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Thesis Director: 

Gary Drzewiecki 

 

Endothelial dysfunction has been proven to be an early indication of cardiovascular 

disease (CVD), a leading cause of death worldwide (Sorsen 1995; WHO 2017). There are 

three diagnostic methods for endothelial functions discussed: ultrasound Flow-Mediated 

Dilation (uFMD) that uses ultrasound to determine brachial artery size, Peripheral 

Arterial Tonometry (PAT) that uses finger pulse plethysmographs, and Cuff Flow-

Mediated Dilation (cFMD) that uses pressure oscillations in a blood pressure cuff. Each 

of the three methods first collect a control or “resting” measurement before obtaining a 

vasodilation measurement of the blood vessels by occluding blood flow for 5-minutes 

with a blood pressure cuff. Output for uFMD and PAT testing results in a singular 

number, percent dilation (FMD%) and reactive hyperemia index (RHI) respectively, 

based on the blood vessel’s percent dilation (Sorsen 1995; Allan 2013; Whitt 2010). Each 

method has multiple factors that influence results such as body mass index, coronary 

artery disease, peripheral artery disease and a patient’s height (Van der Heijden 2017; 

Allan 2013; Schroeder 2000). It is proposed that a mathematical model used with cFMD 
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can generate a smooth continuous output for analysis and help understand the effect that 

transmural pressure has on vessel dilation. 

In this thesis, a biomechanical model of the human brachial artery was 

programmed to represent both the resting and vasodilated conditions of the brachial 

artery. Data for the resting and vasodilated states of six subjects were collected using 

cFMD. First, the patient’s blood pressure and heart rate were observed. Next, the resting 

curve was obtained before a 5-minute occlusion. Lastly, the vasodilated measurements 

were taken. For each of the 6 subjects, the model was found to accurately represent the 

data collected for the resting and vasodilated states.  

Using the model, transmural pressure was found to influence the vessel’s percent 

dilation curve. Combining the model with cFMD allows for FMD to be performed 

without ultrasound, generates a larger SNR, and allows for analysis of percent dilation at 

multiple values of transmural pressure. The accuracy of the automated model has 

potential to generate other graphs to understand the artery’s compliance and the effects of 

physiological functions such as the pulse. Further research should be done to determine 

what transmural pressure value would be optimal in minimizing the factors that influence 

test results.  
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Chapter 1: Introduction 

 

Cardiovascular disease encompasses many issues that can arise with the heart or the 

blood vessels. Most issues are related to a process called atherosclerosis, when plaque 

builds up in the walls of the arteries therefore restricting and potentially stopping blood 

flow (Fig. 1.1). Atherosclerosis starts when the endothelium cells that line the arteries 

become damaged by smoking, high blood pressure, high cholesterol, etc. Bad cholesterol, 

or low-density lipoprotein (LDL) cholesterol, starts to accumulate once the endothelium 

is damaged leading to plaque buildup (Heart Research Institute). If the plaque from an 

atherosclerosis lesion ruptures, it can form a thrombosis, or blood clot, that can further 

limit blood flow. Heart attacks occur when blood flow to part of the heart is blocked by 

thrombosis and the section of heart tissue starts to die. If the thrombosis blocks blood 

flow to the brain, it is an ischemic stroke which is significantly more serious than heart 

attacks since the brain cells have less regenerative potential (Heart Research Institute). 

There are a few other types of cardiovascular disease such as heart failure caused by the 

heart not pumping blood efficiently, arrhythmia when the heart beats irregularly, and 

lastly problems with heart valves such that the valves don’t open or close properly 

therefore affecting blood flow in the heart (CAD 2017). 
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Fig. 1.1: Atherosclerosis 

On the left, a healthy artery is shown with little to no plaque. On the right, there is 

an artery with atherosclerosis, or plaque build-up. 

Cardiovascular disease is the number one cause of death globally and three quarters 

of the deaths occur in low to middle income countries. To decrease the death rate caused 

by cardiovascular disease, early detection methods are crucial as well as addressing 

behavioral risk factors (WHO 2017). 

Endothelial dysfunction has been proven to be an early step in atherosclerosis 

formation and an early indication of cardiovascular disease (Sorsen 1995; Allan 2013). 

The endothelium cell layer (Fig. 1.2) plays an important role in the “regulation of 

vascular tone” by relaxing or tensing the smooth muscles in the artery. The endothelial 

cell layer relaxes smooth muscles by releasing nitric oxide or NO (Heitzer 2001). When 

the smooth muscles relax, vessel stiffness decreases due to the reduced tension in the 

artery but there also is a slight stiffening due the increased tension in collagen and elastin 

fibers (Bank1999). Endothelium function is impaired in the presence of cardiovascular 
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risk factors, such as diabetes or smoking, and is thought to be caused by oxidative stress 

(Schroeder 2000; Cai 2000). Oxidative stress, which is the increase in oxygen radical 

concentration, impairs endothelial function by inactivating NO in endothelial cells (Cai 

2000). In treatments with antioxidants, there is reduced risk of coronary events and 

endothelial function is shown to improve in the coronary and peripheral circulation 

(Heitzer 2001). Due to its significance in cardiovascular disease and atherosclerosis, 

endothelial dysfunction is used in diagnosis methods. 

 

Fig. 1.2: Arterial Wall 

This figure shows a cross section of an artery. The innermost layer is composed of 

endothelial cells while the middle layer consists of smooth muscle cells. The 

endothelial cells cause vasodilation or vasoconstriction by sending signals to the 

smooth muscles. 

Through atherosclerosis, cardiovascular disease damages the blood vessels of the 

vascular system. Two of the most important organs of the body are the heart and brain, 

therefore, blood vessels in those organs are the primary blood vessels of concern. 

However, the same processes occur in arteries outside of those organs. The brachial 
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artery is easily accessible to determine the state of vascular disease and is therefore 

utilized in the noninvasive detection methods. 

1.1 Detection Methods 

The noninvasive gold standard for determining endothelial function is to use 

ultrasound flow mediated dilation or uFMD. This method uses high resolution ultrasound 

on the brachial artery to measure the arterial diameter from the 2D visual images (Fig. 

1.3). First, a “resting”, or control measurement is taken first after 10 minutes of rest. 

Second, endothelial dependent vasodilation is induced using cuff occlusion where a blood 

pressure cuff placed on the subject’s forearm and held at a pressure higher than the 

systolic blood pressure for 5 minutes. This high pressure restricts blood flow to tissue 

downstream from the cuff limiting oxygen supply. When the pressure is released, the 

tissue has used its oxygen supply and vasodilation occurs to rush oxygen to the starving 

tissue. Lastly, 45-60 seconds after cuff deflation, a second measurement is taken to 

observe the vessels dilation (Sorsen 1995). The percent difference in arterial diameter 

between the resting and vasodilated states determines the patient’s percent dilation as a 

singular number, FMD% (Mitchell 2004). Results for FMD% depend on the blood 

vessel’s resting diameter but for vessels 6.00 mm and less,10% vasodilation is expected 

(Celermajer 1992). When FMD% is small, it indicates improper vasodilation and 

endothelial dysfunction (Pyke 2005). This non-invasive technique is accurate and 

reproducible (Sorsen 1995). 
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Fig. 1.3: Ultrasound Flow Mediated Dilation (uFMD) 

This figure shows the outline for the uFMD diagnostic method. The blood 

vessel’s baseline and vasodilated recordings are measured from the ultrasound 

images of the brachial artery. Cuff occlusion induces vasodilation caused by 

signals from the endothelial cells. Results are shown as a percent dilation called 

FMD%. 

Another noninvasive method is called Peripheral Artery Tonometry, or PAT, and is 

typically performed by a device called EndoPAT created by Itamar Medical Ltd in Israel. 

A blood pressure cuff is placed above the elbow of one arm and a plethysmography probe 

is placed on the index finger of each hand and measures volume changes in the arteries. 

There is a 5-minute base period where the pulse is recorded to obtain a control dataset. 

Then the blood pressure cuff on one arm is inflated to 250 mmHg for total occlusion of 

the brachial artery before a final 5-minute reactive time where the vasodilation is 

observed. The results are presented as the reactive hyperemia index or RHI by studying 
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the pressure differences in the pulse between the resting and vasodilated arm (Allan 

2013). The pulse with time during a PAT diagnosis test are shown in Fig. 1.4 for a 

normal vasodilation response in (A) and a non-normal, insufficient vasodilation response 

in (B) (Hamburg 2008). 

 

Fig. 1.4: PAT pulse amplitudes (Hamburg 2008) 

(A) Normal response from a healthy patient which contains the vasodilation 

response after cuff occlusion ends. (B) Non-normal response from a diseased 

patient contains a smaller, almost zero vasodilation response after cuff occlusion. 

Both diagnostic methods have advantages and disadvantages. Although uFMD is 

reproducible and accurate, it requires the use of ultrasound and is expensive. Results are 

dependent on variables including the angle of the ultrasound probe and the operator 

(Allan 2013). Some researchers believe the blood pressure cuff’s location also affects 

vasodilation and distal forearm occlusion generates a smaller dilation than proximal 
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occlusion, but it is specifically mediated by NO, or endothelial function (Allan 2013; 

Vogel 2008). Arteries with a diameter smaller than 2.5mm are harder to measure using 

ultrasound (Corretti 2002). PAT method is “easy to use, standardized, and validated cut-

off thresholds” making it an increasingly popular choice (Allan 2013). 

A new noninvasive method called cuff flow mediated dilation (cFMD) combines a 

blood pressure cuff with plethysmography to monitor oscillatory volume changes within 

the blood pressure cuff. Again, two measurements are taken for the resting, or control, 

and vasodilated states of the artery. To start the experiment, the patient sits still as 

possible and the arm is supported at the elbow. A blood pressure cuff is placed above the 

elbow and is inflated past systolic pressure, it is deflated slowly while the cuff’s volume 

oscillations are recorded. Then the blood pressure cuff is inflated 20 mmHg past the 

patient’s systolic pressure and held for 5 minutes before taking the second set of 

measurements during deflation (Drzewiecki 1998; Whitt 2010). This new method has 

been used in Idei et al. to study if the pressure oscillations within the blood pressure cuff 

could assess endothelial function. This oscillatory method called enclosed zone flow 

mediated dilation, or ezFMD, was found to have results significantly lower in patients 

with cardiovascular diseases (Idei 2013). In a different study, the pressure oscillations 

were converted into the brachial artery’s lumen area. Once the area was extracted, it was 

converted into the artery’s diameter and compared to diameter values extracted from 

ultrasound images. The calculated diameter values were 1.4x greater than the values from 

the ultrasound images but the difference was attributed to the measurements being taken 

at proximal versus distal brachial artery locations respectively (Drzewiecki 1998; Whitt 

2010). The cFMD method was used in this study using a CuffSoft Data Acquisition Unit 
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version 3 created by APM, Applied Processor and Measurement, Inc. in New York. The 

CuffSoft Data Acquisition Unit takes the pressure changes in the blood pressure cuff and 

analyzes it to obtain the luminal area of the brachial artery. Device set up and patient 

collection is outlined in Fig. 1.5. 

 

Fig. 1.5: Cuff Plethysmograph (cFMD) 

This figure outlines the steps for cFMD diagnostic methods. The resting and 

vasodilation responses are recorded as the blood pressure cuff is deflating 

providing a discrete beat-to-beat dataset as an output. 

1.2 Factors that Influence Test Results 

With each diagnostic method, there are factors that influence test results. Since the 

diagnostic tests are used to determine a patient’s health, factors such as a patient’s height 

and gender influence test results but do not indicate patient health. First, a subject’s 

height has been directly correlated to lumen area of the brachial artery and inversely 

related to FMD% results. This indicates that smaller arteries and shorter subjects have a 
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higher dilatational response in vasodilation. On the other hand, larger arteries and taller 

subjects have a lesser dilatational response in vasodilation. Due to females being on 

average shorter than males, females have a smaller brachial artery and therefore a greater 

dilation, or uFMD, response (Schroeder 2000). Since subject information that influence 

test results don’t determine endothelial function, they need to be accounted for when 

performing diagnostic testing. 

Despite the subject information, many diseases and risk factors have been proven to 

be detected when studying endothelial function. First, BMI is “closely related to the 

occurrence of glucose intolerance, high blood pressure, dyslipidemia, and also 

cardiovascular disease (CVD)” (Van der Heijden 2017). Due to its impact on CVD, BMI 

was found to have a significant correlation with endothelial dysfunction in three different 

diagnostic methods (Van der Heijden 2017). Outside of the risk factors, coronary artery 

disease, or CAD, was also studied in relation to endothelial dysfunction. It was found that 

patients with angiographic CAD showed a difference in endothelial function when 

compared to healthy individuals. However, when results from patients with CAD were 

further analyzed, they were found to be independent of the patient’s BMI (Van Der 

Heijden 2017). Next, peripheral arterial disease, or PAD, plays a role in the development 

of arterial disease therefore affecting endothelial function. In comparison to healthy 

individuals, it was found in uFMD measurements that there was a significant decrease in 

endothelial function in patients with PAD. It is important to mention that the healthy 

population was on average, 28 years younger than the population studied with PAD. As 

mentioned before, endothelial dysfunction decreases with age which is another 

contributing factor in the study (Allan 2013). 
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1.3 Objective 

Both uFMD and PAT diagnostic methods take continuous measurements during and 

after cuff deflation. When using cFMD, the data points are discrete values taken as the 

blood pressure cuff deflates. A mathematical model is proposed to generate a continuous 

curve for a beat-by-beat data set.  

Despite their continuous data collection, uFMD and PAT methods only supply one 

number, FMD% or RHI, to determine endothelial function. It is proposed that with the 

combined use of cFMD and the mathematical model, a continuous curve of the artery’s 

vasodilation percentage can be extrapolated. From these graphs, the model parameter’s 

connections to percent dilation and the blood pressure cuff’s effects on vasodilation can 

be studied.  
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Chapter 2: Methods 

 

 To study endothelial function, two different computational models were created: 

one for the resting brachial artery and one for the endothelial dependent vasodilated state 

of the brachial artery. The model of the resting artery was used as a control to determine 

how much the artery dilates after cuff occlusion. The two models were then used to 

generate a percent dilation curve which can be used to study endothelial dysfunction.  

Before gathering subject data, a preliminary model (Appendix section II) was 

generated using data points from Bank et al. (Bank 1999). Due to the nature of the data 

from Bank et al., only positive transmural pressure values could be evaluated, and the 

curve was simulated for negative transmural pressure values. However, human data 

points allowed for positive and negative transmural pressure values. Therefore, when 

switching to human data, the same best fit methodology used for positive transmural 

pressures in the preliminary model was applied to the negative transmural pressures. 

2.1 Modeling Methods 

The functional relationship between transmural pressure and lumen area was applied 

from Drzewiecki et al. who generated an equation from canine vascular measurements that 

describes the lumen area of the artery as it stretches and collapses (Drzewiecki 1998; WHO 

2017). As the vessel expands, the shape is more circular while its collapse generates one 

that is more ellipsoidal. The pressure equation from Drzewiecki et al. is reproduced below 

(Drzewiecki 1997). 
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                             𝑃𝑡 = 𝑎 𝑒

( )

− 1 − 𝐸 − 1 + 𝑃  (1) 

Equation 1 was proved to be an accurate representation of the brachial artery’s 

response curves in a broad variety of blood vessels with annotations given in Table 2.1 

(Drzewiecki 1998; Whitt 2010). In the study, they tested model parameters for 

dependency on subject information and determined that the model determined only on 

systolic pressure (Drzewiecki 1998). 

Variables Definition 

A Lumen cross-sectional area 

Pt Transmural pressure  

Ab Area value at vessel buckling 

Pb Transmural pressure value at vessel buckling 

a Constant of proportionality termed elastance scale modulus 

b Exponential rate constant termed elastance rate modulus 

E Arterial wall elastic modulus 

n Constant defining degree of curvature 

Table 2.1: Variable Definitions for Eq. 1 (Drzewiecki 1997) 

The variables Ab, Pb, a, b, E, and n were manipulated to generate the best fit 

methodology. 
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To generate the model, Eq. 1 was split into two sections: one describing the arterial 

stretch and the second describing the arterial collapse. Once split, each was solved so that 

area was in terms of pressure generating Eq. 2 and Eq. 3. These solutions permit pressure 

to be the independent variable for better comparison with vascular data.  

                                             𝐴 =  𝐴 ∗ 1 + ∗ 𝑙𝑛 + 1  (2) 

𝐴 = 𝐴 ∗ 1 +   (3) 

2.2 Experimental Methods 

Study Protocol 

 The protocol was submitted for approval from the local Institutional Review 

Board at Rutgers University (Study ID: Pro20170002078) and informed consent was 

obtained from all participants. 

Subject Information 

 Within this study, there were 13 volunteers who participated but only 6 were used 

to understand endothelial dysfunction. Seven of the thirteen volunteers were unusable due 

to equipment failure. The six usable data sets were run through the automated algorithm 

and analyzed in this report.  

2.3 Data Collection 

Before any data was collected, the participants were asked to fill out a form with a 

few questions to ascertain demographic and current health information (Table 2.2). 
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Gathering data from volunteers was separated into three parts. The first part used 

was the Walgreens Automatic Arm Blood Pressure Monitor model WGNBPA-940 Ver. 

A to gather the blood pressure and heart rate information. This was done with the 

participant’s dominant arm with the cuff placed above the elbow. 

The second part used CuffSoft Data Acquisition Unit version 3 and the 

accompanying software created by AMP to collect the resting vessel data. The data was 

collected using the non-dominant arm supported at the elbow. The blood pressure cuff 

was placed above the elbow and inflated to above 200 mmHg for data collection to 

initiate data collection from the CuffSoft Data Acquisition Unit. After part two, the 

participant was given a 5-minute break.  

The third part was performed with the non-dominant arm. The blood pressure cuff 

attached to the CuffSoft Data Acquisition Unit was inflated 15-20 mmHg past the 

participant’s systolic pressure and was held there for 5-minutes. To prevent air loss, a 

metal tube clamp was used on the tube connecting the hand pump to the cuff. After the 5-

minte occlusion, the cuff was immediately pumped past 200 mmHg to start data 

collection from the CuffSoft Data Acquisition Unit. 
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Fig. 2.1: Data Collection Process 

After the subject filled out the consent form and questionnaire, they underwent 

the cFMD diagnostic method to gather their beat-to-beat output. 

2.4 Data Analysis 

 The non-linear parameter estimation functions of MATLAB version 2016b from 

MathWorks were then used to fit both the resting and vasodilated human data sets obtained 

from cFMD to Eq. 2 and Eq. 3. To generate a fit for each of the two equations, the collected 

data was split into two by identifying transmural pressure values that were positive for the 

arterial stretch and negative for the arterial collapse. First, the stretch equation was fitted to 

the data and the value for Ab was saved and used for the fit of Eq. 3. This non-linear fit 

method generated the values for Pb, Ab, E, a, b, and n. After the parameter values were 

determined, the stretch and collapse equations were pieced together by finding their 

intersections (Fig. 2.2). These steps were performed to generate one curve for the stretch 

and collapse portions of the pressure-area curve. 

From the resting and vasodilated curves generated from the model, a smooth and 

continuous arterial dilation graph was generated by obtaining the radius of both arterial 
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states from the resting and vasodilated areas using Eq. 4.  From there, Eq. 5 was used to 

obtain percent dilation of the brachial artery. 

                                                                𝑅 = 𝐴
𝜋 (4) 

                                           % 𝑑𝑖𝑙𝑎𝑡𝑖𝑜𝑛 = ∗ 100% (5) 

 

 

Fig. 2.2: Curve Fitting and Piecing Together 

Equations 2 and 3 were used to generate best fit curves for the positive and 

negative transmural pressure ranges respectively. Next, the curves were pieced 

together at an intersection point to generate one continuous output curve. 
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Subject 1 2 3 4 5 6 

Time 9:31 18:12 15:10 9:00 9:45 12:30 

Systolic Pressure 103 116 123 116 121 110 

Diastolic Pressure 64 73 87 79 83 76 

Heart Rate 82 79 63 68 69 54 

Gender Male Male Female Male Female Female 

Age 19 54 20 23 22 21 

Weight 140 172 125 180 155 120 

Height 5'6" 5'7" 5'8" 6" 5'10" 5'6" 

Do you smoke?  

How often? 

No No No No No No 

Do you drink coffee?  

How often? 

Yes, 

none 

today 

Yes, 1 

cup 

today 

Yes, 1 

cup 

today 

Yes, 

none 

today 

No, 1 

cup tea 

today 

Rarely, 

none 

today 

Do you drink sugary 

drinks?  

How often? 

No No No No 2-3x a 

week 

No 

Are you on heart 

disease meds? 

No No No No No No 

Do you have a history 

of heart disease? 

No No No No No No 

Table 2.2: Subject Specific Data 

 



18 
 
 

 
 

2.5 Statistical Analysis 

 To determine if the curve fitting methodology was accurate, a chi-square test was 

performed using MATLAB. The human collected data was considered the observed 

values while the model was the expected values. These calculated chi-squared values 

were compared to their critical values as determined by degrees of freedom of the model 

and alpha (α = 5%). If the calculated chi-square value was less than the critical chi-square 

value, the model and the collected data were statistically dependent. 

 Next, an iterative chi-square test determined if there was equivalence between 

subjects. To start, 2 computational models from two different subjects were compared 

using chi-square. In following iterations, two more models were added until all 

mathematical models were included. This was performed for both the resting and 

vasodilated curves from each subject. When the ratio of the calculated chi-square value 

and the critical chi-square value decreased below 5% was it determined there was no 

statistical difference between subjects indicating that the natural variation between 

subjects was statistically insignificant and the sample size was sufficient. 

                                          Χ = ∑   (6) 

Lastly, a normalized RMSE, or root mean square error, percentage was calculated for 

each participant’s vasodilated curve and used to generate a signal to noise ratio, or SNR. 

The vasodilated curve was the only one studied for SNR since it is the control curve meaning 

that there is no signal, or dilation. SNR was calculated using Eq. 7 where M and y represent 

the model and the collected data set respectively. The data points compared were done so at 

the same transmural pressure values.  
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                                         𝑆𝑁𝑅 = ∑
% 

( ) / ( )
  (7) 
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Chapter 3: Results 

 

3.1 Pressure-Area Curve 

Data collected from each of the six subjects were run through the automatic algorithm to 

generate a best fit model to the resting and vasodilated states of the brachial artery. The 

models for each subject’s arterial state was defined as a piecewise function due to separate 

analysis of the vessel’s stretch and collapse defined in Eq. 2 and Eq. 3. 

In Table 3.1, the six constant values for Eq. 2 and Eq. 3 are summarized for both the 

resting and vasodilated models generated for each subject. In Fig. 3.1, the best fit curves 

along with the collected data points are shown for each subject. 
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Subject Model 
Ab 

(mm2) 

Pb 

(mmHg) 

E 

(Dynes/cm2) 
a b n 

1 
Resting 2.306 -1.441 2.306 42.171 0.396 0.396 

Vasodilated 2.842 0.903 7,482.996 862.113 0.033 0.005 

2 
Resting 2.594 -2.343 2.594 11.093 0.727 0.723 

Vasodilated 6.417 0.069 161.126 106.919 0.334 0.158 

3 
Resting 2.921 -0.565 2.921 672.152 0.108 0.104 

Vasodilated 3.097 -3.340 665.722 -82.816 -0.605 0.041 

4 
Resting 3.499 1.500 3.499 50.042 0.550 0.550 

Vasodilated 2.707 -23.820 57,505.050 19.456 0.298 0.001 

5 
Resting 0.558 -32.802 0.558 0.849 0.548 0.528 

Vasodilated 2.451 0.840 39,987.996 583.331 0.045 0.006 

6 
Resting 2.724 -4.728 2.724 9.138 1.012 1.012 

Vasodilated 4.668 -1.723 14,597.970 653.374 0.0464 0.003 

Table 3.1: Generated Constants 

The constant values were selected to generate a best fit for each participant’s resting and 

vasodilated output curves. 
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Fig. 3.1: Area-Pressure Curves 

Each subject had a resting and vasodilated area-pressure curve seen in blue and 

red respectively.  
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3.2 Percent Dilation Curve 

Using Eq. 5, percent dilation from the model curves were calculated for each 

subject and graphed against their transmural pressure. At very low transmural pressures, 

there is a higher percent dilation which corresponds to very small, almost zero, areas. As 

transmural pressure increases, the percent dilation decreases to smaller values. Once 

passing zero transmural pressure, the percent dilation increases again. This trend has an 

exception for subjects 3 and 5 where the percent dilations are lower and increase before 

dropping at pressure values near zero before increasing again. 
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Fig. 3.2: Vessel Dilation Curves 

The percent dilation curves for each subject as calculated from the area-pressure 

curves using Eq. 4 and Eq. 5. 
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3.3 Statistical Evaluations 

Each of the twelve models went through a chi-square test to determine if the curve 

generated fit the data. In Table 3.2, statistics for each of the 12 curves are shown. Since 

the Χ2
calculated values are less than the Χ2

critical values, all models fit the collected data. 

Subject Model Χ2calculated Χ2critical 
Degrees of 

Freedom 

α 

1 
Resting 0.238 50.998 36 0.05 

Vasodilated 0.846 61.656 45 0.05 

2 
Resting 0.468 60.481 44 0.05 

Vasodilated 0.466 83.675 64 0.05 

3 
Resting 0.346 35.172 23 0.05 

Vasodilated 0.351 46.194 32 0.05 

4 
Resting 0.644 61.656 45 0.05 

Vasodilated 3.825 67.505 50 0.05 

5 
Resting 0.226 29.615 21 0.05 

Vasodilated 0.253 42.557 29 0.05 

6 
Resting 0.396 35.172 23 0.05 

Vasodilated 1.996 40.113 27 0.05 

Table 3.2: Model Statistics 

This table shows the calculated and critical X2 values for each of the twelve models. The 

critical values were extracted from a X2 table using the degrees of freedom and the α 

value. 
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After the six subjects’ resting and vasodilated model curves were generated, the 

iterative chi-square test was performed by adding 2 subject curves at a time. As the 

number of models increased, so did the degrees of freedom. In Fig, 3.3, the statistical 

analysis from left to right show the analysis between 2, 4, and 6 models for the resting 

and dilated curves. It was determined there were enough subjects since for the last 

addition with all 6 models included, both the vasodilated and resting models have chi-

square percentages less than 5%.  

 

Fig. 3.3: Iterative X2 Test 

The iterative X2 test was performed by randomly selecting models to perform the 

X2 test on. Each iteration added two more models for comparison. From left to 

right: 2 subjects, 4 subjects, 6 subjects. 
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For each subject’s generated model constants, the average percent change 

between the resting and vasodilated models was calculated to examine which variables 

changed the most during vasodilation (Table 3.3). Then for the stretch variables (Ab, a, 

and b), the variable’s percent change for each subject was plotted against the radius 

dilation percentage at zero transmural pressure. 

Variable Ab Pb E a b n 

Average % 

Change 94.1 -291.3 541,127.2 13,054.4 -172.8 -89.5 

Average % 

Standard 

Deviation 

134.0 725.7 607,842.3 27,361.9 238.7 16.0 

Table 3.3: Percent Change of Constants 

The six generated constants were analyzed to identify if any directly corresponded to 

vasodilation. Variables E, or the elastic modulus, and a, the elastic scale modulus, were 

found to increase when going from the resting to the vasodilated models. 

Lastly, SNR for the vasodilation curves were calculated using the vasodilated 

curves. Starting at negative values of transmural pressure, SNR decreases and starts 

increasing again for positive transmural pressure values. This trend exists for all 

participants except for subjects three and five where SNR increases, decreases, then 

increases again as transmural pressure increases.  
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Fig. 3.4: SNR Curves 

 Signal to noise ratio values as transmural pressure changes. 
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Chapter 4: Discussion 

 

The objective of this study was to study the effects of transmural pressure on brachial 

artery vasodilation. This was performed by combining cFMD with a mathematical model 

to generate a smooth continuous curve for analysis. The model fitting methodology was 

generated using data points from Bank et al. and then applied to the data sets of six 

subjects (Bank 1999). 

For all subjects, except subject three, the automatic algorithm had no issues 

identifying intersections and piecing together the vessel’s stretch and collapse for the 

resting and vasodilated curve. When subject three’s vasodilated data was analyzed in 

terms of collapse and stretch, the two curves generated did not intersect and the stretch 

portion of the curve didn’t appear to be as stiff as the data collected. To account for the 

limitations of the automated model, this subject’s data was analyzed differently from the 

rest. First, the stretch portion was fit to the whole data collection set. Second, the collapse 

curve was generated in the same manner as the other models and fit to the collapse data 

collect from the subject. For the stretch portion of the curve, adding the extra data points 

allowed for a better fit and more accurate representation of the subject’s data points. 

Each subject tends to have vasodilated model that has a smaller rate of slope change 

than their respective resting model. The effect of this can be seen in value increases of 

constants “a”, the proportionality constant for elastance scale modulus, and “E”, the 

arterial wall elastic modulus. This indicates that as the vessel vasodilates, the change in 

vascular tone, as dictated by the endothelial cells, is observed directly. 
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When observing the pressure-area curves of each subject, the models are generated 

using separate equations for the stretch and collapse of the brachial artery. One study 

suggested that many techniques cannot separate the direct effects from vasodilation and 

the changes in blood pressure. They suggest that since “vessels are not as stiff at 

pressures below their physiological range, it may be easier to separate disease form 

normal vessels by studying the vessels at low transmural pressure” but it is unclear what 

they define as low transmural pressures (Bank 1999). In looking at the vessel dilation 

graphs in Fig. 3.2, the collapse of the brachial artery is a geometric change in vessel 

shape solely due to the force that is applied by the blood pressure cuff. Since the collapse 

of the blood vessel does not help us understand endothelial function, only the area 

equation for vascular dilation (Eq. 2) is needed for diagnosis. It is suggested that at 

transmural pressures ≥ 0 mmHg should be used to understand endothelial function.  

Comparing the percent dilation results to the gold standard, uFMD, we observe that 

when transmural pressure is positive, there is a correlation between percent dilation 

ranges. In healthy blood vessels, uFMD has percent dilation ranges between 10-20% on 

average when looking at different study results (Pyke 2005). Looking at Fig. 3.2, these 

percent ranges are observed typically when transmural pressure is between 0-60 mmHg 

for most, but not all volunteers. This again reinforces that when looking at the pressure-

area curves and vessel dilation percentages, transmural pressures ≥ 0 mmHg are needed 

to understand endothelial function. 

Vessel dilation curves (Fig. 3.2) have the same negative then positive slope trend 

except for subjects 3 and 5 where the curve’s slope had a period of positive values before 
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being negative. This difference can be explained by observing the transmural pressure-

area curves for each subject. For the four subjects with the negative then positive slopes, 

the vasodilated area values are clearly above the resting area values whereas with 

subjects three and five, the curves overlap and even intersect so that the resting area 

values are greater than the vasodilated values. This intersection at low transmural 

pressure values generates negative percent dilation before increasing. For all curves, as 

transmural pressure increases, surrounding the subject’s value of Pb, the two area curves 

become closer before diverging. This accounts for the dip in vessel dilation that occurs 

before the percent dilation increases in all dilation curves. This dip is thought to be due to 

the competition between the smooth muscle cells and collagen fibers that dictate vascular 

tone. In a majority of the subjects, the resting area curve is less stiff than the vasodilated 

curves. The difference in rate slope change attributes to the vessel dilation graphs by 

generating a polynomial like curves. In subject five, this difference is the most 

pronounced. 

Each participant’s SNR curves generated for the vasodilation model look exactly like 

the vessel dilation curves but scaled. Since only positive transmural pressure values are 

indicative of endothelial function, only those portions of the curve will be studied for 

significance. As transmural pressure increases, SNR increases therefore giving good 

resolution. For half of the subjects, SNR even reaches above 10. 

The mathematical model along with cFMD allows for a continuous curve to 

understand endothelial function. This combination methodology helps account for the 

effect the blood pressure cuff creates during occlusion by providing a continuous vessel 
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dilation curve. The other diagnostic methods, uFMD and PAT, generate a singular 

number to determine if there is endothelial dysfunction. In understanding the effects of 

the blood pressure cuff, the timing of collecting data for the results for uFMD and PAT 

methods can be questioned. For example, collecting the blood vessel’s data at a 

transmural pressure value might more indicative than current methods and help diminish 

the effects of subject specific influencing factors such as BMI.  
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Chapter 5: Conclusion 

 

 The automated model has been determined to generate a good fit to the data 

collected from cFMD. Like most models, there are a few limitations. First, the model 

could not be produced for subject three’s data until there was a minor change in the 

algorithm. This change was not universal and did not work for the rest of the models. In a 

future model, a conditional statement can be included in the code to account for situations 

like this and the model that fits best would be accepted. 

 The vessel dilation curves demonstrate the effects that transmural pressure have 

on percent dilation that have not been previously studied. For diagnostic methods that 

provide a singular value output like uFMD and PAT, there are ambiguities to the 

mapping between transmural pressure and its respective collected output. In this study, 

dilation was calculated using radius values at the same transmural pressure. uFMD 

collects the vasodilated diameter of the brachial artery 45-60 seconds after the cuff is 

released (Sorsen 1995). The values used in PAT methodology is not clear. There should 

be additional data collection to determine transmural pressure as a factor in normal and 

diseased arteries. Answering the question of which area points should be used for 

analysis of endothelial function might allow for an effect minimization of subject 

informational factors such as BMI. 

In using an automated algorithm for the data collected by the cFMD, the 

transmural pressure area curve can be used to derive many different analytical curves. For 

example, adding pulse data to the transmural pressure can generate pulse waveforms in 



34 
 
 

 
 

the area curve and simulate real data collected from the patient. Also, the derivative of 

the vessel’s area can be taken to generate a compliance curve of the brachial artery. There 

are multiple uses for the model that have yet to be explored and each function can help 

examine the endothelial function of the brachial artery. 

Future Work 

In addition to generating an algorithm that can automatically generate a best fit 

for all individuals, cFMD used with the model should be used to determine its ability to 

detect cardiovascular disease. This should be performed using a control group of healthy 

participants and an experimental group with participants diagnosed with cardiovascular 

disease. If the percent dilation graphs are statistically different between the two groups, 

then the methodology can detect cardiovascular disease. The results should also be 

compared to the gold standard, uFMD, to further validate the process. 

Significance and Summary 

 With the addition of a model to cFMD diagnosis methods, there are a few 

improvements that were made. First, using cFMD allows medical practitioners to perform 

FMD analysis without the use and expense of ultrasound. Second, the model helps 

increase the signal to noise ratio while still generating a best fit to the data points 

gathered with cFMD whereas uFMD is biologically noisy due to multiple clinical factors 

that influence results (Vogel 2008). Lastly, the model allows for FMD analysis at various 

values of transmural pressure as opposed to one pressure value. These improvements 

allow for an alternative diagnostic method that is cheaper but comparable. 



35 
 
 

 
 

References 

 

"About Periphery Artery Disease (PAD)." About Peripheral Artery Disease (PAD). 
May 17, 2017. Accessed January 23, 2018. 
http://www.heart.org/HEARTORG/Conditions/VascularHealth/PeripheralArte
ryDisease/About-Peripheral-Artery-Disease-
PAD_UCM_301301_Article.jsp#.WmfnQainE2w. 

"What is Atherosclerosis?" Heart Research Institute. Accessed February 05, 2018. 
https://www.hri.org.au/about-heart-disease/what-is-atherosclerosis. 

“Cardiovascular diseases (CVDs).” World Health Organization. May 2017. Accessed 
November 25, 2017. http://www.who.int/mediacentre/factsheets/fs317/en/. 

“What is Cardiovascular Disease?” American Heart Association. June 7, 2017, 
Accessed November 25, 2017. 
http://www.heart.org/HEARTORG/Support/What-is-Cardiovascular-
Disease_UCM_301852_Article.jsp. 

Allan, R. B., C. L. Delaney, M. D. Miller, and J. I. Spark. "A comparison of flow-
mediated dilatation and peripheral artery tonometry for measurement of 
endothelial function in healthy individuals and patients with peripheral arterial 
disease." European Journal of Vascular and Endovascular Surgery 45, no. 3 
(2013): 263-269. 

Bank, Alan J., Daniel R. Kaiser, Scott Rajala, and Anthony Cheng. "In vivo human 
brachial artery elastic mechanics." Circulation 100, no. 1 (1999): 41-47. 

Cai, Hua, and David G. Harrison. "Endothelial dysfunction in cardiovascular 
diseases: the role of oxidant stress." Circulation research 87, no. 10 (2000): 
840-844. 

Celermajer, David S., Keld E. Sorensen, V. M. Gooch, D. J. Spiegelhalter, O. I. 
Miller, I. D. Sullivan, J. K. Lloyd, and JEa Deanfield. "Non-invasive detection 
of endothelial dysfunction in children and adults at risk of 
atherosclerosis." The lancet 340, no. 8828 (1992): 1111-1115. 

Corretti, Mary C., Todd J. Anderson, Emelia J. Benjamin, David Celermajer, 
Francois Charbonneau, Mark A. Creager, John Deanfield et al. "Guidelines 
for the ultrasound assessment of endothelial-dependent flow-mediated 
vasodilation of the brachial artery: a report of the International Brachial 
Artery Reactivity Task Force." Journal of the American College of 
Cardiology 39, no. 2 (2002): 257-265. 

Drzewiecki, Gary, and James J. Pilla. "Noninvasive measurement of the human 
brachial artery pressure–area relation in collapse and hypertension." Annals of 
biomedical engineering 26, no. 6 (1998): 965-974. 



36 
 
 

 
 

Drzewiecki, Gary, Shawn Field, Issam Moubarak, and John K-J. Li. "Vessel growth 
and collapsible pressure-area relationship." American Journal of Physiology-
Heart and Circulatory Physiology 273, no. 4 (1997): H2030-H2043. 

Hamburg, Naomi M., Michelle J. Keyes, Martin G. Larson, Ramachandran S. Vasan, 
Renate Schnabel, Moira M. Pryde, Gary F. Mitchell, Jacob Sheffy, Joseph A. 
Vita, and Emelia J. Benjamin. "Cross-sectional relations of digital vascular 
function to cardiovascular risk factors in the Framingham Heart 
Study." Circulation 117, no. 19 (2008): 2467-2474. 

Heitzer, Thomas, Titus Schlinzig, Karoline Krohn, Thomas Meinertz, and Thomas 
Münzel. "Endothelial dysfunction, oxidative stress, and risk of cardiovascular 
events in patients with coronary artery disease." Circulation 104, no. 22 
(2001): 2673-2678. 

Idei, Naomi, Teiji Ukawa, Masato Kajikawa, Yumiko Iwamoto, Noritaka Fujimura, 
Tatsuya Maruhashi, Shinsuke Mikami et al. "A novel noninvasive and simple 
method for assessment of endothelial function: Enclosed zone flow-mediated 
vasodilation (ezFMD) using an oscillation amplitude 
measurement." Atherosclerosis 229, no. 2 (2013): 324-330. 

Jarrete, Aline P., Angelina Zanesco, and Maria Andréia Delbin. "Assessment of 
endothelial function by flow-mediated dilation in diabetic patients: Effects of 
physical exercise." Motriz: Revista de Educação Física. March 2016. 
Accessed February 06, 2018. 
http://www.scielo.br/scielo.php?script=sci_arttext&pid=S1980-
65742016000100003. 

Lars, L. I. N. D., H. A. L. L. Jan, and Kristina Johansson. "Evaluation of four 
different methods to measure endothelium-dependent vasodilation in the 
human peripheral circulation." Clinical science 102, no. 5 (2002): 561-567. 

Mitchell, Gary F., Helen Parise, Joseph A. Vita, Martin G. Larson, Elaine Warner, 
John F. Keaney, Michelle J. Keyes, Daniel Levy, Ramachandran S. Vasan, 
and Emelia J. Benjamin. "Local shear stress and brachial artery flow-mediated 
dilation." Hypertension 44, no. 2 (2004): 134-139.  

Pyke, K.E. and Tschakovsky, M.E., 2005. The relationship between shear stress and 
flow‐mediated dilatation: implications for the assessment of endothelial 
function. The Journal of physiology, 568(2), pp.357-369. 

Schroeder, Stephen, Markus D. Enderle, Andreas Baumbach, Runald Ossen, 
Christian Herdeg, Axel Kuettner, and Karl R. Karsch. "Influence of vessel 
size, age and body mass index on the flow-mediated dilatation (FMD%) of the 
brachial artery." International journal of cardiology 76, no. 2 (2000): 219-225. 

Sorensen, Keld E., David S. Celermajer, David J. Spiegelhalter, Dimitri 
Georgakopoulos, Jacqui Robinson, Odette Thomas, and John E. Deanfield. 



37 
 
 

 
 

"Non-invasive measurement of human endothelium dependent arterial 
responses: accuracy and reproducibility." Heart 74, no. 3 (1995): 247-253.  

Van Der Heijden, Dirk J., Maarten AH van Leeuwen, Gladys N. Janssens, Mattie J. 
Lenzen, Peter M. van de Ven, Etto C. Eringa, and Niels van Royen. "Body 
mass index is associated with microvascular endothelial dysfunction in 
patients with treated metabolic risk factors and suspected coronary artery 
disease." Journal of the American Heart Association 6, no. 9 (2017): e006082. 

Vogel, Robert. "Listening to the endothelium: a story of signal and noise." (2008): 
1965-1966. 

Whitt, Michael D., and Gary M. Drzewiecki. "Vascular Mechanics in Artificial and 
Human Arteries." In Biomedical Engineering Principles Of The Bionic Man, 
pp. 235-280. 2010. 



38 
 
 

 
 

Appendix 

I. Data Collection Form 
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II. Preliminary Model 

  



46 
 
 

 
 

 


