SYSTEM MODELLING OF FLOW
MEDIATED DILATION - EVALUATION OF
TRANSFER FUNCTION PARAMETERS FOR
INTERDAY AND INTRADAY
REPEATABILITY

A Project Report

submitted by

J V RAGHUNATH
EE17B129

i partial fulfilment of the requirements

for the award of the degree of

DUAL DEGREE

DEPARTMENT OF ELECTRICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY MADRAS.

JUNE 2022



THESIS CERTIFICATE

This is to certify that the thesis titled SYSTEM MODELLING OF FLOW
MEDIATED DILATION - EVALUATION OF TRANSFER FUNC-
TION PARAMETERS FOR INTERDAY AND INTRADAY REPEATA-
BILITY, submitted by J V RAGHUNATH, to the Indian Institute of Tech-
nology, Madras, for the award of the degree of DUAL DEGREE IN ELEC-
TRICAL ENGINEERING, is a bona fide record of the research work done by
him under my supervision. The contents of this thesis, in full or in parts, have not

been submitted to any other Institute or University for the award of any degree

or diploma.
Dr. Jayaraj Joseph
Research Guide

Place: Chennai Assistant Professor

Date: 17th June, 2022 Dept. of Electrical Engineering

IIT Madras, 600 036



ACKNOWLEDGEMENTS

Foremost, I would like to thank my guide Dr. Jayaraj Joseph for his guidance
over the entire project duration in terms of giving suggestions and discussions.
I'm also grateful for my mentor Dr. Nabeel P M who gave ideas and corrected
my understanding whenever I was stuck. I'm grateful to my lab mate Ms. Nimmi

Sudarsan for the help with doubts, discussions and experiments

I thank all the authors whose papers I had referred, for their efforts which gave

me different perspectives of understanding the concept.



ABSTRACT

KEYWORDS: Flow mediated-dilation(FMD) ; vascular age ; vasodilation ;

shear stress ; FMD value ; transfer function ; Brachial artery

One of the leading causes of Cardio Vascular diseases(CVDs) is vascular aging.
Endothelial dysfunction is a early biomarker of vascular aging. This is quantita-
tively described by the amount of Nitric Oxide (NO) produced upon shear stress
on walls of brachial artery. Further, Influx of NO results in vasodilation which can
be measured using FMD experiments. But the interpretation of FMD% value is
difficult due to its inconsistency nature throughout days and within the day, i.e.,
different FMD% values on different days. To overcome this problem, this work
proposes a standardised parameter which is more consistent than FMD% values.
Consider brachial artery as the system, shear stress as its input and vasodilation as
its output. Quantitatively vasodilation (FMD%) is normalised with shear stress,
ie., % which iS transfer function of the system. The normalised FMD%
parameters are found to be better than the FMD% value in terms of consistency
and repeatability. This validates our assumption of FMD system model with its
input and output. 4 non-hypertensive subjects in almost the same age group of
20’s were taken to validate this approach for 5 consecutive days. The key aspect is

that both FMD% and shear stress are estimated non-invasively using ultrasound

probe.
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CHAPTER 1

INTRODUCTION

1.1 Cardiovascular disease

There are many deaths caused due to cardiovascular disease. In 2019, 17.9 million
deaths were estimated due to CVDs worldwide (32% of all deaths). The major
reason for deaths in many countries is cardiovascular disease. It is estimated that
one person dies in every 36 seconds in US due to CVD. The disease variations in
Asia(with 31% CVDs) is illustrated in the figure[L.1] It is mainly due to ignorance
of individual’s vascular health. Even young adults develop severe vascular diseases,
if proper care is not taken. The CVDs are associated with a build-up of fatty
deposits inside the arteries (atherosclerosis) and an increased risk of blood clots.
It has also been linked to artery damage in organs like the brain, heart, kidneys,

and eyes. There are many different types of cardiovascular disease,

Coronary heart disease

Stroke and TIA’s

Peripheral arterial disease

Aortic disease

Coronary heart disease occurs when there is a reduced blood flow to muscle

cells due to blockage which puts an increased strain in heart

A stroke occurs when a portion of the brain’s blood supply is cut off, resulting in
brain damage and possibly death whereas TIA is temporary brain’s blood supply

cut off

It is observed that predicting it earlier and taking necessary precautions and
treatment is the key aspect to prevent it. Hence, we will be assessing one of the
main early biomarkers of CVDs which is the extent of Endothelial dysfunction.
We tried to quantize the biomarker with the health of artery which is the vascular

age
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Figure 1.1: Variation of diseases in the population of Asia. (Photo courtesy
of Global Atlas on Cardiovascular Disease Prevention and Control.
Mendis S, Puska P, Norrving B editors. World Health Organization,
Geneva 2011.)

1.2 Vascular aging

Vascular aging, the leading cause of cardiovascular disease, is linked to structural
and functional changes in the vasculature, as well as deficiencies in the synthe-
sis and release of endothelium-derived vasoactive substances. We estimate the

vascular age by capturing these changes earlier. Comparison is given in figure [1.2

Effects of vascular aging

Aging effects on artery are listed down below,

e [t looses its elastic behaviour and also the elastic gradient which is essential
for smooth blood flow

e Endothelium dysfunction
e Slow thickening of Intima-media layer (~ 0.17mm/10years)

e Increased arterial wall outer diameter

1.3 Endothelium Function

e Endothelium is single layer of squamous endothelial cells that lines the In-
tima layer and the first layer incontact with the Lumen
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Figure 1.2: Comparison of artery before(left) and after(right) aging. source : [Fin-
Kkler et al.| (2019)]

e Upon activation of endothelial cells, they release various chemicals for va-
sodilation, vasoconstriction (Endothelin), etc

e The major vaso-dilator is found to be Nitric Oxide(NO), which is activated
by shear stress on the Endothelial cells

e Upon shear stress, Ca®" influx happens which reacts with L-arginine in
presence of catalysts and eNOS(endothelial NO synthase) to form NO

e Now, the produced NO enters smooth muscle cells turning GC to cGMP
which inturn relaxes the smooth muscle cells of artery leading to vasodilation

e There are two phases of NO release from endothelium :
1. Brief transient Calcium - Calmodulin - dependent NO burst

2. Sustained phase of low "NO” production lasting as long as shear is
imposed, which occurs at resting C'a®* concentration

Acetylicholine, serotonin, w w

thrombin, bradykinin > Shear stress
\I I/m
++ Caveolin—J
ta CCaM

NADPH
BH, eNOS

L-citrulline Endothelial

cell

L-arginine NO

—

Vascular smooth

GTP » cGMP
muscle cell

Relaxation

Figure 1.3: NO reaction chain in vasodilation



1.4 Endothelium Function analysis

Endothelium dysfunction is one of the early biomarkers of vascular aging and
we quantitatively describe it by the amount of NO produced upon shear stress in
brachial artery. This NO produced comes under brief transient calcium dependent
NO burst. We relate the amount of NO produced by its effect which is vasodilation.
FMD testing was created about 20 years ago as a noninvasive method of examining

vasodilator performance in vivo in the brachial artery

There are 3 stages in a FMD experiment:

e Baseline period - Rest
e Intervention period - Cuff inflation

e Post deflation period - Quick cuff deflation

FMDW _ [ Maximum end diastolic diameter in post deflation - Average end diastolic baseline diameter * 100
0 = - - - >
Average end diastolic baseline diameter

1.5 Research objectives

Modelling vasodilation of FMD experiment as shown below,

Brachial artery = system

Shear stress = input

Vasodilation(FMD%) = output,

then we estimate the transfer function of this system which gives the performance
of endothelial function of the artery. We are actually estimating endothelial func-

tion as amount of NO released per unit of shear stress applied in the artery

We observed that the normalised parameters(transfer function) are better consis-
tent across the 5 consecutive days and also within a day of FMD experiment than

the FMD% value. Then we validate the above system model for FMD



1.6 Literature Review

Ma et al| (2021)] discusses about the parameter mEMD% -~ where mEFMD =
eFM D%

measured FMD%, eFM D = expected FMD%. The expected FMD% is calcu-
lated by the change in diameter equation,

2(P - Pbasal) % (1 - Vz)dgasalDbasal
E D? d?

basal ~ “basal

Ad =

where Ad is the change of inner diameter relative to the baseline diameter following
a fluctuation of blood pressure (P — Pysar), v is the poisson ratio. Dygsar, dpasal
are the outer and inner diameter in the baseline time interval which are measured

before the experiment to calculate e’ M D%

E is the average arterial young’s modulus. Response of E to NO is modelled
as,

E e Evea(@_cb) + Ef

where E, = basic elasticity of VSM, a is the response of VSM to NO, ¢, is the NO
concentration which is assumed to be linearly proportional to the concentration
of L-NMMA and nitroglycerine before the experiment, Ey is the average Young’s
modulus of the collagen and elastin fibers, which is equal to 0.1M Pa, Ef and a are
found from best fitting model. In vivo fitting result is F, = 9.8%x10°Pa ; a = —0.45.
Now one can use this to find Ad from pressure readings and estimate expected

FMD% as below,
Adma:t: - Adpre

FMD% =
‘ % dbasal + Adpre

where d,. is the arterial diameter at just before the cuff inflation. Now the

parameter’slf]\]\fg%’ x 100 is estimated, mEF M D% and eF'M D% differ in value due

to the assumption that the subject is totally healthy. Hence, this ratio provides
the health index of that person

Now the key aspect of this ratio is the normalization with expected FMD% for
that person. This was the motivation for this work to normalise the measured
FMD% with wall shear stress which is the main input to FMD system and we
assess endothelium function alone by this transfer function model. A similar idea

is briefly explained in [Guo and Kassab| (20094))]



1.7 Organization of the thesis

Chapter [2| gives an overview of the experimental procedures, theory and methods

followed to estimate FMD% and shear stress values for the 4 subjects

Chapter |3 gives the analysis of the FMD experiment results with the estimated

parameters and evaluates its significance

Chapter 4| concludes the work and gives the future scope for this work



CHAPTER 2

MATERIALS AND METHODS

In this chapter, we will discuss the theory behind shear stress calculation, FMD

normalization with shear stress and the FMD experimental procedures

2.1 Shear stress calculation

2.1.1 Assumptions

In order to evaluate the shear stress on arterial wall, we make the following as-
sumptions to make the calculations easier but also we will be as close to real life

value as possible

e Blood is a Newtonian fluid, i.e., viscosity is constant with changing shear
stress. We will account for this and take the best possible value for viscosity

e Blood flow is Laminar

e Blood flow is Incompressible, i.e., density is the same

The last assumption, i.e., density of blood being constant is almost true as
given in [Vitello et al.| (2015)] which says it is nearly equal to density of water.
In the region of blood vessel bents, rough vessel inner surface, the density of
blood varies significantly. But in the region of brachial artery, the arterial wall
is not rough and there are no bents and so constant density for blood is a good

assumption

As discussed in [Team| (2015)], the majority of the body’s vessels have laminar
blood flow. Despite the fact that blood flow in arteries is pulsatile, laminar blood
flow is silent. When there are some obstructions (or) constriction in blood vessel,
the blood flow collapses and there is formation of small eddies which lead to flow
in directions other than parallel to the long axis of the vessel. Such current eddies
lead to turbulence flow, which is noisy. Also, higher blood flow velocity leads to

turbulence, for example, blood flow in ascending aorta is turbulent
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Figure 2.1: Variation of Apparent viscosity with shear rate of blood for hematocrit
values of 20%, 32%, 45% in the blood. source : [Sprague (2010)]

In our case the blood flow is turbulent near the cuff due to inflation in the lower
arm during FMD experiment but we take the ultrasound reading in upper arm of

brachial artery far from the point of inflation of cuff and so blood flow is almost

laminar.

2.1.2 Viscosity of Blood

The viscosity of blood(u) changes with shear rate and so blood is non-newtonian
fluid. In article [Sprague (2010)], the blood apparent viscosity model is plotted
against shear rate as shown in figure for various hematocrit levels of the blood
model which is the major determinant of blood viscosity. As given in [Patel and
Drummond| (2010)], the normal range of hematocrit level is 33% — 45% in healthy
humans and average shear rate is around 50 to 700(s™!). So from the ﬁgure we
can say that viscosity do not change much in this range of operation and pu = 4¢P,
is a good approximate for blood viscosity. More details on blood viscosity in

brachial artery can be found in [Dammers et al.| (2003))]

2.1.3 Velocity Profile Equation

Now, even though blood flow is pulsatile, we consider the flow to be steady for
infinitesimally small time interval and proceed with the estimation of Shear stress.
Now, consider the artery as a cylindrical pipe model with

L = Length of pipe, AP = pressure difference between two ends of pipe, R =



Radius of pipe, u = Viscosity of blood. For laminar and incompressible flow of
newtonian fluid, the flow profile will be parabolic as shown in figure and the
velocity at distance r from the centre is described by the equation (2.1]). For more

details regarding these equations can be found in [Vlachopoulos et al.|(2011))] and
[Ostadfar| (2016))]

Side View of _
Parabolic Flow Profile End View

e
r

Fressure

11
il

- W rnax
J

L ] V=0

.—’ Concentric Fluid

Figure 2.2: Parabolic flow profile of blood through artery for laminar and incom-
pressible flow. source : [Reisfeld (2021))]

V(r) = <i—lz) (R*—1?) (2.1)

After some manipulation,

AP 4uVies
7 7 (2.2)
where V.. represents the peak velocity in the centre of vessel.
From Newton’s law of Viscosity for newtonian fluid,
av
Sh t = U—
ear stress(7) = u =
where V' is the velocity of blood at a distance r from the axis of the vessel.
_TAP
- 2L
We are interested in wall shear stress, i.e., at endothelium,
R(AP)
S =R, Twar = 2.3
o, r y Twall 27, ( )
From the equations (2.2]) and (2.3)),
2 Vma:c
Twall = MR (24)

10



Now since we are doing this for infinitesimally small time-interval, we write the

equation [2.4] as,

- 2/JJVmax (t)

T(t) = R®) (2.5)

2.2 FMD normalization with Shear stress

As we will see in chapter [3| that FMD% is not consistent for a person through the
5 consecutive days and there are more variations, so we are unable to conclude a
person’s vascular health using FMD% precisely. To get rid of other parameters
in the brachial vasculature that involve in FMD%, we take into consideration,
the wall shear stress of brachial artery applied by the blood which is the main

reason for the release of NO, the major vasodilator

2.2.1 Rate of release of NO

An interesting article [Kanai et al.|(1995))] speaks about the NO release rate upon
shear stress. The transient NO peak release rate is found to be increasing linearly
with wall shear stress which was calculated by multiplying the peak NO concen-
tration (in nanomoles per milliliter) times the flow rate (in milliliters per second)

as shown in figure [2.3

But the overall NO peak concentration in blood remains unchanged with shear
stress because the released NO is consumed entirely by Vascular Smooth Muscle
(VSM) cells for vaso-dilation and some by the blood erythrocytes So we could say
that the effect of shear stress is completely shown in NO release which is reflected
in relaxing VSM cells of the arterial wall and dominate the arterial dilation, which
is the principle of flow-mediated dilation (FMD) |[DH et al.| (2011)] and hence is
captured by FMD% value. Concentration distribution of NO in endothelium upon

shear stress in thoracic aorta is discussed in |Liu et al.| (2014)].

11
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Figure 2.3: NO release rate and NO peak concentration with wall shear stress.
source : [Kanai et al| (1995)]

2.2.2 Transfer Function parameters

We are interested in assessing the endothelial function, which is quantified by the
amount of NO produced upon shear stress and not by magnitude of shear stress.
Hence, we would like analyze the parameter which gives us the amount of NO
produced per unit of shear stress. So, we normalize the FMD% (o amount of NO

released) value with the shear stress estimated.

The block diagram in figure [2.4] represents model of the system involved in
FMD with its input as shear stress and output as FMD%, to represent the va-
sodilation. Essentially we are going to analyse the transfer function of this system
in order to assess the endothelial function of brachial artery. Now, we know that
shear stress changes with time even within a single pulse and the question arises
as to which value to use. It is best to use the shear stress averaged over base-
line period, the maximum shear stress during post-deflation period of FMD which
accounts for FMD% value. Now we will define few shear stress notations,

® T,ha: = Shear stress at the time instant of maximum diameter in post-
deflation period

® Th.sa = Averaged shear stress over the baseline period

12



(input) Brachial [ NO

i

Shear . release
stross arterial o
| wall I .
endothelium
(output)
FMD%

Figure 2.4: System involved in FMD

o AT = Tmaz — Thasal
° Tavg — Tmaw‘;Tbusal
To know about post-deflation and baseline period, one may refer to section [2.3

The 4 different parameters used to represent the system transfer function are,
e Parameter 1 = £M4D%

AT

e Parameter 2 = £MD%
Tavg

e Parameter 3 = £MD%
Tmax

FMD%

e Parameter 4 =

Thasal

We took 4 different parameters for analysis because it is not very clear that
which one of the shear stresses acts as input to the system. So, the best evaluated

parameter will be used

2.3 FMD Experiment

For the analysis of result we need Diameter, peak blood flow velocity data for

every instant of time and we will get those results by FMD using imaging system

2.3.1 Experimental procedure

For the FMD experiment 4 non-hypertensive subjects were taken in the age of

20’s. The Instrument used for the experiment is Ultrasoniz machine

13



Continuous measurement of peak blood flow velocity and arterial diameter
is taken using simultaneous live duplex ultrasound

Blood pressure is checked twice before and after the entire FMD procedure

B-mode images with a linear probe of > 7.5 MHz should be used. The
highest MHz available should be used, given tissue depth considerations

Baseline diameter is examined before cuff inflation for a period of 2 minutes
after 10 minutes of supine rest

Lower arm cuff is placed distal to the imaged artery as shown in figure [2.5
with cuff pressure exceeding systolic pressure by > 50mmHg and inflated for
5 minutes. It is called as the intervention period

@ Baseline measurement

@ Inflate cuff. @ Ischemia below cuff
(up to 1 min)

Distal occlusion Distal vasculature dilates,
(5 min) ing vascular

==
-
Dramatic increase @ Cuff release
in blood flow

@ Endothelium releases Healthy artery dilates
vasodilators and NO

Figure 2.5: FMD procedure

After intervention period, the cuff is deflated and the pressure is released

Post-deflation diameter is monitored continuously from deflation for 3 min-
utes.

Endothelium-dependent vasodilation is analyzed using FMD studio which is,
— Continuous edge-detection

— Blood vessel wall tracking

— Blood flow velocity tracking software

Automated mathematical algorithms are used to calculate the peak diameter(D,y,q.)
in post-deflation period and the baseline diameter(Dy,sq = average end dias-

tolic diameter in baseline period for 20 good pulse cycles). It also calculates

the recovery diameter(D, = average end diastolic diameter in last 20s of
post-deflation period)

The FMD% is calculated as relative change

FMD% _ (Dmax - Dbasal) % 100

14



Vinaz (t)
R(t)

20 good pulse cycles in baseline period(= S Rp,sq1), and also the post-dilation
shear stress at time instant of maximum diameter(= SR,,,,) is calculated
in the software

The shear rate is calculated for every instant = and it is averaged for

Images during FMD experiments, photo of ultrasonix screen, images of edge
detection and flow velocity capturing of FMD studio, Output screen of FMD

studio are provided in the figures 2.6 2.7] 2.8|

Figure 2.7: FMD Experiment with ultrasonix

15



Figure 2.8: FMD Experiment with ultrasonix
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Figure 2.10: Analysis of experiment using FMD studio. It shows the edge detector
algorithm for the artery and blood flow velocity capturing at the
centre of artery in FMD studio
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Figure 2.11: Output screen after analysis from FMD studio, showing values of
Dyasaty Dimaz, Dry S Rpasal, S Rmar and time varying plot of diameter
and shear rate
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2.3.2 Steps followed for reliable measurements

Subjects must be fasted for > 3 hours

Subject should avoid exercise for > 24 hours if he/she is not exercising
regularly

If subject is exercising regularly, then it is continued as per his/her regular
schedule

Subject should not consume alcohol or food/drinks that contain caffeine or
are rich in polyphenols for > 12 hours

No smoking or any tobacco consumption prior to measurement (> 6 hours)

Subjects were given 100ml of water and are asked to take 10 minutes rest
before the start of experiment

Careful history should be taken regarding the use/timing of any drugs. Drug
withdrawal may be required, but this depends on the protocol and is not
always feasible (in patients) or required

Premenopausal women should be assessed in a standardized part of the men-
strual cycle (especially when performing repeated measures) or the menstrual
phase should be annotated

Subjects may neither speak nor sleep during assessments
Be aware of possible disturbance of data due to cardiac arrhythmia

The operator should be a well-trained sonographer and the same operator
should handle a particular subject

Do not apply excessive pressure on the brachial artery with the tonometer
probe. Do not attach cuff loosely or too tight

2.4 Conclusion for calculations

We can now estimate the shear stress values using equation

Tmaz = 2M * SRmaz (26)
Vimaz (t)
T = 21 * JrRG a
basal = <M T
where T is the baseline time interval,
Thasal = 2N * SRbasal (27)

Now after performing the experiment we will be estimating the parameters using

the equations [2.6] 2.7 and evaluating its consistency
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CHAPTER 3

RESULTS AND DISCUSSION

In the plots, normalised parameters are represented as below,
_ FMD%
FMD/AT&U = TA;r

FMD/Avg Tau = £4D%

avg

FMD/Max_Tau = £MD%

Tmax

FMD /Baseline_Tau = £4D%

Thasal

which were discussed in 2.2]

3.1 Experiment Results

After readings were taken from the FMD experiments for 4 subjects as detailed
above, we then calculated the Shear stress and 4 normalised FMD parameters
as discussed above in [2.2.2] The detailed measurement result is given in the
table 3.1 In table [3.1 Basal Diameter = Dpysq, Maximum Diameter = Doz,
Recovery Diameter = D, ; Basal Shear rate = S Rp.sq, Shear rate at instant of
maximum diameter = SR,,.., the detailed description of these were discussed
above in[2.3] As you could see, there are some negative FMD% data which do not
contradict the theory behind FMD, i.e., vasodilation but the ultrasound probe
is very sensitive that even small changes in the position of artery changes the
angle of probe w.r.t artery and hence the image of artery. So, the perspective of
image changes sometimes and it is easily identified in our analysis. There are some
subjects with negative FMD values which are unexplained theoretically, but in our
case negative FMDY% is explained with small angle changes in probe. Hence, some

wrong FMD results are not considered for parameter estimation and its analysis



Diameter (in mm)

Shear rate (in s71)

Subject ID | Day FMD%
Basal | Maximum | Recovery Basal | Maximum
1A | 3.36 3.57 2.86 6.38 | 168.75 458.38
1B | 3.24 3.44 3.39 6.14 | 176.53 665.62
2A | 3.28 3.55 3.51 8.02 | 144.45 440.23
2B | 3.33 3.6 2.92 8.08 | 155.76 522.3
3A | 3.13 3.25 3.28 3.9 237.91 375.41
! 3B | 3.42 4.02 3.62 17.34 | 203.69 446.28
4A | 3.34 3.52 3.62 5.25 | 156.96 296.27
4B | 3.25 3.53 3.37 8.7 190.61 408.9
5A | 3.56 3.81 3.64 6.99 192.5 366.4
5B | 3.45 3.45 3.26 -0.18 | 175.97 138.61
1A | 3.86 3.99 3.6 3.51 143.19 464.37
1B | 4.02 4.18 4.09 4.06 165 263.8
2A | 3.86 4.12 3.94 6.77 143.2 364.06
2B 3.9 3.91 3.82 0.33 | 170.38 179.71
3A | 3.66 3.77 3.73 3 150.64 309.09
. 3B | 3.46 3.53 3.4 213 | 192.77 320.61
4A | 3.86 3.95 3.75 2.31 186.31 306.31
4B | 3.56 3.65 3.6 2.55 | 168.63 304.2
5A | 3.91 3.88 3.96 -0.61 128.9 254.51
5B | 3.51 3.64 3.65 3.72 87.42 120.25
1A | 4.12 4.45 4.17 7.94 | 118.39 416.77
1B | 4.02 4.09 3.72 1.63 | 109.16 268.7
2A 3.9 4.1 4.07 527 | 111.73 260.63
2B | 4.34 4.16 3.96 -4.27 | 105.68 158.13
3A | 3.77 4.12 4.24 9.45 | 169.59 385.51
’ 3B | 3.69 3.83 3.74 3.55 | 155.17 185.79
4A | 3.62 3.73 3.32 3.09 | 109.36 230.1
4B | 3.96 4.04 3.73 1.93 125.5 184.38
5A | 3.91 3.96 4.15 1.2 140.23 203.45
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5B | 4.03 4.13 4.2 2.65 69.79 T7.78
1A | 2.27 2.56 2.24 12.4 96.73 290.43
1B | 2.23 2.44 2.33 9.24 115.11 283.65
2A | 2.63 2.98 2.42 13.15 | 87.41 167.19
2B | 2.63 2.87 2.79 9.02 94.06 250.69
3A | 227 2.58 24 13.72 | 150.95 017.81
! 3B | 2.49 2.77 2.66 11.55 | 73.45 311.29
4A | 2.22 2.54 2.45 14.57 | 192.66 481.89
4B | 2.36 2.5 24 2.83 109.21 224.33
5A 2.3 2.46 2.51 7.16 193.79 602.66
oB | 2.47 2.52 2.25 2.05 132.43 369.26

Full subject details with the 4 estimated parameter values averaged over all 5

days are provided below

Subject ID : 1 Subject ID : 2
Height : 176 cm Height : 178 cm
Weight : 68 kg Weight : 110 kg
BMI : 22 kg/m? BMI : 34.7 kg/m?
Age : 22 Age : 26
Average SBP : 112 mmHg Average SBP : 118 mmHg
Average DBP : 65 mmHg Average DBP : 71 mmHg
Pulse Rate : 59 bpm Pulse Rate : 78 bpm
Average Dpysqr  : 3.32 mm Average Dpysq;  : 3.78 mm
Average Tpasa  : 1.45 Pa Average Tpasar  : 1.3 Pa
Average FMD : 7.87% Average FMD : 2.57%
Average #gml 0 4.18% Average #f;ml 0 2.75 %
Average 22— 1 3.19% Average 242 — 113 %
Average 2% : 2.28% Average 2% 1%
Average % : 5.5% Average % 2%
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Subject ID : 3 Subject ID : 4
Height : 170 cm Height : 157 cm
Weight : 70 kg Weight : 46 kg
BMI : 24.2 kg/m? BMI : 18.7 kg/m?
Age : 25 Age : 23
Average SBP : 120 mmHg Average SBP : 99 mmHg
Average DBP : 73 mmHg Average DBP : 70 mmHg
Pulse Rate : 73 bpm Pulse Rate : 86 bpm
Average Dpgser  : 3.9 mm Average Dpysq @ 2.36 mm
Average Tpasa : 0.99 Pa Average Tpasa  : 1.03 Pa
Average FMD : 4.36% Average FMD : 9.5%
Average #Tfml : 3.45% Average #T’Zml : 5.4%
Average 22— 2.47% Average 22— 51%
Average % 0 1.78% Average % : 3.45%
Average % 0 4.2% Average % 0 10.2%

3.2 Variability and Repeatability of parameters

The main objective of this experiment is to evaluate the consistency and repeata-
bility of the normalised parameters for the 5 consecutive days. The evaluation

methods we adopt to illustrate it are the following:

e Coefficient of Variation
e Mean Absolute Deviation
e Standard Deviation

e Repeatability coefficient

Coefficient of Variation(COV) is a statistical measure of relative dispersion of
the data about its mean.

COVY% = % « 100

where ¢ = standard deviation, © = mean of the data set taken for the 5 days.

COV is best regarded for the evaluation of extent of variability of the data around
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its mean. The COV% for the estimated normalised parameters and FMD are

plotted against the subjects in figure for comparison We could see that nor-

COV in 4 subjects for 5 parameters
120

100

80

60
40
20

0

Subject 1 Subject 2 Subject 3 Subject 4
Subjects

-—

Coefficient of Variation%

sFMD ®=FMD/ATau =FMD/Avg_Tau ®FMD/Max_Tau m=FMD/Baseline_Tau
Figure 3.1: COV% of parameters for the 4 subjects

FMD%

Thasal

malised parameters have lower COV when compared to FMD%, except the

parameter. Particularly, %ﬁ?% term has very low COV when compared to FMD%

Mean Absolute Deviation(MAD) is a measure of average absolute deviation of

data around its mean but it is not relative.

ZN— |z — pf
MAD = &=n=1 "2 7

N
where z;’s are the observations, N = no. of observations, ;© = mean of the
data set. It gives an essence of how varied is our data with its mean, similar
to standard deviation. MAD of normalised parameters and FMD% are plotted
against the subjects in figure (3.2

We observe again that normalised parameters gives lesser deviation when com-

pared to FMD’s mean absolute deviation

Standard Deviation(SD) is a measure of root mean square variation of obser-
vations with mean. SD of normalised parameters and FMD% are plotted in figure

[3.3] for comparison
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MAD in 4 subjects for 5 parameters

4.5
4
35
A
c 3
L
s
325
(=}
2
=]
o 2
[7]
<
$15
(]
=
1
0
Subject 1 Subject 2 Subject 3 Subject 4
Subjects
uFMD ®FMD/ATau ©FMD/Avg_Tau m®mFMD/Max_Tau m=FMD/Baseline_Tau
Figure 3.2: MAD of parameters for the 4 subjects
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Figure 3.3: SD of parameters for the 4 subjects

It is also observed that SD is better for the normalised parameters than FMD
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The last evaluation is done with repeatability coefficient(RC), which tells us

about definite range of the parameter value around its mean with 95% probability.

Range = Mean + RC

where RC = 1.96 % /2 % 0, o represents standard deviation of the data set. The

repeatability ranges for different parameters are plotted against the subjects in

figures 3.4 8.5} B.6, B.7}

Mean with Repeatability coefficient of (FMD) in 4

subjects
25

20

15

-—

10

Mean FMD

-10 5
Subjects

Figure 3.4: Range of FMD% values from RC for the 4 subjects

Now by carefully observing the figures [3.4], 3.5 [3.6] , we see that the

range for FMD, FTM—D% values are large compared to all other parameters. So, we

basal

see a shorter range for other 3 normalised parameters
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Figure 3.5: Range of %f% values from RC for the 4 subjects

Mean with Repeatability coefficient of (FMD / Avg Tau) in
4 subjects

Subjects

Figure 3.6: Range of %ﬁ,% values from RC for the 4 subjects
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Mean (FMD / Baseline Tau) --->
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Figure 3.7: Range of %@DZ% values from RC for the 4 subjects

Mean with Repeatability coefficient of (FMD / Baseline
Tau) in 4 subjects

-
o— ——
e —

Subjects

Figure 3.8: Range of %D;% values from RC for the 4 subjects

a
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3.3 Interday Analysis

The experimental results we have obtained is for 5 consecutive days and we are
curious to know about the behaviour of the parameters over these days. So we
found the average of morning and evening data for each day and plotted it against

the days for each parameter in figures [3.9] [3.10} [3.11], [3.12} [3.13]

Variation of (FMD) values for 5 days taken in
4 subjects
14

12

10

>

FMD% ---

2 e
—3
0
0 1 2 3 4 5 6
Days --->
——Subject1 —®—Subject 2 Subject 3 —@— Subject 4

Figure 3.9: Variation of FMD% over the days

Variation of (FMD / Change in Tau) values for 5
days taken in 4 subjects

-—

FMD / Change in Tau -

Days --->

——Subject1 —@— Subject 2 Subject 3 —@—Subject 4

Figure 3.10: Variation of %f% over the days
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Variation of (FMD / Average Tau) values for 5
days taken in 4 subjects

-—>

FMD / Average Tau -
w

0
0 2 3 4 \9 6

Days --->

-

—e—Subject1 —@—Subject 2 Subject3 —@—Subject 4

f FMD%
Tav

Figure 3.11: Variation o over the days

Variation of (FMD / Maximum Tau) values for 5
days taken in 4 subjects

FMD / Maximum Tau --->

Days --->

—e—Subject 1 —@—Subject 2 Subject 3 —@— Subject 4

Figure 3.12: Variation of FTM—D% over the days

max

d fM when compared

asal

It is observed that the variations are huge in FMD an
to other normalised parameters. There is a peaking observed on the 3™ day in

some of the parameters but the reason is not very clear
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Variation of (FMD / Baseline Tau) values for 5
days taken in 4 subjects
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FMD / Baseline Tau -
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Days --->
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f FMD%

Thasal

Figure 3.13: Variation o over the days

3.4 Intraday Analysis

There are some interesting aspects in regards to morning and evening FMD data

comparison. Figures [3.14], [3.15] [3.16] [3.17], [3.18] represent Box plot for morning

and evening values of each parameter against the subjects. A Box plot is done for

a dataset and it consists of :

e Minimum value

e First Quartile - Median of the data points to the left of the median

e Median

e Third Quartile - Median of the data points to the right of the median

e Maximum value
in the same order from bottom to top in box plot. The blue line inside the box is
the median and the whiskers represent minimum and maximum values for corre-
sponding subject and time within the day

To numerically prove that morning and evening values are statistically insignif-

icant, a T-Test was conducted with the data sets in morning and evening for all 4
subjects in the 5 days. The resulting p-value is then plotted against the subjects
for all the parameters in figure 3.19 If p — value < 0.05, we say that the data
is statistically significant. But in the figure [3.19 all the values are greater than
0.05 and hence numerically it is clear that Morning data and evening data are not

statistically significant
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FMD% -

FMD / Change in Tau --->

Variation of (FMD) in Morning and Evening for 4 subjects
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Figure 3.14: Box plot of FMD% values for Morning and Evening

Variation of (FMD / Change in Tau) in Morning and
Evening for 4 subjects

Subject 1 Subject 1 Subject 2 Subject 2 Subject 3 Subject 3 Subject 4 Subject 4
Morning Evening Morning Evening Morning Evening Morning Evening

f FMD%

Figure 3.15: Box plot o values for Morning and Evening
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Variation of (FMD / Average Tau) in Morning and Evening
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Figure 3.16: Box plot o values for Morning and Evening

Variation of (FMD / Maximum Tau) in Morning and
Evening for 4 subjects

— | e=

Subject 1 Subject 1 Subject 2 Subject 2 Subject 3 Subject 3 Subject 4 Subject 4
Morning Evening Morning Evening Morning Evening Morning Evening

f FMD%

Figure 3.17: Box plot o values for Morning and Evening
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Variation of (FMD / Baseline Tau) in Morning and Evening
for 4 subjects
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Figure 3.19: p-value of T-Test on Morning and Evening dataset for 5 days done
for all parameters
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3.5 Discussion

3.5.1 Statistical significance of the parameters

Even if the normalised parameters are having lesser variability and more consis-
tency than FMD, one should also check for the statistical significance of those
parameters with FMD% before concluding its usage so as to check for the extent

of difference between the normalised parameter estimated and the FMD% val-

ues|Guo and Kassab| (20090)]. This is done by T-Test on each of the 4 normalised

parameters with FMD values which gives the p-value.

(1 — (p — value))*100 gives the probability for the claim, “Two data sets have
statistically significant difference”. So the parameters are compared with FMD%
by T-Test and (1 — (p—wvalue))*100 probability are plotted against the parameters
in the figure [3.20

Statistical significance of estimated parameter
values compared with FMD

1 2 3 4

Parameters

120

100

Probablitity % --->
(2] o]
o o

Ey
o

N
o

Figure 3.20: Probability of statistically significant difference of parameters com-
pared with FMD. The parameter numbering are as discussed above

in2.2.2

As you could see from the figure3.20) £ML% FMD% 416 statistically significant

P Tavg ’ Tmaz

compared with FMD with almost 100% probability

FMD% FMD%
AT 7 Thasal

but are considerable with around 70% significant difference compared to FMD%

Whereas the parameters are not very much statistically significant

values
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3.5.2 Analysis of parameters

In terms of COV, the normalised parameters shows better result as in figure
. Especially, %f% shows very low COV compared to FMD and hence
has increased consistency

In the case of MAD and SD, the normalised parameters are better than
FMD as shown in figure , and %i% shows the best value

In case of RC, also the normalised parameters are better with FTM—D% showing
the lowest range

But out of the estimated parameters, w shows poor COV, MAD, SD,
RC. Rest all parameters are better than FRID with consistency

In the inter-day analysis, normalised parameters have lower variations than
FMD which is evident from the Y-axis scale shown in figures 3.10], [3.11],
3.12, but F MD % parameter variations is worse than FMD variations shown

in figure [3

In the intra-day analysis, we showed that morning and evening data sets
do not have statistically significant difference and observe from figure [3.19
that £ KD % has the highest p-value and larger when compared to any other
parameter, indicating that there is almost no statistical difference between

morning and evening for £ KD % parameter
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CHAPTER 4

CONCLUSION AND FUTURE SCOPE

4.1 Conclusion

e As discussed in[3.5.2] the COV, MAD, SD, RC are better for all the param-

eters except %D;% when compared to FMD% across the days. It is due to

the fact that FTM—D:% do not take post-dilation shear stress into consideration,
which is a major factor of FMD system input

e In our analysis, COV% is the most important factor determining consistency
of data across the days and p-value of T-test within the day given in figure
, so the best value for these are given by %TD% and it is regarded as the
best parameter for representing endothelial function

o %fi% has better COV, MAD, SD than _Fﬁig%

e Hence on the whole, considering consistency across the 5 days and within
the day, we arrange the best evaluated parameters in decreasing order,

FMD FMD FMD FMD
% > % > % > FMD% > FMD%
AT Tmazx Tavg Tvasal
o LMD% can be now used for estimating the vascular age by considering its

improved consistency across the days and within the day

e From the improved consistency of normalised parameters, we validate the
FMD system model with input as shear stress and output as vasodilation

e However, since the system considered also contains blood, some haemody-
namics of blood will also affect the transfer function, for example, hyper-
tensive subject will have a different transfer function value when compared
with normal subject with same vascular age

4.2 Future Scope

There could be improvement in the calculations of shear stress. For example,
apparent viscosity was taken to be 4 ¢P considering the hematocrit concentration
but it varies among the people with different arterial diameter and the variations

are provided in the figure by [Pries et al. (1992))]. This error is revealed in



the result where average FMD% value is slightly higher for people with lower
arterial diameter. Using this graph, one could model for estimating shear stress
more accurately. Some more detailed discussion on viscosity is given in [Sprague
(2010)].

Also the blood pressure data taken before and after FMD experiments could
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Figure 4.1: Apparent Viscosity Vs Diameter. The thick lines represent different
hematocrit levels. Thin lines are to be neglected. source : [Pries et al.
(1992)]

be used for remodelling the system as it would have some effect on the system
during the post-deflation period and we will have a even better parameter that
is consistent across the days and also consistent between different people, i.e.,
different people with same parameter value would be having exactly the same

vascular age
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