participants will 

begin with a 5-minute warm-up on the cycle ergometer and then begin the exercise protocol 

without BFR. The intervention session will be done before the control portion for the reason that 

a participant could not complete all the sets or repetitions when BFR is applied. This will allow 

researchers to control consistency for each participant set and repetitions for each session. All 

data will be recorded on an Excel spreadsheet. If participants feel any orthopedic pain during 

testing, the test will be immediately terminated. Furthermore, if the participant reaches their max 

HR (220 – age) during any point of testing the test will be terminated.              
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Data Analysis 

This study used an experimental design. All participants completed the intervention and 

control session, with each participant acting as their own control. Anthropometric data is 

presented using descriptive statistics. A 2 X 3 ANOVA with repeated measures was used to 

analyze HRV pre and post-test recording times between the intervention and control (P < 0.05). 

Additionally, a 2 X 2 ANOVA with repeated measures was used to analyze SmO2 exercise and 

rest time stamps between the intervention and control (P < 0.05). RPE data was analyzed using a 

paired t-test between the intervention and control (P < 0.05). All analyses were performed using 

SPSS statistical software. 
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CHAPTER IV. RESEARCH ARTICLE  

Abstract 

BACKGROUND: Autonomic modulation has been used in post-training recovery and 

can also indicate fitness level. PURPOSE: This study determined how an acute training session 

of BFR exercise affects autonomic modulation during a unilateral knee extension exercise. 

METHODS: Fourteen physically active males completed three sessions: 1RM testing, BFR, and 

control while performing a unilateral knee extension exercise. Heart rate variability (HRV), 

muscle oxygen saturation (SmO2), and rating of perceived exertion (RPE) were all measured. 

Repeated measures ANOVAs were used to analyze all HRV and SmO2 data, while a paired t-test 

was used to analyze RPE data. A significance level of P < 0.05 was used for all data analyses. 

RESULTS: Significant time-effect differences were found in lnRMSSD, lnHF, and lnLF from 

15 to 30 minutes post-exercise in both groups (P < 0.05). Time effects were also significant in 

lnRMSSD from baseline to 15 minutes post-exercise (P < 0.05) in both groups. SmO2 data 

presented time and group-effect differences that were significant in SmO2% in the vastus lateralis 

(VL) muscle (P < 0.05) in BFR compared to control. Additionally, time and group-effects 

differences were significant in the oxygenated hemoglobin and the deoxygenated hemoglobin in 

the VL muscle in BFR compared to the control (P < 0.05). RPE was significantly higher when 

BFR was applied compared to the control session (P < 0.05). CONCLUSION: Despite the 

training method, sympathetic (SNS) and parasympathetic (PNS) nervous system activity 

increased the most from 15 to 30 minutes post-exercise, however, BFR exercise increased in 

RPE. To show differences in HRV measures among groups, cuff pressure or exercise intensity 

may need to be altered.  
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Introduction 

Heart disease remains the leading cause of death in the United States (U.S.) (How the 

Heart Works | NHLBI, NIH, n.d.). An increase in age increases the risk of developing 

cardiovascular disease (CVD). For males, life expectancy in 2019 was 76.3 years, and for 

females 81.4 years (Xu et al., 2020). Individuals who are older than 20 years of age are 49.2% 

more prevalent to develop some form of CVD both in males and females (Aparicio et al., 2021). 

CVD has been attributed to being the highest U.S health expenditure cost from 2016 to 2017, 

with heart disease attributing the most cost of all CVD’s at $219.6 billion (Aparicio et al., 2021). 

 Heart rate variability (HRV) is a valuable health predictor in adverse outcomes in various 

diseases (Tsuji et al., 1996). The autonomic nervous system (ANS) is composed of the 

sympathetic (SNS) (fight or flight) and parasympathetic (PNS) (rest and digest) nervous systems, 

which, both are responsible for controlling your heart rate (HR). A healthy individual will have a 

superior balance between the two systems in which they counteract each other equally (How the 

Heart Works | NHLBI, NIH, n.d.). Autonomic modulation can be used to treat patients with 

CVD, depression, neural diseases, heart arrhythmias, and heart failure (Stavrakis et al., 2021). 

Autonomic modulation utilizes neural tissue to stimulate neural remodeling which can obtain a 

therapeutic benefit. Previous research using similar methods and HRV has found that these HRV 

indices return to baseline within 48 hours after exercise (Caruso et al., 2015; Cornelissen et al., 

2010; Bentley et al., 2020; De Oliveira et al., 2019). Furthermore, previous research studied how 

blood flow restriction (BFR) can improve HRV during a long-term training program, however, 

an acute session of BFR training has not been well-established (Santos et al., 2022; Tai et al., 

2019; Rossow et al., 2011; Okuno et al., 2014). BFR is the partial occlusion of a limb artery 

either using a pneumatic cuff or tourniquet (Neal et al., 2023). The cuff is placed at the most 
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proximal part of the limb that is being trained. BFR is used to promote homeostatic disturbances 

used to increase signaling to enhance muscle adaptations (Santos et al., 2022). An increase in 

stimulus increases blood capillary supply and mitochondrial function which can improve 

exercise performance (Santos et al., 2022). 

 The purpose of this study was to determine how an acute bout of BFR exercise affects 

autonomic modulation during a unilateral knee extension exercise. This experimental study 

examined heart rate variability (HRV) and muscle oxygen uptake while performing a unilateral 

knee extension exercise at 20% of one-repetition max (1RM) during a control session without 

BFR and an intervention session containing BFR. Before testing the control and intervention, an 

exercise session was held to determine each participant’s 1RM on the knee extension exercise. 

Methods 

Participants 

Participants underwent both intervention and control sessions in a within subjects, cross-

over design. The participants included were 14 physically active healthy males, who were 

regularly active (≥ 150 minutes of moderate activity per week) with at least 6 months of strength 

training experience, between 18-35 years of age (Bull et al., 2020; Okuno et al., 2014). The 

sample size is based on previous studies conducted (Santos et al., 2022; Tai et al., 2019; Rossow 

et al., 2011; Okuno et al., 2014). Inclusion criteria consisted of participants completing a 

Physical Activity Readiness Questionnaire (PARQ +) to ensure they have no underlying health 

conditions that prohibit them from performing the exercise (Warburton et al., 2011). 

Additionally, participants filled out a Qualtrics survey containing pre-exercising health questions 

about deep venous thrombosis (DVT) (Patients, 2002). Participants were included if their DVT 

risk score of ≤ 2 (Patients, 2002). After acceptance into the study, participants were informed 
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(verbally and visually) about the study’s exercise protocol and what responsibilities they had 

during exercise testing. Participants had the opportunity to ask questions or address any concerns 

throughout the research study. Participants who agreed to participate in the study voluntarily 

signed the informed consent and proceeded with the research study. Exclusion Criteria consisted 

of participants who answered ‘yes’ to any of the questions on the PARQ + were excluded from 

the study (Warburton et al., 2011). Any participants who were at risk, for cardiovascular (e.g., 

hyper/hypotension, coronary artery disease, peripheral artery disease, and cardiac arrhythmias), 

pulmonary (e.g., COPD and asthma), and metabolic (e.g., diabetes, metabolic syndrome, and 

hyperlipidemia) disease were excluded. Additionally, participants who currently have or had a 

family history of cardiovascular disease, exertional rhabdomyolysis, sickle cell anemia, deep 

venous thrombosis (DVT), recent surgeries, BMI > 35, and orthopedic pain were excluded. 

Furthermore, participants who self-report as active smokers, take heart medications (e.g., beta-

blockers, hypertensives, and anticoagulants), have implanted medical devices, or inability to 

consent were excluded. Participants completed a survey before testing to screen for DVT, 

physical activity readiness, strength training experience, physical activity minutes per week, or 

present injuries that would not enable them to perform a knee extension exercise. Participants 

were also excluded if they had a DVT risk score of ≥ 3 (Patients, 2002). In addition, participants 

were excluded if they did not have at least 6 months of strength training experience or obtained < 

150 minutes of moderate-intensity of activity per week (Okuno et al., 2014; Bull et al., 2020). 

Participants who were accepted in the study were scheduled for three separate exercise sessions: 

1RM testing, control (without BFR), and intervention (with BFR). 
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Instrumentation  

A stadiometer (Seca 213, Chino, CA) and floor-level scale (Detecto, Webb City, MO) 

were used to measure participant height (cm) and weight (kg). A knee extension exercise 

machine (Cybex International, Owatonna, MN) was used during all sessions to assess 1RM and 

20% of 1RM was calculated for the control and intervention sessions. A polar heart rate (Polar 

Electro H10, Kempele, FIN) chest monitor was used to measure HRV indices at rest and post-

exercise. HRV indices are measured in 5-minute increments during pre-and post-test procedures. 

The Elite HRV app (via Bluetooth) was used to collect HR data. Kubios HRV software (Kubios 

HRV Standard version 3.5.0, Kuopio, FIN) was used to display HRV indices data (via frequency 

and time domains). BFR (Delfi Medical Innovations Inc., Vancouver BC, CA) was used on each 

leg to restrict femoral venous blood flow to the quadriceps muscle group and lower leg during 

the knee extension exercise. During the control and intervention sessions, muscle oxygen 

saturation was assessed using a near-infrared spectroscopy sensor (Moxy Monitor, Fortiori 

Design LLC, Hutchinson, MN) placed on the vastus lateralis (VL) muscle.  

Procedures 

All participants completed three exercise sessions in the following order: 1RM testing, 

intervention, and control. Each session was separated by at least 72 hours. The sessions took 

place Monday through Friday at the Benston Bunker Field House in the Human Performance 

Lab. Attempts were made to try and schedule each participant’s completed exercise at the same 

time for each session. Before each session, participants were told to keep the same diet pattern 

and avoid caffeine and alcohol for up to 12 hours before exercise testing. Additionally, 

participants were also told to avoid high-intensity exercise 48 hours before each session. The 

Physical Activity Readiness Questionnaire for Everyone (PAR-Q+) and deep venous thrombosis 
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(DVT) forms were presented to each participant via Qualtrics survey before attending any 

session. If the participant was eligible to participate, informed consent was signed at their first 

scheduled session (Appendix B). 

Determining 1RM  

 After each informed consent was signed, height (cm), weight (kg), and right thigh limb 

circumference (cm) were taken. Participants completed a 5-minute warmup on a cycle ergometer 

before 1RM testing. A modified version of Okuno et al., (2014) was used to determine 1RM on 

the knee extension exercise (Okuno et al., 2014). Before testing, participants were asked for their 

bilateral predicted 5RM knee extension via Qualtrics survey. The equation [1RM = -0.46 + (0.79 

X 5 reps) + (1.08 X load kg)] was used to predict each participant’s bilateral 1RM (Julio et al., 

2012). Each participant’s bilateral 1RM was then divided in two, to estimate a unilateral 1RM for 

each leg. This protocol consisted of 5 sets with 3-minute rest intervals between each set. Before 

testing, knee extension machine adjustments were made for each participant based on limb 

anatomy and were recorded to ensure consistency for each session. Each participant underwent 

1RM testing on each of their lower limbs separately. The right leg was performed first then the 

left. The protocol to determine unilateral 1RM is in order as follows: 50% 1RM for 5 repetitions, 

70% 1RM for 3 repetitions, 90% 1RM for 1 repetition, 100% of participants predicted 1RM for 1 

repetition, chance at another repetition if 100% of participants predicted 1RM was completed. 

Testing was exclusively done without a BFR cuff applied and a full range of motion must have 

been met with each repetition for that set to be completed. If participants developed any 

orthopedic pain during testing, the test was immediately terminated. Furthermore, if the 

participant reached their maximum HR (220 – age) during any point of the test, the test was 

terminated.  
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Intervention Session 

 Before BFR testing, 20% of each participant’s 1RM was calculated (.20 X 1RM). After 

an HRV recording was taken, a BFR cuff was inflated on both limbs to measure 80% of limb 

occlusion pressure (LOP) to identify the participant's personalized tourniquet pressure (PTP). 

The lowest LOP between each leg was used to identify PTP for each participant. Once PTP had 

been identified, participants began with a 5-minute warm-up on the cycle ergometer without the 

BFR cuff before testing. After the warmup, participants were fitted with a BFR cuff at their own 

PTP. A total of 75 repetitions over 5 sets has been shown to increase muscle adaptation 

significantly in previous studies when BFR is applied (Patterson et al., 2019). A modified version 

of Patterson et al., (2019) and Okuno et al., (2014) was used to obtain a goal of 75 repetitions on 

the knee extension exercise for each participant (Patterson et al., 2019; Okuno et al., 2014). The 

protocol consisted of 5 sets of 15 repetitions on each leg with a 1-minute rest interval between 

each set. Participants completed all five sets on the right leg before switching to the left. The 

BFR cuff was deflated during the rest interval to ensure blood flow to the affected muscles. If a 

participant could not complete all sets or repetitions due to fatigue or not obtaining FOM, the last 

set or repetitions completed were documented to ensure consistency during the control session. If 

participants developed any orthopedic pain during testing, the test was immediately terminated. 

Furthermore, if the participant reached their maximum HR (220 – age) during any point of the 

test, the test was terminated.     

Control Session 

 After the intervention session was completed, the control session consisted of the 

identical knee extension exercise protocol as used in the intervention session. Participants began 

with a 5-minute warm-up on the cycle ergometer and then began the exercise protocol without 
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BFR. The intervention session was done before the control portion for the reason that if a 

participant could not complete all the sets or repetitions when BFR was applied. This will allow 

researchers to control consistency for the participant's set and repetitions for each session. All 

data was recorded on an Excel spreadsheet. If participants developed any orthopedic pain during 

testing, the test was immediately terminated. Furthermore, if the participant reached their 

maximum HR (220 – age) during any point of the test, the test was terminated.    

Data Analysis  

 This study used a within-subject, cross-over, experimental design. All participants 

completed the intervention and control session, with each participant acting as their own control. 

Anthropometric data are presented using descriptive statistics (Table 4). A 2 X 3 ANOVA with 

repeated measures was used to analyze HRV pre and post-test recording times between the 

intervention and control. Additionally, a 2 X 2 ANOVA with repeated measures was used to 

analyze SmO2 exercise and rest intervals between the intervention and control sessions. When 

significance was detected (time effect, group effect, or group x time interaction), additional post-

hoc analysis was completed using Sidak to control for multiple comparisons. Partial eta squared 

(pη2) effect size estimations are also included for interpretation as pη2 0.2 to 0.12 is considered a 

small effect, 0.13 to 0.25 is a medium effect, and >0.26 is a large effect (Bakeman et al., 2005). 

RPE data was analyzed using a paired t-test between the intervention and control sessions. All 

analyses were performed using SPSS statistical software and an alpha level of less than 0.05 was 

used to determine statistical significance 
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Table 4.  

Anthropometric Data  

Variable Mean ± SD 

Age (yr) 21.50 ± 2.69 

Height (cm) 177.81 ± 9.08 

Body mass (kg) 81.98 ± 11.30 

BMI (kg/m2) 25.85 ± 2.69 

Thigh Circumference (right) (cm) 59.71 ± 5.88 

KE 1RM left leg (kg) 46.22 ± 14.02 

KE 1RM right leg (kg) 46.22 ± 14.02 

KE exercise weight left leg (kg) 9.70 ± 3.13   

KE exercise weight right leg (kg) 9.70 ± 3.13   

Total limb occlusion (mmHg) 179.11± 16.65 

80% limb occlusion (mmHg) 143.29 ± 13.32 

BMI: Body Mass Index, KE: Knee Extension 

 

Results 

HRV using lnRMSSD was the only time-domain variable measured during the study. 

There was a significant time effect for lnRMSSD (F (1.315, 17.095) = 7.215, P = 0.011, pη2 

=0.357). Post-hoc analyses determined there was a significant decline in lnRMSSD from 

baseline to 15 minutes post-exercise (P=0.027) and a significant increase from 15 minutes post-

exercise to 30 minutes post-exercise with both BFR and control (P=0.005) (Table 5).   

The frequency-domain HRV variables analyzed in the study were lnHF, lnLF, HFnu, 

LFnu, and LF/HF ratio. There was a significant time effect for lnHF (F (2, 26) = 4.165, P = 

0.027, pη2 =0.243). Post-hoc analysis determined a significant increase from 15 minutes post-

exercise to 30 minutes post-exercise with both BFR and control (P=0.016). There was also a 

significant time effect for lnLF (F (2, 24) = 4.157, P = 0.028, pη2 =0.243). Post-hoc analysis 

determined a significant increase from 15 minutes post-exercise to 30 minutes post-exercise with 

both BFR and control (P=0.028). No significant time effects were found for HFnu (F (2, 26) = 
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0.254, P = 0.777, pη2 =0.019), LFnu (F (2, 26) = 0.243, P = 0.786, pη2 =0.018), and LF/HF ratio 

(F (2, 26) = 0.137, P = 0.873, pη2 =0.069) (Table 5).   
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Table 5. 

Means and standard deviations of frequency and time domains of HRV at baseline, 15 minutes post-exercise, and 30 minutes post-

exercise. 

 
Variable Baseline 15 min post-exercise 30 min post-exercise 

 BFR 

Exercise 

Control 

Exercise 

Average 

 

BFR 

Exercise 

Control 

Exercise 

Average 

 

BFR 

Exercise 

Control 

Exercise 

Average 

lnRMSSD 4.31 ± 0.39 4.16 ± 0.46 4.34 ± 0.43 3.72 ± 0.87 3.78 ± 0.76 3.75 ± 0.82* 4.00 ± 0.86 4.05 ± 0.60 4.03 ± 0.73# 

lnHF 7.43 ± 0.80 6.95 ± 1.34 7.19 ± 1.07 6.65 ± 0.95 6.59 ± 1.35 6.62 ± 1.15 7.23 ± 0.92 7.07 ± 1.01 7.15 ± 0.97# 

lnLF 7.42 ± 0.81 7.08 ± 1.05 7.25 ± 0.93 6.80 ± 0.92 6.82 ± 0.81 6.81 ± 0.87 7.41 ± 0.77 7.15 ± 0.91 7.28 ± 0.84# 

HF nu. 49.12 ± 17.91 46.32 ± 13.99 47.72 ± 15.95 45.31 ± 17.39 45.66 ± 17.04 45.49 ± 17.22 47.19 ± 17.19 48.22 ± 22.13 47.71 ± 19.66 

LF nu. 50.83 ± 17.93 53.65 ± 13.39 52.24 ± 15.66 54.58 ± 17.40 54.27 ± 16.99 54.53 ± 17.20 52.76 ± 17.21 51.72 ± 22.14 52.26 ± 19.68 

LF/HF 1.33 ± 0.96 1.43 ± 1.15 1.38 ± 1.06 1.49 ± 0.84 1.48 ± 0.95 1.49 ± 0.90 1.43 ± 0.93 1.59 ± 1.18 1.51 ± 1.06 

N=14. *Significant time effect (average of BFR and control) vs. baseline, P<0.05. #Significant time effect (average of BFR and control) vs. 15 min-post, P<0.05. 
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There was a significant time effect for VL SmO2% (F (1, 13) = 17.109, P = 0.001, pη2 

=0.568). Post-hoc analysis determined that SmO2% was significantly lower with exercise during 

both BFR and control compared to the rest intervals (P=0.001, Figure 1).   

Figure 1.  

Average of VL SmO2% between exercise and the rest interval in both groups (P<0.05*). 

 

Additionally, there was a significant group effect for VL muscle oxygen saturation SmO2% (F (1, 

13) = 45.537, P < 0.001, pη2 =0.770). Post-hoc analysis determined VL SmO2% was significantly 

lower during BFR exercise with the associated rest intervals compared to control exercise with 

the associated rest intervals (P<0.001, Figure 2).  
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Figure 2.  

Average of VL SmO2% between both groups when exercise and rest intervals are averaged 

together (P<0.05*). 

 

There was a significant time effect for oxygenated hemoglobin (F (1, 13) = 35.83, P < 0.001, pη2 

=0.734). Post-hoc analysis determined oxygenated hemoglobin was significantly lower in the VL 

in both groups with exercise compared to the rest intervals (P<0.001, Figure 3). There was also a 

significant group effect of oxygenated hemoglobin (F (1, 13) = 16.131, P = 0.001, pη2  

Figure 3.  

Average of VL oxygenated hemoglobin (Hb) between exercise and rest interval in both groups 

(P<0.05*). 
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=0.554). Post hoc analysis determined oxygenated hemoglobin was significantly lower in the VL 

muscle during BFR exercise with the rest interval compared to the control exercise with the rest 

interval (P < 0.001, Figure 4).  

Figure 4.  

Average of VL oxygenated hemoglobin (Hb) between both groups when exercise and rest 

intervals are averaged together (P<0.05*). 

 

There was a significant time effect for VL deoxygenated hemoglobin (F (1, 13) = 84.683, P < 

0.001, pη2 =0.867). Post-hoc analysis determines VL deoxygenate hemoglobin was significantly 

higher with exercise compared to the rest intervals in both groups (P<0.001, Figure 5). 
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Figure 5.  

Average of VL deoxygenated hemoglobin (Hb) between exercise and rest interval in both groups 

(P<0.05*). 

 

There was also a significant group effect for VL deoxygenated hemoglobin (F (1, 13) = 13.817, 

P = 0.003). Post-hoc analysis determined VL deoxygenated hemoglobin was significantly higher 

in the VL during BFR exercise combined with the rest interval compared to the control exercise 

combined with the rest interval P = 0.003, Figure 6). 

Figure 6.  

Average of VL deoxygenated hemoglobin (Hb) between both groups when exercise and rest 

intervals are averaged together (P<0.05*). 
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There was no significant time (F (1, 13) =0.609, P = 0.449, pη2 =0.045), group (F (1, 13) 

=0.058, P = 0.814, pη2 =0.004), or group by time (F (1, 13) =1.192, P =0.295, pη2 =0.84) effects   

for total hemoglobin. 

The RPE for the right and left leg were averaged together for both the BFR and control 

sessions. The paired t-test revealed that RPE was significantly higher when BFR was applied 

compared to the control session (t (13) = 5.885, P < 0.001, Figure 7). 

Figure 7.  

Average RPE between both groups (P<0.05*).  

 

Discussion 

 This is the first study to evaluate the effects of an acute session of BFR exercise on the 

autonomic nervous system (ANS) and SmO2 in the VL muscle during a unilateral knee extension 

exercise. The goal of the study was to establish acute physiological responses in HRV and SmO2 

in the VL muscle in a single session of BFR training. The major findings of the study were that  

SNS and PNS activity decreased from baseline to 15 minutes post-exercise and increased from 

15 to 30 minutes post-exercise in both groups. However, this exercise protocol did not elicit any 
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HRV differences between groups. Furthermore, major findings were observed in SmO2%, 

oxygenated and deoxygenated hemoglobin and RPE.  

BFR and HRV 

 lnRMSSD significantly declined from baseline to 15 minutes post-exercise. This would 

suggest a disturbance in sympathovagal balance. However, during our study significant increases 

in lnRMSSD, lnHF, and lnLF were observed in both groups (BFR & Control) 15 to 30 minutes 

post-exercise. Although, both PNS and SNS activity significantly increased 15-30 minutes post-

exercise, this suggests co-activation in both SNS and PNS. Co-activation can occur when the 

SNS is slow to return to baseline following a stressor, while PNS activity is increased to promote 

recovery. This event is observed in other studies regarding “vagal rebound” in different stressful 

situations (Mezzacappa et al., 2001 Page-Gould et al., 2010). These findings suggest that 

different environmental stressors can elicit a nonreciprocal ANS response from the SNS and PNS 

(Weissman & Mendes, 2022). Although, during our study subjects were asked to breathe 

normally while lying in a supine position. Controlled breathing techniques can help elicit 

respiratory sinus arrhythmia (RSA) which activates the PNS to help facilitate recovery faster 

(Weissman & Mendes, 2022). By participants breathing not being controlled and a recovery 

period not long enough for sympathovagal balance to take place, which could have possibly 

caused the co-activation between the SNS and PNS. Additionally, controlled breathing has been 

shown to affect thoracic stretch receptor afferents, which can cause a reflex inhibition of the 

ANS and influence HRV spectral components (e.g. lnHF & lnLF activity). 

Our data suggests an increase in lnRMSSD, lnHF, and lnLF 15-30 minutes post-exercise. 

Tai et al., (2019) investigated how lnRMSSD, lnHF, and lnLF were affected during a bilateral 

bench press using two 70 mm-wide knee wraps that were wrapped around both upper arms while 



 

78 

using a rating scale of 7 out of 10 occlusion pressure (Tai et al., 2019). However, Tai et al., 

(2019) found significant increases in lnRMSSD during both the low-load BFR (25-30 minutes 

post-exercise) and high-load (15-20 min & 25-30 min post-exercise) exercise sessions. 

Furthermore, Tai et al., (2019) found a greater increase in lnRMSSD and lnHF during the high-

load session compared to the low-load BFR session (Tai et al., 2019). These findings indicate 

that a greater exercise intensity without BFR could have a greater effect on autonomic 

modulation than a low-load BFR session to increase lnRMSSD and lnHF activity. 

Okuno et al., (2014) investigated autonomic modulation during an acute high and low-

intensity session, along with a single session of low-intensity with 40% LOP during a unilateral 

leg press exercise. RMSSD decreased below resting levels for low-intensity BFR 10 minutes 

post-exercise and 30 minutes post-exercise for high-intensity before returning to baseline 

measures (Okuno et al., 2014). However, post-exercise RMSSD during low-intensity exercise 

remained the same compared to baseline, until 24 hours post-exercise it significantly increased. 

A decrease in RMSSD measures was observed during the high-intensity exercise compared to 

the low-intensity exercise session up to 1 hour post-exercise, while the low-intensity BFR 

exercise session was significantly higher compared to the high-intensity at 10 and 30-minutes 

post-exercise (Okuno et al., 2014). lnLF decreased from baseline measures to 10 minutes post-

exercise in the high-intensity session and during the 1 and 5-hour time period after low-intensity 

BFR only (Okuno et al., 2014). lnLF significantly increased for low-intensity and low-intensity 

BFR compared to the high-intensity session at 10 minutes post-exercise. This was different for 

the low-intensity BFR session where it was significantly lower compared to the low-intensity at 

1 and 5 hours post-exercise. High-intensity and low-intensity BFR lnHF significantly decreased 

up to the 1-hour post-exercise period. High-intensity measures were significantly lower than 
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low-intensity BFR and low-intensity sessions for up to 30 minutes post-exercise (Okuno et al., 

2014).  

Our study only utilized 15 and 30-minute HRV recording times compared to Okuno et al., 

(2014) who used multiple recording times up to 24 hours. Given our study protocol, our study 

indicated that vagal balance between the SNS and PNS could take longer than 30 minutes to 

return to baseline measures, unlike compared to Okuno et al., (2014) and Tai et al., (2019). 

Although lnRMSSD, lnHF, and lnLF did increase from 10 to 30 minutes post-exercise and this 

was similar to Okuno et al., (2014) and Tai et al., (2019). These differences in exercise 

protocol/intensity such as repetitions, sets, rest periods, amount of weight, and LOP being used 

across different studies could affect autonomic modulation differently (Patterson et al., 2019). 

Differences in total exercise volume and BFR technique used could have played a role in the 

differences in autonomic modulation between studies.  

SmO2 

Findings from our study found that SmO2% was significantly lower with exercise 

compared to rest in both groups. However, when BFR was applied SmO2%  significantly 

decreased compared to the control session. Oxygenated hemoglobin was significantly lower 

when BFR was applied compared to the control session, and inversely deoxygenated hemoglobin 

was significantly higher during BFR compared to the control session.  

Previous studies have reported similar results in SmO2%, oxygenated hemoglobin, and 

deoxygenated hemoglobin. Shriver et al., (2023) reported similar findings during a walking 

treadmill protocol in SmO2% where LOP (0%, 40%, 80%, & 100%) were randomized during 

seven stages of the protocol (Shriver et al., 2023). BFR was used on both legs at the most 

proximal location of the leg. The VL muscle being monitored during the walking treadmill 
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protocol showed a significant decrease in SmO2% at all levels of LOP’s. The VL muscle 

compared to the gastrocnemius muscle showed a significant decrease in SmO2% at all levels of 

LOPs while walking (Shriver et al., (2023). These findings suggest a greater LOP indicates an 

increase in deoxygenated hemoglobin, thus decreasing SmO2% in the VL. 

Reis et al., (2019) investigated how VL tissue SmO2 and deoxygenated were all affected 

during a unilateral knee extension exercise (Reis et al., 2019). Investigators used multiple 

different LOPs (non-BFR, 40%, 60%, and 80%) while occluding the femoral artery blood flow. 

The change in deoxygenated hemoglobin remained similar between 60 and 80% LOP. However, 

compared to 60 and 80% LOP, non-BFR and 40% LOP resulted in significantly lower 

deoxygenated hemoglobin during exercise (Reis et al., 2019). Oxygenated hemoglobin 

significantly increased during each rest interval in the non-BFR and 40% LOP groups, unlike 

compared to the 60 and 80% LOP. This data suggests when a higher LOP is used (60 and 80%), 

deoxygenated hemoglobin increases (Reis et al., 2019).  

Our study findings are in agreement with the previous studies that were investigated. 

Regardless of the study protocol, SmO2% decreased during exercise. There is enough evidence 

that BFR is an effective exercise method to increase deoxygenated hemoglobin and reduce 

muscle tissue oxygenated hemoglobin during low-intensity exercise.  

RPE 

 RPE was recorded during the last rep of each set on both legs. RPE from each leg was 

averaged together in both groups and the means from both groups were compared. Our study 

found there to be a significant difference in RPE between the BFR session compared to the 

control session. RPE was significantly higher following BFR than compared to the control. 

These results can be replicated in previous studies that were conducted. Shriver et al., (2023) 
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found when occlusion pressure was higher it resulted in an increase in RPE with no increase in 

intensity (Shriver et al., 2023). Bartolomei et al., (2022) also investigated the difference in RPE 

when comparing high and low LOPs. Bartolomei et al., (2022) found that an LOP of 80% had a 

significantly greater increase in RPE compared to a LOP of 40% during a barbell preacher curl 

(Bartolomei et al., 2022). Given the differences in exercise protocols and intensities between 

previous studies, it can be said that a greater LOP will increase RPE due to the muscle being in 

more of a hypoxic state. 

Conclusion 

 An acute BFR exercise session has been previously shown to promote SNS and PNS 

deactivation and activation, along with an increase in HRV (Okuno et al., 2014 & Tai et al., 

2019). The findings of this study were that lnRMSSD, lnHF, and lnLF significantly increased 

from 15-30 minutes post-exercise. Although lnLF and lnHF both significantly increased 15-30 

minutes post-exercise, this result is different from previous studies conducted (Okuno et al., 2014 

& Tai et al., 2019). Despite differences among previous studies' exercise protocols, controlled 

breathing could be implemented to help avoid inhibiting the ANS and HRV spectral components 

(Mezzacappa et al., 2001 Page-Gould et al., 2010, Weissman & Mendes., 2022).  

 Additionally, BFR exercise has also been shown to increase deoxygenated hemoglobin 

during exercise and at different LOP’s (Shriver et al., 2023 & Reis et al., 2019). The findings of 

this study were similar to previous studies in such that when BFR is applied during exercise it 

significantly increases deoxygenated and decreases oxygenated hemoglobin in the VL muscle.  

 Previous studies have shown RPE to increase when BFR has been applied during 

exercise (Shriver et al., 2023 & Bartolomei et al., 2022). The findings of this study suggest when 
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BFR is applied it significantly increases RPE compared to a session without BFR. A greater 

increase in LOP makes the muscle more hypoxic in result producing an increase in RPE.  

 Performing a unilateral knee extension when BFR is applied could prove to be a useful 

training method to increase HRV along with musculoskeletal adaptations. Lower-intensity BFR 

training could potentially lower the risk of developing complicated cardiac diseases or be 

beneficial for individuals who are advised not to perform high-intensity exercise due to 

impinging injuries or musculoskeletal diseases.  
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