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ABSTRACT 
 

Cardiovascular disease is the leading cause of death in the United States.  Flow-mediated 

dilation (FMD) has been used as a non-invasive method of evaluating endothelial function and 

FMD is used as a marker for cardiovascular disease.  It has been shown that the blood flow 

response during exercise is what improves FMD.  Compression therapy has been hypothesized to 

have a blood flow response similar to that of exercise.  Exercise has been shown to improve 

FMD and it is hypothesized that compression therapy will improve FMD. 

The purpose of this study is to measure blood flow velocity during exercise and 

compression therapy and flow-mediated dilation (FMD) before and after a single bout of 

exercise and compression therapy in people who smoke. 

Methods:  Subjects were smokers age 22.5 +/- 2.56 years, smoked a pack of cigarettes or 

more a week, were relatively healthy, and not involved in any form of lower body training. There 

were 3 sessions where FMD was measured pre and post treatment (exercise, compression 

therapy, and time control) using a high-resolution ultrasound.  Blood flow velocity was measured 

during treatment of exercise and compression therapy also using a high-resolution ultrasound.  



Blood flow velocities and arterial diameters for FMD were collected and analyzed using 

advanced computer software. 

Results:  Exercise showed a higher total blood flow over time compared to baseline while 

compression therapy showed no difference in total blood flow when compared to baseline.  Peak 

velocity averages were higher in exercise (~9 fold) and compression therapy (~3 fold) than 

baseline.  There were no significant differences in FMD within or between treatments in this 

study. 

Conclusion:  Further research with different exercise method and higher pressures from 

compression device is needed to compare blood flow response and FMD changes with exercise 

and compression therapy. 
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CHAPTER 1 

Introduction 

 Cardiovascular disease (CVD) is the leading cause of death in the United States and the 

world (13).  Directly and indirectly, cardiovascular disease cost the United States billions of 

dollars yearly.  Endothelial dysfunction may accelerate the arthrogenic process and serves as a 

marker of vascular health (59).  Flow-mediated dilation (FMD) has been used as a non-invasive 

method of evaluating endothelial function (6), and FMD is an indicator for cardiovascular risk 

(3, 9, 47).  Treatment of CVD risk factors has been shown to improve FMD (14), which include 

changing diet, refraining from smoking, and physical activity.  Exercise has been shown to 

improve FMD (4, 17, 31, 38, 39, 43).  The time frame in which FMD improves with exercise is 

not yet certain.  It has been shown to improve after one week (1), but it is not clear if less than 

one week is sufficient to improve FMD.  

Certain special populations such as people with spinal cord injury (SCI) have impaired 

FMD (50, 53).  Spinal cord injuries result in inactivity of affected region of the body.  Lower 

extremities tend to be most often affected because of anatomical locations of nuclei of the spinal 

cord.  A decrease in blood flow and decreased flow-mediated dilation is observed in SCI patients 

(50, 53).  Because of inability to exercise train in the traditional methods, novel methods have to 

be used by SCI patients such as electrical stimulation (20, 50, 53, 54).  Electrical stimulation can 

be difficult for SCI patients due to the fact that they can have little to no use of their arms, 

mobility issues, and balance and coordination difficulties. 
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 Exercise improves FMD and therefore endothelial function, but it has been suggested that 

improvements are related to blood flow response due to exercise (27).  The rationale behind this 

is that exercise exerts repetitive increases in shear stress on the endothelium.  Through these 

increases in shear stress the endothelium’s function and structure is improved and therefore 

lowering atherosclerotic risk.   

With the rationale of some populations not being able to traditionally exercise and 

exercise improves cardiovascular health through blood flow increases, non-traditional forms of 

exercise that increases blood flow need to be considered.  Electrical stimulation has been studied 

(20, 50, 53, 54).   Other unique treatments have also been studied.  External counter-pulsation 

(ECP) therapy has been shown to improve FMD (48), but SCI patients would find ECP therapy 

difficult because of the high pressures used (300 mmHg) and rapid inflation times (~1/3s) of the 

garments are too dangerous for someone who does not have sensory feedback from their lower 

extremities and this could lead to skin lesions.  The use of intermittent pneumatic foot 

compression has been used and hemodynamic characteristics in the lower limb post treatment of 

compression has been measured (7, 12).  Positive repeatability and increases in flow were 

measured in these studies as well using lower limb compression.  The use of venous compression 

therapy is similar to that of ECP, except the therapy uses lower pressures and slower inflation 

time which eliminates the risks seen with ECP to the lower extremities.  Little is known about 

compression therapy and its use outside of the clinical use to treat deep vein thrombosis, varicose 

veins, edema, leg ulcers, and chronic venous insufficiency (33, 44).  Since there are many 

similarities in the compression therapy and that of external counter-pulsation therapy, it is 

hypothesized that FMD will improve with compression therapy. 
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Smokers have been shown to have impaired FMD (11, 19, 21, 24, 32, 42, 45, 49, 55, 58).  

Knowing this, smokers are an at-risk population with the possibility of improving FMD with 

exercise or the use of a non-traditional method like that of compression therapy.   

  

Statement of the Problem 

 Venous compression therapy has been marketed as a method to improve arterial health, 

but is not clear what the magnitude of flow increase is with this treatment.  In addition, it is not 

clear how many bouts of increased blood flow are needed to enhance arterial health.  The 

problems of the study are to determine a single bout of moderate exercise will affect flow-

mediated dilation and determine if compression therapy will cause a blood flow response similar 

to that of moderate exercise in smokers.  Finally, the study will determine if a single bout of 

compression therapy will affect FMD. 

 

Specific Aims 

 1) To measure and compare the blood flow response in smokers during exercise and 

compression therapy. 

 2) To measure flow-mediated dilation before and after a single bout of exercise and a 

single bout of compression therapy to see if FMD improves. 

 

Hypotheses 

 It is hypothesized that: 

1) Compression therapy will increase blood flow similar to that of moderate exercise 

2) A single bout of exercise/compression therapy will improve FMD in smokers 
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Significance of the Study  

Exercise has numerous health benefits.  There have been suggestions that one of the 

benefits of exercise is related to the increase shear stress produced by exercise (27).  Because 

some people are either unable to exercise or have difficulty in exercising, the use of alternatives 

to exercise that produce the same increases in blood flow might be of value.  There is an ongoing 

interest in SCI patients and the possibility of improving the daily life and health of that 

population with methods other than traditional exercise.  This is particularly true with the 

prevention of cardiovascular disease through improvements in endothelial function.  So while it 

is known that non-traditional exercise training, like electrical stimulation, improves FMD in SCI 

populations (50), there is little known about if the blood flow response in exercise is responsible 

for the improvements in endothelial function.  If that blood flow response is enough to improve 

endothelial function then a non-traditional method that increases blood flow for an extended time 

could improve FMD and therefore improve endothelial function.    
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CHAPTER 2 

Review of Related Literature 

 

Cardiovascular Disease and Flow-Mediated Dilation 

 Flow-mediated dilation has been reported as an independent predictor of cardiovascular 

risk.  A study aimed at assessing whether brachial artery FMD along with ankle-brachial 

pressure index was an indicator of cardiovascular risk.  One hundred thirty-one peripheral 

arterial disease patients were monitored for a mean of 23+/-10 months.  Median FMD was lower 

in patients that had a cardiovascular event than those without events (5.8% versus 7.6%, p<0.05).  

When grouped by FMD, above or below median FMD (6.7%), there was a higher number of 

cardiovascular events in the below median FMD than in the above median FMD (3).  Similarly, 

Shechter et al. (47) monitored 435 middle-aged (54+/-12 years) healthy subjects for 32+/-2 

months.  Subjects were divided into an above and below median FMD (10.7%).  Coronary artery 

disease risk factors were comparable in both groups.  After 32+/-2 months there were 

significantly more cardiovascular events in subjects with below median FMD than in subjects 

with above median FMD (11.8% versus 4.7%, p=0.007). 

 

Measuring Flow-Mediated Dilation 

Traditionally FMD is measured in the brachial artery (5).  Baseline diameters are acquired then 

an occlusion cuff is placed and inflated distally to where the ultrasound probe is placed and 

readings are acquired.  The cuff stays inflated at a pressure of 100mmHg over systolic blood 



 

 6 

pressure for a duration of 5 minutes.  Diameters are recorded after the release of the cuff to 

acquire a peak diameter of the vessel due to the reactive hyperemic response from the release of 

the cuff.  Flow-mediated dilation is calculated as a percentage of the difference between peak 

diameter and resting diameter divided by resting diameter (50).    Recent studies have extended 

this research to other arteries, including the legs (29).  Recent studies have also shown the 

importance of controlling for initial diameter and the magnitude of the shear stress stimulus (49).   

 

Impaired Flow-Mediated Dilation in Smokers 

 Flow-mediated dilation has been reported to be reduced in smokers (11, 19, 21, 24, 32, 

42, 45, 49, 55, 58).  Most studies report a decrease in FMD of approximately 50% in people who 

smoke or use tobacco.  For example, in one study (55), 616 healthy Chinese (23% were smokers) 

had FMD measured and the Chinese smokers had significantly lower FMD when compared to 

nonsmokers (7.0+/-2.3 versus 8.2+/-2.5%, p<0.001).   

  In a second study (11) where 20 healthy long-term smokers (15 males, 5 females, mean 

age 27+/-9 years, smoking average of 25 cigarettes/day, and smoking average of 10+/-2 years) 

and 20 healthy nonsmoking hospital staff (14 males, 6 females, mean age 25+/-7 years) had their 

FMD measured and compared.  FMD was significantly lower in smokers when compared to non-

smokers (4.7+/-1.6% versus 9.2+/-4.6%, p=0.0001). 

 Stoner et al. performed two studies on occasional smokers.  In the first study (49) they 

reported that occasional smoking is associated with a general vasoconstriction, which can 

interfere with the interpretation of the FMD results.  In the second study (49), Stoner et al 

occasional smokers have evidence of impaired function two days after they had stopped 

smoking, and that smoking two cigarettes resulted in a further decrease in FMD.  Young 
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nonsmokers (age 20-26 years, n=9) and occasional smokers (<1 pack/week, n=9) were measured.  

Occasional smokers showed shear rate-diameter slope was reduced by 35.9% compared with 

nonsmoking controls.  These studies showed that occasional smokers also have impaired arterial 

function (49), and that acute cigarette smoking causes vasoconstriction that needs to be 

accounted for when calculating FMD.   

 

Exercise and Improving Flow-Mediated Dilation 

 A number of studies have shown that impaired FMD can be improved with exercise.  A 

4-month study by Fuchsjager-Mayrl et al. (17) where 26 participants with type 1 diabetes (20+/-

10 years duration) were grouped into bicycle exercise training program (n=18, age 42+/-10 

years) and non-training controls (n=8, age 33+/-11 years).  Training duration was ~ 1 hour 

starting with warm-up and reaching a heart rate of 60-70% of heart rate reserve that lasted over 

40 minutes then a 5 minute cool-down.  Training was 2 times/week for first 2 weeks, then for the 

remainder of the program, training was 3 times/week.  Exercise training lasted a total of 4 

months.  FMD was measured baseline, 2 and 4 months of training, and 8 months after training 

had stopped.  There were significant improvements in FMD after training (from 6.5+/-1.1 to 

9.8+/-1.1%, p=0.04) when compared to the control group where there was no significant 

difference in FMD.   

 Allen et al. (1) also showed that FMD could improve with exercise.  Fourteen healthy 

males (age 26+/-5.7 years) had FMD measured before (V1), during (V2-V7), and at the end of 

training (V8).  Training lasted 4 weeks and consisted of 60% of max voluntary handgrip 

contraction (20 min, 1/day, 5 days/week).  There was an increase in FMD from V1 to V8 of 
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62%.  Also interesting, was that there was significant FMD improvements between V1 and V2, 

where V2 was only after 4 training days.   

 Exercise training can improve FMD in SCI patients as seen in a study by Stoner et al. 

(50).  Five 36+/-5 year-old SCI males had FMD measured before, during, and after training of 

quadriceps femoris muscle group electrical stimulation of both legs.  Training was 18 weeks long 

(4 x 10 repetitions of unilateral, twice/week, dynamic knee extensions).  Flow-mediated dilation 

was measured in the posterior tibial artery.  FMD was improved from 0.08+/-.11mm (2.7%) to 

0.18+/-.15mm (6.6%) (p=0.004) after 18 weeks.   

Oftentimes, when looking at vascular adaptations and assessment, hyperemic response or 

total blood flow is considered.  There have been debates about the stimulus for vascular 

adaptations (26).  It is understood that the stimulus to improve endothelial health is shear stress 

(8), but does that shear stress have to be total blood flow increase related?  Endothelium-

dependent vascular dilatation could be due to increases in local blood flow in the active limbs or 

be a product of increases in accelerated local flow that signals endothelial cells through shear 

stress (46).  Green et al. looked at lower limb exercise, cycling, and observed changes in blood 

flow in the brachial artery (40).  Changes in mean flow in the brachial artery agreed with that of 

the prediction of redistribution of blood flow.  So total flow did not increase but the magnitude of 

anterograde and retrograde did increase, changing the pattern of blood flow.  The oscillations in 

flow, where the blood is dragged during anterograde and retrograde across the endothelial wall, 

is assumed to be a great enough stimulus for endothelial nitric oxide (NO) production and 

bioavailability (26, 27).  Green et al. found that NO blockade during cycling was only slightly 

higher than during handgrip exercise (25).  This shows that with similar total flow, mode and 

intensity of exercise are important to consider for pattern of blood flow. 
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Importance of Blood Flow 

 Exercise is important to health in particular is important to vascular health.  Research has 

shown that exercise improves FMD in humans (1, 17, 50).  Exercise improves FMD, but what 

aspect of exercise specifically improves FMD?  Exercise involves neural responses, metabolic 

exchanges, circulatory responses, and more.  Green et al. (27) suggests that the blood flow 

response seen during exercise is what is important to vascular health.  Exercise can help maintain 

a healthy weight, lower cholesterol, and improve blood pressure in humans.  These are all 

improvements that can decrease cardiovascular risk, but Green et al. (27) reports that shear stress 

on the endothelium seen during exercise could account for the positive effects beyond that of 

traditional risk factor improvements.   

Compression Therapy 

 One of the non-traditional methods that have been considered is arterial compression, 

called external counter-pulsation (ECP) therapy.  ECP therapy has been shown to improve FMD 

(48).  Twenty CAD patients (15 males and 5 females, average age 68+/-11 years) had FMD 

measured before and after ECP treatment.  Shechter et al. compared the ECP treatment group 

with a control group with similar age and same number of males and females.  External counter-

pulsation treatment group received 5 1-hour sessions/week for 7 weeks for a total of 35 hours of 

ECP treatment.  Post-intervention FMD was improved in the ECP treatment group (8.2+/-2.1%, 

p=0.01) compared to that of controls (3.1+/-2.2%, p=0.78).  The limitation to using ECP is that 

very high pressures gradients are used (300 mmHg in less than a second), and the equipment is 

costly (~$80,000).  The potential for skin lesions or autonomic dysregulation is significant, and 

thus ECP may not be appropriate for many exercise intolerant populations, particularly people 

with SCI.   
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The use of venous compression therapy is similar to that of ECP, except the therapy uses 

lower pressures (~100 mmHg) and slower inflation time (30 seconds) which eliminates the risks 

seen with ECP to the lower extremities.  Little is known about compression therapy and its use 

outside of the clinical use to treat deep vein thrombosis, varicose veins, edema, leg ulcers, and 

chronic venous insufficiency (33, 44).  In particular, there are no published data on what kind of 

increases in arterial blood flow can be expected, and whether these increases in flow can 

influence arterial health.  Since there are many similarities in the compression therapy and that of 

external counter-pulsation therapy, it is hypothesized that FMD will improve with compression 

therapy. 

 The aims of the study are to measure and compare the blood flow response in smokers 

during exercise and compression therapy and to measure flow-mediated dilation before and after 

a single bout of exercise and a single bout of compression therapy to see if FMD improves.  It is 

hypothesized that compression therapy will increase blood flow similar to that of moderate 

exercise and a single bout of exercise/compression therapy will improve FMD in smokers. 
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Abstract 

Cardiovascular disease is the leading cause of death in the United States.  Flow-mediated 

dilation (FMD) has been used as a non-invasive method of evaluating endothelial function and 

FMD is used as a marker for cardiovascular disease.  It has been shown that the blood flow 

response during exercise is what improves FMD.  Compression therapy has been hypothesized to 

have a blood flow response similar to that of exercise.  Exercise has been shown to improve 

FMD and it is hypothesized that compression therapy will improve FMD. 

The purpose of this study is to measure blood flow velocity during exercise and 

compression therapy and flow-mediated dilation (FMD) before and after a single bout of 

exercise and compression therapy in people who smoke. 

Methods:  Subjects were smokers age 22.5 +/- 2.56 years, smoked a pack of cigarettes or 

more a week, were relatively healthy, and not involved in any form of lower body training. There 

were 3 sessions where FMD was measured pre and post treatment (exercise, compression 

therapy, and time control) using a high-resolution ultrasound.  Blood flow velocity was measured 

during treatment of exercise and compression therapy also using a high-resolution ultrasound.  

Blood flow velocities and arterial diameters for FMD were collected and analyzed using 

advanced computer software. 

Results:  Exercise showed a higher total blood flow over time compared to baseline while 

compression therapy showed no difference in total blood flow when compared to baseline.  Peak 

velocity averages were higher in exercise (~9 fold) and compression therapy (~3 fold) than 

baseline.  There were no significant differences in FMD within or between treatments in this 

study. 



 

 13 

Conclusion:  Further research with different exercise method and higher pressures from 

compression device is needed to compare blood flow response and FMD changes with exercise 

and compression therapy. 

 

Introduction 

 It is widely accepted that exercise has beneficial effects on health for human subjects(15, 

34, 39, 51, 52, 56, 57).  Benefits range from bone structure improvements to lowering 

impairments seen in multiple sclerosis patients to lowering cardiovascular disease risk factors.  

Cardiovascular disease (CVD) is the leading cause of death in the United States and the world 

(13).  Directly and indirectly, cardiovascular disease cost the US billions of dollars yearly.  

Endothelial dysfunction may accelerate the arthrogenic process and serves as a marker of 

cardiovascular health (59).  Flow-mediated dilation (FMD) has been used as a non-invasive 

method of evaluating endothelial function (6), and FMD is an indicator for cardiovascular risk 

(3, 9, 47).  Treatment of CVD risk factors has been shown to improve FMD (14), which include 

changing diet, refraining from smoking, and physical activity.  Exercise has been shown to 

improve FMD (4, 17, 31, 38, 39, 43).  The time frame in which FMD improves with exercise is 

not yet certain.  It has been shown to improve after one week (1), but it is not clear if less than 

one week is sufficient to improve FMD.  

There have been debates about the stimulus from exercise that leads to vascular 

adaptations (26).  It is understood that the stimulus to improve endothelial health is shear stress 

(8), but does that shear stress have to be total blood flow increase related?  Endothelium-

dependent vascular dilatation could be due to increases in local blood flow in the active limbs 

during exercise or be a product of increases in accelerated local flow that signals endothelial 
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cells through shear stress (46) that could be caused by exercise in a different region of the body 

or a pseudo-exercise treatment.  It has been shown that lower limb exercise, cycling, can show 

changes in blood flow in the brachial artery (40).  In this study, total flow did not increase but the 

magnitude of anterograde and retrograde did increase, changing the pattern of blood flow.  The 

oscillation in flow, where the blood is dragged during anterograde and retrograde across the 

endothelial wall, is assumed to be a great enough stimulus for endothelial nitric oxide production 

and bioavailability (26, 27).  It has also been shown that NO blockade during cycling is only 

slightly higher than during handgrip exercise (25).  This shows that with similar total flow, mode 

and intensity are important to consider for pattern of blood flow when referring to exercise and 

its affect on blood flow pattern. 

Certain special populations such as people with spinal cord injury (SCI) have impaired 

FMD (50, 53).  Spinal cord injuries result in inactivity of affected region of the body.  Lower 

extremities tend to be most often affected because of anatomical locations of nuclei of the spinal 

cord.  Exercise is difficult for this population and other clinical populations.   A decrease in 

blood flow and decreased flow-mediated dilation is observed in SCI patients (50, 53).  Because 

of inability to exercise train in the traditional methods, novel methods have to be used to increase 

shear stimulus in such populations such as electrical stimulation (20, 50, 53, 54).  Electrical 

stimulation can be difficult for SCI patients due to the fact that they can have little to no use of 

their arms, mobility issues, and balance and coordination difficulties.  

With the rationale of some populations not being able to traditionally exercise and 

exercise improves cardiovascular health through blood flow increases, non-traditional forms of 

exercise that increases blood flow, shear stimulus, need to be considered.  There have been non-

traditional methods that have been considered.  External counter-pulsation (ECP) therapy has 
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been shown to improve FMD (48), but SCI patients would find ECP therapy difficult because of 

the high pressures (300mmHG) used and rapid inflation times (~1/3s) of the garments are too 

dangerous for someone who does not have sensory feedback from their lower extremities which 

could lead to skin lesions.  The use of venous compression therapy is similar to that of ECP, 

except the therapy uses lower pressures and slower inflation time which eliminates the risks seen 

with ECP to the lower extremities.  Little is known about compression therapy and its use 

outside of the clinical use to treat deep vein thrombosis, varicose veins, edema, leg ulcers, and 

chronic venous insufficiency (33, 44).  Since there are many similarities in the compression 

therapy and that of external counter-pulsation therapy, it is hypothesized that FMD will improve 

with compression therapy. 

 The purpose of the study was to observe shear stimulus of compression therapy to that of 

exercise and measure FMD before and after a single treatment of compression therapy and 

exercise in an impaired population.  Smokers have been shown to have impaired FMD (11, 19, 

21, 24, 32, 42, 45, 49, 55, 58).  Knowing this, smokers are an at-risk population with the 

possibility of improving FMD with exercise or the use of a non-traditional method like that of 

compression therapy.   

 

Methods 

Experimental Design 

 This study is a pre-post, interventional design study.  There were a total of three 1-hour 

sessions that were either an exercise, compression therapy, or a time control session.  All testing 

and training was conducted in the Vascular Biology lab in the Department of Kinesiology at the 

University of Georgia.   
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Participants 

 A total of 10 men and 1 woman were recruited in the Athens area for this study.  Subjects 

were average age (22.4±2.16 years), relatively healthy with the exception of smoking, regular 

smokers, and performing less than once per week of lower body exercise training within the last 

6 months.  The study was approved by the Institutional Review Board (IRB) and study 

participants all read and signed an informed consent statement. 

 

Sessions 

There were three sessions that subjects were required to attend.  Each session was 

approximately 2-hours long.  Each session consisted of a test of flow-mediated dilation prior to 

and after the treatment which were exercise, compression therapy, and a time control.  Prior to 

measuring pre and post FMD, subjects were rested in the supine position for 10 minutes to 

stabilize hemodynamics in the subjects.  During the sessions, blood flow velocities were also 

captured to quantify the blood flow stimulus of each treatment and to allow for normalizing 

FMD by the flow stimulus.  Each treatment was done in the supine position for the entire FMD 

test and collection of blood flow velocities using the ultrasound. 

 

Exercise 

  The exercise session lasted approximately 2 hours.  Setting up ultrasound and measuring 

FMD took approximately 30 minutes before and 30 minutes after exercise training for a total of 1 

hour of testing for FMD.  Ten minutes of supine rest was done before FMD was measured.  

Exercise was done by performing plantar flexion for approximately 30 minutes.  Progressively 

increasing intensity was done to determine and moderate intensity for the subject to perform for 
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20 minutes.  Two minute intervals of 5psi increment increases were done until subjects and 

researcher agreed on a moderate workload for subject to perform for 20 minutes.  Subject and 

researcher subjectively determined moderate intensity by choosing a load that would moderate 

for the entire 20 minutes.  Exercise was done by performing plantar flexions every second for 5 

seconds followed by 5 seconds of rest and was repeated at this pattern for a total of 20 minutes.  

Blood flow velocities was measured and captured during plantar flexions.  After the 20-minute 

training, the subjects rested for 40 minutes until 1 hour has passed before measuring post-

training FMD.  Flow-mediated dilation was measured in the posterior tibial artery in the left leg 

prior and after treatment for all subjects.  After the posterior artery was found initially, markers 

were place on the ankle to mark probe placement to minimize variability in artery measurement 

location and therefore minimizing artery diameter variability due to different locations.  When 

measuring blood flow velocities, the ultrasound probe was places over the femoral artery of the 

left leg for all subjects.  To maintain consistent measurements markers were placed on the left 

thigh to mark probe placement for each subject. 

 

Compression Therapy 

The compression therapy session lasted approximately 2 hours.  Setting up ultrasound 

and measuring FMD lasted approximately 30 minutes before and 30 minutes after compression 

therapy for a total of 1 hour of testing for FMD.  Ten minutes of supine rest was done before 

FMD was measured.  The compression therapy device was turned on and ran for a minimum of 

20 minutes prior to using the device on the subject to allow the device to warm up.  Inflation leg 

garments were placed on both legs of the subjects while they were in the supine position on the 

lab table.  Compression therapy consisted of 30 seconds of inflation with 5 seconds of deflation 
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of the leg garments for both legs reaching a maximum inflation pressure of ~60mmHg.  Blood 

flow velocities were measured and captured during compression therapy treatment (during first 

10 minutes, midpoint, and last 10 minutes of therapy).  Total compression therapy time was 1 

hour.  After the one-hour compression therapy, the subjects were tested for post-training FMD. 

 

Time Control 

 The time control session lasted approximately 2 hours. Setting up ultrasound and 

measuring FMD took approximately 30 minutes before and 30 minutes after one-hour time 

control for a total of 1 hour of testing for FMD.  Subject was rested in the supine position for 10 

minutes prior to FMD measurements were collected.  Time control consisted of one-hour of 

sitting quietly in front of a lab computer which allowed for work or web surfing.  Subjects were 

asked to sit as still as they could help.  After the one-hour time control, the subjects were tested 

for post-treatment FMD. 

 

OUTCOME MEASURES 

 The outcome variables that were measured were FMD and blood flow velocities in the 

left leg of all subjects.  Both measurements were measured using a GE Logiq 400 ultrasound.  

Measurements were captured using Doppler and B-mode ultrasound.  FMD was measured in the 

posterior tibial artery while blood flow velocities were measured in the femoral artery. 

 

Flow-mediated Dilation 

 Flow-mediated dilation was measured using video capturing software in conjunction with 

ultrasound imaging.  Measuring the diameter of the posterior tibial artery at rest and peak 
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diameter following peak reactive hyperemia following cuff occlusion was how FMD was 

assessed.  The artery diameter was captured using B-mode ultrasound connected to a digital 

video capture device.  Ten-second videos were recorded at rest in the posterior tibial artery.  A 

vascular occlusion cuff was inflated proximal and across the knee joint from the site where the 

resting diameter was captured.  The cuff was inflated to a pressure of 100mmHg over systolic 

blood pressure of the subject.  The cuff stayed inflated for 5 minutes.  Ten-second videos were 

captured at 4 and 4.5 minutes of cuff occlusion.  Finally ten seconds before release of the cuff 

video were captured for a total of 2 minutes and 10 seconds of video to capture peak diameter 

after peak reactive hyperemia.  The videos were decompiled into individual jpeg images using 

Blaze Media Pro software.  From there, the images were analyzed to obtain mean diameter 

across a cardiac cycle using a MatLab Image Analyzer wall detection program.  The Image 

Analyzer program output data was opened with Excel to get the needed data. 

 After baseline and peak diameter, which was taken after release of cuff and reactive 

hyperemic flow, was determined, FMD was calculated as follows: 

 (Peak diameter – Baseline diameter)/(Baseline diameter) *100 = FMD (%) 

 

Blood Flow Velocities 

 Doppler OCR program was used to capture blood flow velocities during FMD 

measurements and during a period of time of exercise training/compression therapy treatment.  

Traditionally Pulsed Doppler ultrasound is recorded in the longitudinal view using an angle 

between 55 and 65 degrees, which is what was done in this study. Flow speed measurements that 

rely on Doppler shift measurements are only as accurate as the confidence of the Doppler angle 

of the measurement. Estimations are done by aligning the SV line on the anatomical display of 
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the ultrasound so that the line is parallel to the vessel walls. This subjective method has a higher 

chance of error at higher angles.  Due to this reason, Doppler angle should not be greater than 60 

degrees (35).  Doppler Angle is also considered when analyzing diameters.  Due to the diameter 

analyzing software, MatLab Image Analyzer, rotating the images (post decompiling) so that the 

walls are oriented to 90 degrees, there is less error when measuring diameters when Doppler 

angle is nearer to 90 degrees (28).  With both of these error components being considered, it was 

decided to allow Doppler angles to exceed 60 degrees (recommendation for velocity 

measurements) in order to enhance diameter measurements.  Careful monitoring of the exact 

angle was used to minimize error for the velocity measurements.  The velocity gate was set to 

include the entire diameter of the vessel. 

 

Statistical Analysis 

 Hypothesis testing was performed using a repeated measure ANOVA to measure a 

difference within and between treatments in the study.   

Paired t-test was used to calculate the difference between pre and posttest FMD values.  

Statistical significance was set at p ≤ 0.05.  Values are expressed as mean ± SD unless stated 

otherwise.  With the number of subjects in the study, 8, variability in measurement, 0.5, alpha = 

0.05 and power = 0.8, an effect size of 0.76 could have been detected and a 38% change could 

have been detected. 
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Results 

Subject Characteristics 

 Eleven subjects started and completed all 3 sessions of the study.  We excluded 3 subjects 

from the data analysis because of bad data due to wall image quality and/or analysis failure.  We 

used the remaining 8 subjects in our data analysis.  Table 3.1 shows subject characteristics. 

 

Blood Flow Velocities 

Compared to baseline velocities, measured during supine rest, there was no significant 

increase in mean blood flow velocities over time observed during compression.  During exercise, 

mean blood flow velocities over time was observed to be much greater than during baseline and 

compression therapy.  However, when observing and measuring blood flow velocities, there 

were episodic increases in velocities when the compression therapy device was deflating (every 

30 seconds).  Exercise treatment also showed episodic increases in blood flow velocities in 

between reps of plantar flexion.  When comparing episodic velocity peaks, compression therapy 

showed ~3 fold increase in velocity while exercise showed a ~9 fold increase.  Figure 3.5 shows 

average peak velocities observed during specific treatments.   

 

Flow-Mediated Dilation 

 Only data that fit criteria determined before start of study were used in data analysis and 

final results.  These criteria were resting diameter within 5% difference of one another, peak 

diameter observed between the time of 30-100 seconds after release of cuff release, and diameter 

that decreased after peak diameter was observed were used in data analysis and results. 
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Flow-mediated dilation was not significantly different between or within treatment 

groups, F = 0.128, p = 0.881.  Pre-post FMD values were 14.1±9.0% and 15.4±7.9% for 

exercise, 15.6±10.3% and 17.3±5.5% for compression, and 15.6±10.8% and 15.2±15.1% for 

control.  Pre-post measurements of FMD were not significantly different in the control, 

compression, and exercise groups (p=0.897, 0.636, and 0.683 respectively).  Figure 3.8 shows 

pre-post averages of all 8 subjects during control, compression, and exercise treatment groups.  

Based on the number of subjects, 8, variability in measurement, 0.5, alpha = 0.05 and power = 

0.8, a 38% change could have been detected.   

 

Discussion  

 This study was successful in measuring blood flow velocities in the femoral artery during 

baseline, compression therapy, and exercise in eight smokers.  We found that total blood flow 

over time was not significantly increased with compression therapy compared to baseline.  In 

fact, there could have been a slight decrease in total blood flow over time in compression therapy 

when compared to baseline.  Total blood flow over time with exercise was much higher than 

observed during baseline.  Gonzales et al. observed similar increases during fast and slow knee 

extensions (23).  With compression therapy, there is not an increase in total blood flow over 

time, but it was observed there were episodic increases in peak blood flow velocities when the 

device was in the deflation stage (every 30 seconds).  This episodic peak was ~3 folds higher 

than that observed during baseline.  This was not as high as observed during exercise, which was 

~9 fold higher than baseline, but it was significantly higher.  This episodic increase in blood flow 

velocities, according to Green et al., (25-27) is important to vascular adaptations.  Also it was 

observed that the magnitude of anterograde and retrograde was increased with compression 
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therapy.  This could be important because of the debate on “pattern of flow” and how it 

influences vascular adaptations.  Gonzales et al. makes the point that retrograde blood flow is a 

significant shear stimulus (23), while Green et al. stress the importance magnitude of anterograde 

and retrograde and “pattern of flow” on vascular adaptations (25, 26).   

 Total blood flow over time was not observed to be different between compression 

therapy and baseline could be due to the fact that the stimulus from the compression device 

decreased over time.  When the device first arrived in the lab, it could reach a pressure of ~100 

mmHg.  By the time the subjects were participating in the study, it would only be able to reach 

pressures around ~65 mmHg.  This inflation pressure could be too low to be a significant 

stimulus during treatment.   

 Few papers measure vascular reactivity in the lower limbs and even fewer are measured 

in the posterior tibial artery.  Black et al. (2) looked at FMD in the posterior tibial artery in 6 

subjects.  The values for FMD they observed were 13.5±6.6% in the posterior tibial artery.  

When looking at all FMD values in our study we observe values of 15.5±9.7% across the sample 

population.  Our values were close to those values seen in Black’s paper.  Another study reports 

FMD values much lower Gokce et al. (22) report values of ~10% with a standard deviation of 

approximately 2.1%.   

The observed F value and t-test values showed that there was no significance between or 

within treatments during this study.  An explanation for this is that the FMD measurements 

collected were simply too variable.  FMD is usually done in the brachial artery and not in the 

lower limbs much less a small artery in the lower limb like the posterior tibial artery.  Variability 

could be due to the variability in the technician, ultrasound imaging quality, data collection and 

analysis technique, and variability in the posterior tibial artery itself.  Whatever the reason, the 
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FMD measurements were too variable to find small changes in FMD within or between 

treatments. 

 Our hypothesis was that compression therapy and/or exercise will improve FMD with a 

single bout of treatment, given that it is in an impaired population.  The subjects in this study did 

not seem to have impaired FMD from the start.  That could explain why there was no 

significance between pre and posttest for FMD with treatments.  If there were no impairments in 

FMD, then it would be much more difficult to find improvements in FMD.  Finally, while one 

bout of exercise and one bout of compression therapy did not change FMD, this does not exclude 

that more bouts could improve FMD. 
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Table 3.1 Subjects Characteristics 
 
 Age Height (cm) Weight (kg) BMI Years Smoked 

Mean 22.5 175.1 73.8 24.0 3.3 
SD 2.5 6.5 12.9 3.8 1.9 

 
n= 8; 7 males, 1 female, values are mean (SD).  
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FIGURE LEGENDS 

Figure 3.1 Experimental flow chart.  After consent procedures and orientation is done, one 

of the three treatments, randomly assigned, is performed after a 10 minute rest        

period and before another 10 minute rest period. 

Figure 3.2 Compression therapy setup showing probe placement for velocity and FMD  

       measurements 

Figure 3.3 Representative exercise blood flow velocities.  Average peak velocities  

                  are shown along with average resting velocities across the graph.   

Figure 3.4 Representative compression therapy blood flow velocities.  Values  

shown are averages of peak velocities during compression compared to resting 

velocities averaged. 

Figure 3.5 Average peak velocities with compression and exercise.  Values shown are averages  

      of peak velocities during compression and exercise treatment compared to resting 

      velocities averaged.  Error bars are SD. 

Figure 3.6 Representative resting diameters.  Graph shows resting diameter of  

resting subject prior to inflation of cuff for FMD measurement with another graph 

showing portion of rest with smaller scale to show cardiac cycle in the arterial walls. 

Figure 3.7 Change in arterial diameter after cuff release.  Graph shows arterial diameter after  

release of cuff during FMD measurements.  First 10 seconds of graph is missing         

because that is the last 10 seconds of inflated cuff prior to release. 

Figure 3.8 Pre-Post Flow-mediated dilation.  Graph shows average FMD before and after  

      treatment of exercise, control, and compression of 8 subjects.  Error bars are in SD.  
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Figure 3.1 Experimental Flow Chart 

 

 

 

 

Rest:  10 min Supine Rest Before FMD Test 
 
Compression: 60 min 
 
Exercise: Progressive Plantar Flexion, Followed by 20 min at Steady Intensity 
 
Control:  1 hour Time Control 
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Figure 3.2 Compression Therapy Setup 
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Figure 3.3 Representative Exercise Blood Flow Velocities  
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Figure 3.4 Representative Compression Therapy Blood Flow Velocities 
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Figure 3.5 Average Peak Velocities with Compression and Exercise 
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Figure 3.6 Representative Resting Diameter 
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Figure 3.7 Change in arterial diameter after cuff release 
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Figure 3.8 Pre-Post FMD 
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CHAPTER 4  

Discussion, Summary, and Conclusions 

 While we were unable to find a difference between pre and posttest FMD with the 

treatments and between each treatment, we were able to measure and observe significant 

differences in blood flow between control, compression therapy and exercise.  This study also 

found valuable information that will benefit future studies in this field, like differences in 

episodic blood flow spikes in velocity and considerations in pressures of compression therapy 

and its possible importance to stimulate blood flow increases.  

 This study took a looked further at the importance of pattern of flow and how this could 

affect vascular adaptation and endothelial health.  It has been understood that when discussing 

FMD, with an increase in shear stimulus there is a nitric oxide-dependent vasodilatation of the 

smooth muscles of the arteries(18, 30, 37, 41).  We were looking more closely into that “increase 

in shear stimulus”.  It has been stated by Green et al. (27) that pattern of flow should be 

important when considering the shear stimulus for FMD.  Blood flow has a pulsatile nature of 

flow and not a steady flow pattern.  This can be observed in the cardiac cycle where there are 

two distinctly different shear stimuli present.  During systole, the blood flow a higher 

acceleratory shear stimuli while during diastole, there is a steadier shear stimuli.  These two 

stimuli, observed in vitro, have been shown to regulate acutely and in a long-term manner 

endothelial function by different mechanical pathways (10, 16, 36).  This rationale is important 

to consider when observing the blood flow response with compression therapy.  Since the mean 

blood flow over time does not seem to increase, it could be simply argued that compression 
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therapy has no shear stimulus increase above that of rest.  When considering pattern of flow and 

the acceleratory differences seen episodically with compression therapy, one could argue there is 

sufficient shear stimulus with treatments that change pattern of flow like compression therapy.  

In this particular study, the difference in shear stimulus was possibly too low to find a significant 

increase in FMD.  Finally, negative flow seen during inflation stages of compression therapy 

increased.  FMD not improving could have been affected by this increase in negative flow 

increase seen with compression therapy.  This could help understand why flow-mediated dilation 

was not improved with compression therapy.   

Compression therapy should not be abandoned because of the low increase in shear 

stimulus that was observed in this study.  Compression therapy is still a safer and easier option 

than such methods as electrical stimulation, FES cycling, and assisted treadmill walking for 

certain clinical population, like SCI patients.  To look more closely at the possibility of 

compression therapy increasing blood flow and FMD, the issue of acquiring a higher stimulus 

should be addressed.  The low stimulus observed from the compression device has led to 

development of another compression device with a higher pressure and faster inflation/deflation 

times.  This could lead to a stronger stimulus and therefore allow the researcher to test the 

hypothesis that compression therapy will increase blood flow and improve FMD in an impaired 

population.  Valuable data was collected and observed for blood flow response due to 

compression therapy.  With increased stimulus, there could be a greater chance that this 

alternative to exercise could have vascular adaptations that corresponds with the change in blood 

flow.  The idea that compression therapy could be used as an alternative to exercise is very 

important to clinical populations that are unable to exercise, like spinal cord injury patients.  This 

could have a great impact on their health and well-being.   
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Compression therapy is just one possibility that could increase the shear stimulus, which 

according to Green et al. (27) is the response observed during exercise that is beneficial to 

endothelial health and vascular adaptation.  Compression therapy and external counter-pulsation 

therapy are just two of the possible many therapies that could increase shear stimulus to enable 

an improvement in FMD.     

In conclusion, the hypotheses of compression therapy having similar blood flow velocity 

increases similar to that of exercise was not accepted and a single bout of exercise/compression 

therapy would improve FMD was not accepted.   
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