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ABSTRACT 
 

THEORETICAL AND EXPERIMENTAL INVESTIGATIONS OF ARTERIAL PULSE 
WAVE VELOCITY (PWV) 

 
By  

 
Mohammad Yavarimanesh 

 
Pulse transit time (PTT) is the time delay for the energy wave to travel between two sites in the 

arteries. (The energy wave can be visualized as acute dilation of the arterial wall and usually moves 

much faster than blood.) PTT  in the form of pulse wave velocity (PWV = D/PTT, where D is the 

distance between the two sites) has proven to be a marker of arterial stiffness and a major 

cardiovascular risk factor based on a large body of epidemiological data. The Bramwell-Hill (BH) 

equation relates arterial stiffness and radius to PWV.  Arterial stiffness positively relates to blood 

pressure (BP); thus, many have pursued BP monitoring via PWV. We investigated PWV from 

theoretical, experimental, and application prospective. 

In the first theory study, we investigated the 100-year Bramwell-Hill equation, which relates 

PWV to BP and thus represents a basis for cuff-less BP monitoring. However, it has long been 

known that this equation underestimates PWV in a BP-dependent manner. We developed a new 

equation that accounts for spatial changes in arterial cross-sectional area. This new equation 

largely corrected this well-known underestimation and predicted PWV better based on 

experimental data in the literature. 

In the second experimental study, we examined the most popular PTT (finger PTT). We 

hypothesize that whole body PTT could be better than finger PTT due to less smooth muscle 

contraction. We collected data from 32 participants in a near supine position. We placed sensors 

including electrodes on the chest for an ECG waveform, clips on the ear, finger, and toe for photo-

plethysmography (PPG) waveforms, and a cuff on the arm for auscultation BP. We recorded the 



waveforms and referenced BP before and after mental arithmetic, a cold pressor test, slow 

breathing, and nitroglycerin. Conventional PTTs were assessed as markers of BP in human 

subjects undergoing a battery of interventions to change BP. This experimental study concludes 

that PTTs through the whole body rather than the arm show the best BP change tracking ability.    

Thirdly, we repeated the previous study for seven subjects in three sessions one year apart to see 

how much PTTs and other PPG waveform feature models change after one year. While it is known 

that the PTTs calibration models must be updated periodically to account for aging effects, data 

on the time period required for these “cuff re-calibrations” are scant. Our experimental finding 

suggests that the PTTs model through the whole body could hold up after one year, and calibration 

may occur every year, which is reasonably practical.  

Finally, because of the inverse relation of PWV and arterial radius in the BH equation, we 

investigated innovative applications for PTT and other physiology-inspired features of carotid and 

femoral waveform for screening and surveillance of aortic abdominal aneurysm diameter. We 

hypothesized that arterial waveform features such as PTT constitute a non-imaging solution for 

the aneurysm size of the aorta. The features detected AAA with 72-80% accuracy. 
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Chapter 1. Introduction 

1.1 PWV/PTT Definition 

PTT (Pulse Transit Time) is the time delay for the energy wave to travel between two sites in the 

arteries (Figure 1-1A). (The energy wave can be visualized as acute dilation of the arterial wall 

and usually moves much faster than blood.) PTT is inversely related to PWV (Pulse Wave 

Velocity) (PWV = D/PTT, D is the distance between the two sites). 

 

1.2 Conventional Ways to Measure PWV/PTT 

PTT can be estimated simply from the relative timing between proximal and distal waveforms 

indicative of the arterial pulse. Conventionally, PTT is determined by (1) measuring (a) ECG and 

ear, finger, or toe PPG waveforms or (b) two of these PPG waveforms and (2) detecting the time 

delay between the waveforms. 

1.3 PWV/PTT Application 

PTT represents a potential approach for improved BP (Blood Pressure) monitoring.  According to 

the Bramwell-Hill equation, PTT varies with AC (Arterial Compliance, a derivative of arterial 

volume with respect to pressure). Indeed, PTT in the form of PWV  has proven to be a marker of

Figure 1-1 PTT definition and relation to blood pressure.  
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 arterial stiffness and a major cardiovascular risk factor based on a large body of epidemiological 

data. 

It has long been known that PTT also shows a tight relationship with BP (figure 1-1B). Hence, 

PTT could permit non-invasive, automatic, and cuff-less BP monitoring for durations up to perhaps 

a few years at a time. As a result, BP monitoring via PTT has captured the interest of many. 

1.4 PWV/PTT Challenges 

The first challenge is about the theory basis. While the Bramwell-Hill (BH) equation is widely 

used to relate PWV to arterial stiffness and B, it has long been known that this equation 

underestimates PWV in a BP-dependent manner. 

The second challenge is that there is no study in which conventional PTTs are evaluated as 

markers of BP changes under a battery of nontrivial BP-varying interventions in a relatively large 

number of normotensive and hypertensive humans. 

The third challenge is about the calibration curve, which related PTTs in the unit of sec to BP in 

mmHg.  While it is known that the calibration curve must be updated periodically to account for 

aging effects, data on the time period required for these “cuff re-calibrations” are scant. 

The study objective of this research is to address these challenges and find another potential 

application for PTTs. 

1.5 Organization 

This thesis is organized as follows. Chapter 2 introduce new formula related PWV to BP by 

relaxing the central assumption of the Bramwell-Hill equation. Chapter 3 reports comparing the 

cPTTs as markers of BP changes under a battery of nontrivial BP-varying interventions in a 

relatively large number of normotensive and hypertensive humans. Chapter 4 shows the results of 



3 

 

repeating the chapter 3 study for two years to see how much calibration curves change after one 

year of aging. Chapter 5 suggests innovative applications for the PWVs for screening and 

surveillance of AAA (Aortic Abdominal Aneurysms). In the end, chapter  6 discuss the future 

works. 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 

 

Chapter 2. A Superior Equation for Relating Pulse Wave Velocity to Arterial Stiffness and 

Blood Pressure 

2.1 Introduction 

The Bramwell-Hill (BH) equation for indicating that pulse wave velocity (PWV, ݒ) increases 

with arterial stiffening is century-old [1] but still widely used [2], [3].  This equation, which was 

also published in German by Frank at about the same time and has even earlier origins [4], is 

given as follows: 

஻ுݒ  ൌ ට
஺

ఘ

ௗ௉

ௗ஺
, (2.1) 

where ܣ is the cross-sectional area of the artery, ߩ is the density of blood therein, ܲ is the blood 

pressure (BP), and ݀ܣ/݀ܲ	is the arterial compliance.  The ratio of arterial compliance to area 

denotes the distensibility, which is an inverse metric of arterial stiffness.  Arterial distensibility 

decreases slowly over time due to aging and as BP increases due to the nonlinear properties of 

the arterial wall [2], [5], [6].  In this way, the BH equation also provides a direct relationship 

between PWV and BP.  Recent studies have captured interest by proposing to leverage this 

PWV-BP relationship in conjunction with stretchable skin sensors for detecting PWV via the 

arterial pulse time delay to track BP changes seamlessly without an inflatable cuff [7], [8]. 

Yet, it has long been known that the BH equation underestimates PWV [1,9–21].  In fact, early 

investigators proposed empirical scale factors of 1.1-1.7 to correct the underestimation of PWV 

in the aorta [9], [13]–[16], [21].  They also presented plots like Figure 2-1A to show that such a 

correction (solid line) would still misestimate PWV (data points) in the low BP range [9].  

Hence, their conclusion was that an accurate correction of the BH equation would depend on BP. 

The early investigators explained that the reason for the PWV underestimation is that the BH 
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equation only considers the elastic nature of the arterial wall and thus ignores its viscous 

component [1], [9], [13]–[15], [21].  A viscoelastic artery would dilate under distending BP in a 

dynamic manner such that the distensibility appears as a lowpass function of frequency.  This 

explanation was based on their own experiments wherein they measured the aortic distensibility 

for predicting PWV via “slow stretch curves” (which corresponds to the static distensibility) but 

measured PWV via the time delay between the sharp onsets of upstroke or “feet” of proximal 

and distal aortic pulses (which corresponds to a lower apparent distensibility at the higher 

frequencies).  
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However, subsequent researchers found that the aorta exhibits only minor viscoelastic 

behaviors [17], [22]–[24]. For example, the data shown in Figure 2-1B indicates that aortic PWV 

predicted with the apparent distensibility at high frequency may be no more than 10% higher 

than the PWV predicted with the static distensibility [17,22–23].  This difference is less than 

what would be needed for the proposed 1.1-1.7 empirical scale factor corrections.  Later 

investigators also reported that arterial viscoelastic effects are similar at different BP levels, as 

illustrated in Figure 2-1C [22], [24].  Hence, accounting for viscoelasticity may not yield a 

Figure 2-1 Early investigator explanation for underestimation.  
(A) Early aortic pulse wave velocity (PWV) data showing measurement (data points) and 

predictions as a function of blood pressure (BP) by the Bramwell-Hill (BH) equation with 
(dashed line) and without (solid line) an empirical scale factor correction (adapted from [9]).  
The improved PWV prediction of the proposed equation (dotted line) is also included.  Later 
arterial wall viscoelasticity data showing that (B) aortic distensibility or PWV as predicted 
from aortic distensibility via the BH equation is not strongly dependent on frequency 
(adapted from [17], [22]) and (C) the BP level only modestly impacts the dependency of 
arterial distensibility on frequency (adapted from [22]). 
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correction to the BH equation that is substantively dependent on BP.  Furthermore, and perhaps 

most importantly, early to recent investigators have consistently shown that inserting the 

apparent rather than static distensibility into the BH equation still results in significant 

underestimation of PWV (see Table below). 

Our hypothesis is that the BH equation underestimates PWV as a result of neglecting spatial 

changes in ܣ.  This hypothesis is based on two considerations.  First, including such changes 

would increase the net force acting on the wave so as to increase the predicted PWV.  Second, 

since distensibility and thus ܣ changes are sensitive functions of BP, the predicted PWV increase 

would be dependent on BP.  Here, we derive an equation that incorporates spatial changes in ܣ 

and show that this equation can improve PWV prediction accuracy using experimental data (see, 

e.g., dotted line in Figure 2-1A).  The proposed equation may offer a superior means for 

quantifying arterial stiffness and for calibrating potential cuff-less systems to yield BP in units of 

mmHg from PWV measurements in units of m/s. 

2.2 Proposed PWV Equation 

We begin by assuming that an artery can be represented as a long cylindrical tube wherein the 

tube wall is composed of homogenous, elastic material; blood is incompressible; and flow is 

inviscid and in the axial direction with uniform velocity profile.  These assumptions are most 

tenable for the aorta [2] and are likewise made when deriving the BH equation.  We then imagine 

wave propagation in such an artery as presented in Movie S1.  Figure 2-2 shows successive 

snapshots of a portion of the artery in this animation wherein the geometry of the wave 

propagating in the artery has been simplified (from spherical to cylindrical) for mathematical 

convenience.  At some time ݐ ൌ  ௜ (top panel of figure), the arterial segment to the left has largerݐ

 and blood volume flow rate (ܳ) by ∆ amounts than the two segments to the right as well as ,ܲ ,ܣ
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other such segments that are not shown.  After a ∆ݐ time interval (bottom panel), this disturbance 

has traveled over a ∆ݔ space interval to the middle arterial segment.  The uniform movement of 

the disturbance is also illustrated at the midpoint of the two time instances (center panel).  We 

derive an equation for the speed of this movement by employing a fixed control volume 

approach as follows. 
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Figure 2-2 Model of arterial wave propagation for deriving the proposed PWV equation. 
The underlying assumptions are the same as the standard BH equation.  The key difference 

is that spatial changes in arterial cross-sectional area (ܣ) are assumed to be an important 
factor (see Movie S1).  ܲ is blood pressure; ܳ, blood volume flow rate; ݔ, space; ݐ, time; ∆, 
incremental amount; and ߩ, blood density.  See text for detailed explanation. 
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We first apply conservation of mass to our model.  The net ∆ܳ into the control volume over the 

 space interval of ݔ∆ increase over the ܣ∆ time interval (top panel of figure) is balanced by the ݐ∆

the control volume (bottom panel) to yield the following equation:             

∆ܳ ∙ ݐ∆ ൌ ܣ∆ ∙  (2.2) .ݔ∆

To transform this equation into conventional partial derivative notation, it can be inferred from 

the figure that ߲ ⁄ݔ߲ ൌ െ∆ ⁄ݔ∆  and ߲ ⁄ݐ߲ ൌ ∆ ⁄ݐ∆ .  Hence, the standard equation for conservation of 

mass results as follows:  

െ
డொ

డ௫
ൌ

డ஺

డ௧
. (2.3) 

We then apply conservation of momentum to the model by invoking the following one-

dimensional Reynold’s transport theorem:   

ܨ ൌ
ௗ

ௗ௧
׬

ఘொ

஺
ߗ߲ ൅ ሺܳߩଶ/ܣ	ሻ௢௨௧ െ ሺܳߩଶ/ܣ	ሻ௜௡

	
஼.௏. , (2.4) 

where ܨ is the net, right directional force acting on the control volume (ܥ. ܸ.), the first term to the 

right of the equality is the time rate of change of momentum within the control volume, and the 

last two terms are the flux of momentum passing out and into the control surfaces.  We assume 

that the control volume here is the fluid shown in the middle arterial segment at the midpoint time 

(center panel of figure), as it may be representative of the entire ∆ݐ time interval.  To specify ܨ, 

note that the fluid disturbance is concentrated and thus induces transient displacement of the 

arterial wall surface from the fluid at its lateral edges [25] .  This assumption of momentary tent-

like arterial distension represents an analogy between mechanical deformation under solid and 

liquid impact [26].  Due to the key assumption, the wall does not exert any net	ݔ-direction force 

on the control volume, and the disturbance may be viewed as both fluid and the expanded region 
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that move quickly in concert at the PWV (recall Movie S1).  This ݔ-direction movement may be 

faster than any ݕ-direction movement of blood into the expanded region due to gravity.  For 

example, assuming a normal PWV of 5 m/s [5] and initial blood velocity of zero in the ݕ-direction, 

the ݔ-direction distance traveled by the wave (݀ in meters) relative to the ݕ-direction distance 

traveled by blood due to gravity over some time interval is 5.1/݀.  Hence, the relative distance 

increases with decreasing ݀.   

The following equation for the model then results: 

ሺܲ ൅ ∆ܲሻ	ሺܣ ൅ ሻܣ∆ െ ܣܲ ൌ
ௗ

ௗ௧
ቀఘ

ሺொା∆ொሻ

ሺ஺ା∆஺ሻ
ሺܣ ൅ ሻܣ∆

∆௫

ଶ
൅

ఘொ

஺
ܣ
∆௫

ଶ
ቁ ൅

ఘொమ

஺
െ

ఘሺொା∆ொሻమ

஺ା∆஺
. (2.5) 

Neglecting terms that are relatively small (either quadratic or because ܲ ≫ ଶܳߩ ⁄ଶܣ , i.e., BP is 

much larger than twice the kinetic energy in arteries [27]) and using partial derivative notation 

yields the following equation for conservation of momentum: 

െܣ
డ௉

డ௫
െ ࡼ

࡭ࣔ

࢞ࣔ
ൌ ߩ

డொ

డ௧
. (2.6) 

The bold term in this equation is an extra term that does not appear in the standard conservation 

of momentum equation used to derive the BH equation.  Conventionally, this term is neglected by 

either assuming (i) the relative change in ܣ is small compared to the relative change in ܲ (i.e., 

௉

௉஺

డ஺

డ௫
≪

஺

௉஺

డ௉

డ௫
) [28] or (ii) the artery instantaneously conforms to the shape of the fluid disturbance 

such that the fluid in the ∆ܣ area exerts a rightward force on the wall that is balanced by leftward 

axial wall stress (i.e., ߲ܲܣ is negated by equal and opposite axial wall force) [29]. 

We next substitute BP-dependent arterial compliance (݀ܣ ݀ܲ⁄ ൌ  ሺܲሻ) into Eqs. (2-3) and (2-6)ܥ

to yield the following coupled set of nonlinear, partial differential equations: 

డொ

డ௫
ൌ െܥሺܲሻ

డ௉

డ௧
 (2.7) 
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డ௉

డ௫
ൌ െ

ఘ

஺ା࡯ࡼሺࡼሻ

డொ

డ௧
. (2.8) 

Again, the bold term in Eq. (2-8) is extra relative to the standard equations.  Note that another 

difference between Eqs. (2-7) and (2-8) and the standard equations is that arterial compliance in 

the latter is assumed constant (i.e., ܥ) rather than BP-dependent (i.e., ܥሺܲሻ).  However, as indicated 

below, relaxing the constant arterial compliance assumption has no effect on the PWV equation.   

To solve Eqs. (2-7) and (2-8) and thereby yield the final equation, we state, prove, and then 

invoke the following theorem. 

Theorem:  Suppose a coupled set of nonlinear, partial differential equations are of the following 

form:   

డொ

డ௫
ൌ െ݃ሺܲሻ

డ௉

డ௧
 (2.9) 

డ௉

డ௫
ൌ െ݄ሺܲሻ

డொ

డ௧
, (2.10) 

where ݃ሺ∙ሻ and ݄ሺ∙ሻ are any positive-valued and differentiable functions.  By generalizing the 

well-known solution to the standard equations, the solution for ܲ  in Eqs. (2-9) and (2-10) is a wave 

(݂ሺ∙ሻ) traveling at a speed of ሺ݄ሺܲሻ݃ሺܲሻሻିଵ ଶ⁄  as follows: 

ܲ ൌ ݂ ൬ݔ േ ට
ଵ

௛ሺ௉ሻ௚ሺ௉ሻ
 ൰. (2.11)ݐ

Proof:  We first define a new variable ݏ as follows: 

ݏ ൌ ݔ േ ට
ଵ

௛ሺ௉ሻ௚ሺ௉ሻ
 (2.12) .ݐ

We then use Eq. (2-12) to determine the partial derivatives of the presumptive solution ܲ in Eq. 

(2-11) with respect to ݔ and ݐ as follows: 
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డ௉

డ௫
ൌ

డ௉

డ௦
	
డ௦

డ௫
ൌ

ങು
ങೞ

ଵേ
భ
మ
൫௛ሺ௉ሻ௚ሺ௉ሻ൯

ష
య
మቀ

೏೓ሺುሻ
೏ು

௚ሺ௉ሻା௛ሺ௉ሻ
೏೒ሺುሻ
೏ು

ቁ௧
ങು
ങೞ

 (2.13) 

డ௉

డ௧
ൌ

డ௉

డ௦
 
డ௦

డ௧
ൌ

ି൫௛ሺ௉ሻ௚ሺ௉ሻ൯
ష
భ
మ	
ങು
ങೞ

ଵേ
భ
మ
൫௛ሺ௉ሻ௚ሺ௉ሻ൯

ష
య
మቀ

೏೓ሺುሻ
೏ು

௚ሺ௉ሻା௛ሺ௉ሻ
೏೒ሺುሻ
೏ು

ቁ௧
ങು
ങೞ

. (2.14) 

We next combine Eqs. (2-13) and (2-14) to yield the following equation: 

డ௉

డ௧
ൌ െට

ଵ

௛ሺ௉ሻ௚ሺ௉ሻ
	
డ௉

డ௫
. (2.15) 

We thereafter substitute Eq. (2-15) into Eqs. (2-9) and (2-10) to yield the following equations: 

డொ

డ௫
ൌ ට

௚ሺ௉ሻ

௛ሺ௉ሻ
 
డ௉

డ௫
 (2.16) 

െඥ݄ሺܲሻ݃ሺܲሻ	
డ௉

డ௧
ൌ െ݄ሺܲሻ

డொ

డ௧
. (2.17) 

We complete the proof by manipulating Eqs. (2-16) and (2-17) to yield the same equation as 

follows: 

డ௉

డொ
ൌ ට

௛ሺ௉ሻ

௚ሺ௉ሻ
.  (2.18) 

Note that the solution for ܳ may be obtained by integrating Eq. (2-18) while invoking Eq. (2-

11) and is therefore a wave likewise traveling at speed of ሺ݄ሺܲሻ݃ሺܲሻሻିଵ ଶ⁄ . 

We finally apply the theorem to the governing partial differential equations of the model 

(Eqs. (2-7) and (2-8)) with ݃ሺܲሻ ൌ ሺܲሻܥ ൌ
ௗ஺

ௗ௉
 and ݄ሺܲሻ ൌ ఘ

஺ା௉஼ሺ௉ሻ
 to arrive at the proposed PWV 

equation as follows:  

ݒ ൌ ට
஺ሺ௉ሻା௉஼ሺ௉ሻ

ఘ஼ሺ௉ሻ
      ݒଶ ൌ ஻ுݒ

ଶ ൅
௉

ఘ
. (2.19) 
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Note that application of the theorem to the standard equations (i.e., ݃ሺܲሻ ൌ ܥ ൌ
ௗ஺

ௗ௉
 and ݄ሺܲሻ ൌ

ఘ

஺
) would result in the BH equation (see Eq. (2-1)).  As can be seen, the proposed equation 

predicts higher PWV than the BH equation by a BP-dependent amount and reduces to the BH 

equation when ܲܥሺܲሻ ≪ ሺܲሻܣ →
ௗ஺

஺
≪

ௗ௉

௉
.  This condition becomes more valid with increasing 

arterial stiffness, which occurs with rising BP and age.  A finer point is that ܲ in Eq. (2-19) 

represents transmural pressure when it is an argument of ܣ or ܥ but internal pressure when it is 

not.  

2.3 Equation Validation 

To validate the proposed PWV equation, we leverage a wealth of experimental data from 

previous studies [9]–[12], [17]–[20].  We include those studies for which (i) PWV was measured 

in the in vivo or ex vivo healthy aorta or a tube and (ii) the apparent distensibility of the same 

vessel was measured for predicting PWV as the square root of its reciprocal according to the BH 

equation (see Eq. (2-1)).  We did not exclude any such studies that we found in the literature.  

PWV was always measured in the horizontal vessel under pulsatile excitation at the level of 

diastolic BP via the classical foot-to-foot time delay between proximal and distal pressure or 

vessel cross-sectional area waveforms [2], [5].  In the ex vivo and tube studies, fluid pressure and 

area waveforms were directly measured, and apparent distensibility was computed from these 

measurements near the diastolic pressure (e.g., slope of the line relating the initial area to 

pressure data points within a pulse normalized by the diastolic area).  In the in vivo studies, BP 

was either invasively measured in the aorta with a catheter, non-invasively measured in the 

brachial artery via a cuff device, or indirectly estimated in the aorta using an arm cuff device, 

while area was typically measured at one or more aortic sites via imaging.  Apparent 
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distensibility was then computed as ஺ೞି஺೏
஺೏ሺ௉ೞି௉೏ሻ

, where ݏ and ݀ denote systolic and diastolic and 

each term may represent temporal and/or spatial averages.  Note that potential sources of error 

for this computation include decreasing distensibility with increasing BP as the cardiac cycle 

progresses, residual viscoelastic effects, and pulse pressure ( ௦ܲ െ ௗܲ) amplification for brachial 

BP measurements.  However, the first two sources of error may have been mitigated by 

considering only the healthy aorta, and the net effect of these errors may be underestimation of 

apparent distensibility anyhow (which would increase the predicted PWV).  We estimate PWV 

via the proposed equation here from the PWV estimate of the BH equation and diastolic BP (see 

right of arrow in Eq. (2-19)).   

The Table summarizes comparisons between the proposed and BH equations in predicting the 

PWV measurements from the previous studies.  The studies are listed in descending order of 

quality of data.  As expected, the BH equation has good predictive value but consistently 

underestimates the PWV measurements (mean error of -1.2 m/s or -16% relative to the mean of 

PWV).  The proposed equation always improves the PWV predictions and mitigates the 

underestimation by 75% (mean error of -0.3 m/s with similar SEs).  Figure 2-1A likewise shows 

that the proposed equation can largely correct and thereby explain the BP-dependent PWV 

underestimation by the BH equation reported in early studies.  The remaining underestimation of 

PWV by the proposed equation could be due in part to neglecting the smaller terms in the 

governing momentum equation (see Eqs. (2-5) and (2-6)).   
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Table 2-1. Comparisons between Proposed and Bramwell-Hill (BH) Equations in Predicting Pulse Wave Velocity 

(PWV) Measurements in the Literature. 

Ref. Vessel 
Diastolic BP 
(mmHg) 

PWV (m/s) 

Method to Measure Apparent 
Distensibility for Predicting PWVMeasured

Proposed
Equation

BH 
Equation

[17] 
ex vivo aorta 
(N=14 per 3 
sections) 

75 
(measured) 

4.6±0.1 5.0±0.1 3.9±0.1 

ሺܥ ௗܲሻ/ܣௗ  
(distensibility near diastolic BP)

 ܲ – fluid pressure sensor 
 ultrasonic crystals at section – ܣ

midpoint 

[17] 
tube 

(N=13) 
75 

(measured) 
20.6±2.7 19.6±2.6 19.2±2.7

ሺܥ ௗܲሻ/ܣௗ  
(distensibility near diastolic BP)

 ܲ – fluid pressure sensor 
 ultrasonic crystals at tube – ܣ

midpoint 

[9] 
tube 

(M=7) 
50 

(measured) 
8.4±0.6 7.8±0.4 7.3±0.4 

ሺܥ ௗܲሻ/ܣௗ  
(distensibility near diastolic BP)

Terms computed via dynamic 
stress-strain testing of tube material

[18] 
in vivo 

As-Ab aorta 
(M=53,762) 

54 
(measurement 

average) 
4.6±0.1 4.9±0.1 4.2±0.1 

ሺܣ௦ െ ௗሺܣௗሻ/ሺܣ ௦ܲ െ ௗܲሻሻ  
(distensibility over pulse 

pressure) 
ܲ – aortic BP catheter 

ܣ – As and De aorta imaging

[19] 
in vivo 

As-Ab aorta 
(N=40) 

85 
(measurement 

average) 
6.1±1.8 4.9±1.8 3.7±1.8 

ሺܣ௦ െ ௗሺܣௗሻ/ሺܣ ௦ܲ െ ௗܲሻሻ 
(distensibility over pulse 

pressure) 
ܲ – indirect aortic cuff BP 

ܣ – As, De, and Ab aorta imaging 

[12] 
in vivo  

As-De aorta 
(N=17) 

76 
(measurement 

average) 
7.1±0.3 7.1±0.3 6.5±0.4 

ሺܣ௦ െ ௗሺܣௗሻ/ሺܣ ௦ܲ െ ௗܲሻሻ 
(distensibility over pulse 

pressure) 
ܲ – aortic BP catheter 
De aorta imaging – ܣ

[20] 
in vivo  As-
Ab aorta 

(N=141) 

84 
(measurement 

average) 
6.7±1.0 6.6±1.0 5.7±1.0 

ሺܣ௦ െ ௗሺܣௗሻ/ሺܣ ௦ܲ െ ௗܲሻሻ 
(distensibility over pulse 

pressure) 
ܲ – brachial cuff BP 

ܣ – As, De, and Ab aorta imaging

[10] 
in vivo  As-
Ab aorta 

(N=22) 

76 
(measurement 

average) 
4.8±0.8 4.8±0.8 3.7±0.8 

ሺܣ௦ െ ௗሺܣௗሻ/ሺܣ ௦ܲ െ ௗܲሻሻ 
(distensibility over pulse 

pressure) 
ܲ – brachial cuff BP 

ܣ – As, De, and Ab aorta imaging

[11] 
in vivo  

As-De aorta 
(N=126) 

80 
(measurement 

average) 
6.1±3.0 4.7±0.8 3.4±0.8 

ሺܣ௦ െ ௗሺܣௗሻ/ሺܣ ௦ܲ െ ௗܲሻሻ 
(distensibility over pulse 

pressure) 
ܲ – brachial cuff BP 

ܣ – As and De aorta imaging
Mean (SE) of Error (m/s) - -0.3 (0.1) -1.2 (0.1) - 
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Table 2-1 (cont’d) 
PWV was measured via the foot-to-foot time delay between proximal and distal pulses, which corresponds to diastolic 
BP; PWV was predicted via the BH equation from the apparent distensibility measurement of the same vessel (Eq. 
(1)); and PWV was predicted via the proposed equation from the BH equation prediction and diastolic BP (Eq. (19)).  
The studies are listed in descending order of quality of data. 
Values are mean±SE.  N is number of subjects; M, number of measurements; As, ascending; Ab, abdominal; De, 
descending;	ܲ, blood pressure (BP); ܣ, vessel cross-sectional area; ݀ and ݏ, diastolic and systolic; and ܥሺ ௗܲሻ, slope 
of ܣ െ ܲ data pairs near diastolic BP. 

2.4 Discussion 

The BH equation has been invoked for decades to directly relate PWV to arterial stiffness and 

BP.  However, experimental data from early [1], [9], [13]–[16], [21] to recent studies [10]–[12], 

[17]–[20] have repeatedly indicated that the famous equation underestimates PWV.  This 

underestimation was a focus of early studies [1], [9], [13]–[16], [21] but may have been 

overlooked with time. 

The original thinking was that the BH equation underestimates PWV due to the assumption 

that the arterial wall is purely elastic as opposed to viscoelastic.  However, the substantial, BP-

dependent underestimation of aortic PWV reported in early studies (see Figure 2-1A) cannot be 

explained by the minor, BP-independent arterial viscoelastic behaviors observed in later studies 

(see Figs. 1BC).  Perhaps more convincingly, the PWV underestimation is evident even after 

viscoelastic effects have been taken into account (see Table). 

So, why then does the BH equation underestimate PWV?  It cannot be that this equation 

ignores viscid blood flow, as such frictional force would act in the opposite direction of wave 

travel to further reduce PWV.  It also cannot be that the equation predicts the wave speed relative 

to the blood velocity (e.g., the speed of the movement of ∆ܳ relative to the value of ܳ/ܣ in 

Figure 2-2), whereas measured PWV is the sum of wave speed and blood velocity.   The reason 

is that, while the average blood velocity in the aorta is about 0.5 m/s [27], the blood velocity at 

the feet of arterial pulses from which PWV is detected is nearly zero [5].    
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A possible answer is that the BH equation underestimates PWV by virtue of disregarding 

changes in arterial cross-sectional area (ܣ).  This assumption may have been dismissed in the 

past for two reasons.  First, the assumption is subtle in the sense that the BH equation states that 

PWV is a function of ܣ changes (see Eq. (2-1)).  Hence, the BH equation does not ignore ܣ 

changes altogether but rather neglects only the spatial changes in ܣ in the equation of motion 

while accounting for the temporal changes in ܣ in the equation of continuity.  Second, it may be 

easy to assume that the arterial wall deforms instantly to the shape of the disturbance such that 

the fluid pressure exerted on the extra area (see ∆ܣ in middle panel of Figure 2-2) is offset by 

axial wall stress that keeps the artery from breaking apart (see, e.g., Figure 3.8 in [29]).  In this 

case, spatial changes in ܣ would not impact the net fluid force acting on the wave.  Also note that 

by disregarding these changes, while assuming constant arterial compliance (ௗ஺
ௗ௉
ൌ  a standard ,(ܥ

analytical solution for PWV exists.     
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By making an analogy between material deformation under solid and liquid impact [26], we 

envisioned wave propagation as a fast-moving fluid disturbance that induces tent-like arterial 

distension such that counter axial wall stress is not generated (see Movie S1).  In this case, 

spatial changes in ܣ do increase the fluid force in the direction of wave travel to augment PWV.  

Moreover, since BP is a major determinant of distensibility and thus ܣ changes, the PWV 

increase would be dependent on BP.  We thus translated our vision of the phenomenon into a 

model that carries the same assumptions as the BH equation but incorporates spatial changes in ܣ 

as well as BP-dependent arterial compliance (ௗ஺
ௗ௉
ൌ  ሺܲሻ) (see Figure 2-2).  We then derived theܥ

         

 

Figure 2-3 PWV and BP relation for different age groups 
(A) Least squares fits of arctangent (Langewouters) ܣሺܲሻ model of the human aorta (Eq. 

(20)) to independent ܣ െ ܲ measurements from ex vivo human aortas for different age 
groups [14].  (B) Corresponding ܲ െPWV relationships resulting from substituting the 
model ܣሺܲሻ fits in (A) into the proposed PWV equation (Figure 2-2) and the BH equation.  
The P-PWV plots are restricted to the physiologic range of diastolic BP to clearly highlight 
the differences. 
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governing nonlinear, partial differential equations of the model and showed that these equations 

also have a closed-form expression for PWV by generalizing the standard solution.  The final 

equation indeed predicts higher PWV by a BP-dependent amount and, as expected, reduces to 

the BH equation as changes in ܣ become insignificant with arterial stiffening.  Note that relaxing 

the constant arterial compliance assumption had no impact on the PWV equation.  We lastly 

demonstrated the validity of the proposed equation by showing that it can predict PWV with 

significantly superior accuracy to the BH equation using a wealth of experimental data from the 

literature (see Table) including those from early studies (see Figure 2-1A).   

To more fully illustrate the difference between the proposed and BH equations, we employ the 

Langewouters’ sigmoidal ܣሺܲሻ model of the human aorta as follows: 

ሺܲሻܣ ൌ ௠௔௫ܣ ቂ
ଵ

ଶ
൅

ଵ

గ
atan ቀ

௉ି௉బ
௉భ

ቁቃ      ܥሺܲሻ ൌ ௗ஺

ௗ௉
ൌ

஺೘ೌೣ

గ௉భ൤ଵାቀ
ುషುబ
ುభ

ቁ
మ
൨
, (2.20) 

where ܣ௠௔௫ is the maximum area at infinite BP; ଴ܲ is the BP at which the arterial compliance 

is maximal; and ଵܲ reflects the BP range for which the arterial compliance is relatively constant 

[30].  Figure 2-3A shows that this model can fit independent and renowned area-BP 

measurements from ex vivo human aortas of different age groups [14].  Substituting Eq. (2-20) 

into the proposed PWV equation yields a convenient two-parameter equation for relating PWV 

to BP as follows: 

ݒ ൌ 0.357ටߨ ଵܲ ൬1 ൅ ቀ௉ି௉బ
௉భ

ቁ
ଶ
൰ ቀଵ

ଶ
൅

ଵ

గ
atan ቀ

௉ି௉బ
௉భ

ቁቁ ൅ ܲ, (2.21) 

where ݒ is in units of m/s and ܲ is in units of mmHg.  Figure 2-3B shows the PWV-BP 

relationships predicted by Eq. (2-21) with the ଴ܲ and ଵܲ values obtained via the model fits in 

Figure 2-3A.  For comparison, Figure 2-3B also includes the predictions via the BH equation 
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(i.e., Eq. (2-21) but with the right-most ܲ set to zero) [31].  This figure shows that the proposed 

equation makes the most difference when BP is lower and in younger subjects (i.e., where ܣ 

changes most, as seen in Figure 2-3A).  The difference can be dramatic.  For instance, a normal 

PWV of 5 m/s in a 20-24 year old [5] corresponds to a BP at physiologic 80 mmHg for the 

proposed equation but at non-physiologic 142 mmHg for the BH equation.  Note that the lower 

BP range is crucial and cannot simply be discounted, as PWV is often measured at diastolic BP 

wherein wave reflection and blood velocity are minimal [2], [5].  Interestingly, unlike the BH 

equation, the proposed equation also yields a desirable one-to-one relationship between BP and 

PWV in younger subjects.   

Our results also suggest that axial wall tension does not balance the rightward fluid force on 

the extra arterial cross-sectional area due to the spatial ܣ change and that the actual assumption 

of the BH equation is that the relative change in ܣ is small compared to the relative change in ܲ 

[28].  This assumption is not unreasonable, as arteries are much stiffer than veins.  However, as 

the assumption breaks down with decreasing age or BP, the BH equation increasingly 

overestimates arterial distensibility and becomes a less reliable formula for relating PWV to BP.  

Our derivation also results in a modification to the Waterhammer (WH) equation, which may 

be obtained by combining Eq. (18) with the standard ݄ሺܲሻ ൌ ఘ

஺
 and ݃ሺܲሻ ൌ  and the BH equation ܥ

(Eq. (2-1)) as follows: 

ௐுݒ ൌ ܼ௖
஺

ఘ
ൌ

ௗ௉

ఘௗሺ
ೂ
ಲ
ሻ
, (2.22) 

where ܼ௖ ൌ ௗ௉

ௗொ
 is the arterial characteristic impedance.  This venerable equation indicates that 

PWV may be measured at a single arterial site (i.e., local, as opposed to regional, PWV) as the 

slope of BP versus blood velocity (ܳ/ܣ) during early systole wherein wave reflection is minimal 
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[32].  However, combining Eq. (2-18) with the proposed ݄ሺܲሻ ൌ ఘ

஺ା௉஼ሺ௉ሻ
 and ݃ሺܲሻ ൌ  ሺܲሻ and theܥ

proposed PWV equation (Eq. (2-19)) yields another equation to relate PWV to arterial 

characteristic impedance as follows: 

߭ ൌ ܼ௖
஺ሺ௉ሻା௉஼ሺ௉ሻ

ఘ
. (2.23) 

This modified equation specifically suggests that the WH equation may similarly 

underestimate local PWV by a BP-dependent amount. 

In conclusion, we have challenged the longstanding BH equation by deriving a PWV equation 

that incorporates overlooked spatial changes in arterial cross-sectional area and showing that it 

can significantly improve PWV prediction accuracy.  The proposed equation may allow for more 

precise quantification of arterial stiffening with aging and disease and thus superior 

cardiovascular risk stratification as well as more reliable calibration of potential PWV-based 

systems for cuff-less BP measurement.  
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Chapter 3. Conventional Pulse Transit Times as Markers of Blood Pressure Changes in 

Human 

3.1 Introduction 

Current blood pressure (BP) measurement devices employ an inflatable cuff and thus cannot be 

used anytime or anywhere to manage hypertension.  Pulse transit time (PTT) varies inversely with 

BP in a person due to the physical properties of arteries and can be obtained without a cuff.  As a 

result, PTT is being widely pursued for cuff-less BP measurement [2], [33]. 

Conventionally, a surrogate of PTT is obtained by using two transducers amongst ECG 

electrodes and ear, finger, and toe photo-plethysmography (PPG) sensors due to their simplicity 

and noise robustness and detecting the relative timing between the pair of acquired waveforms [2].  

The most popular of these conventional PTTs (cPTTs) has been the time delay between the R-

wave of the ECG waveform and the ensuing foot or peak of the finger PPG waveform [2].  This 

time delay is in fact technically a pulse arrival time (PAT), which includes the pre-ejection period 

due to the use of the ECG waveform, rather than a true PTT and is referred to as finger PAT here.  

Similarly, the time delay between a pair of the PPG waveforms is technically a difference between 

two PTTs and is referred to as dPTT here.  For example, the time delay between ear and toe PPG 

waveforms is called ear-toe dPTT, because it represents the difference between the PTT from the 

aortic arch to the toe and the PTT from the aortic arch to the ear.  Note that the term cPTT therefore 

denotes a PAT or a dPTT henceforth rather than a true PTT. 

Numerous studies have reported that the cPTTs can show inverse correlation with systolic and/or 

diastolic BP [2], [34]–[41].  However, these studies have often been limited in terms of subjects 

or BP-varying interventions, so their results may not be generalizable.  While studies have 

examined the PTT-BP relationship under challenging interventions, they have been confined to 
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animals [39], few healthy humans [40], or critically ill patients [36]–[38], [41] who are often 

hypotensive and thus not reflective of the hypertension management population.  Larger studies of 

normotensive and hypertensive humans have been conducted, but they have mainly involved few 

or simple BP interventions [2], [34], [35].  Often times, only exercise has been invoked wherein 

finger PAT is already known to decline with the parallel increases in systolic and diastolic BP [2].  

Furthermore, the previous efforts have typically been limited to study of only finger PAT. 

In this study, we compared the cPTTs as markers of BP changes under a battery of nontrivial 

BP-varying interventions in a relatively large number of normotensive and hypertensive humans.   

3.2 Methods 

3.2.1 Data Collection 

We collected physiologic data from human subjects under a protocol approved by, and in 

accordance with the relevant guidelines and regulations of, the Institutional Review Boards of 

University of Rochester and Michigan State University.  All subjects gave written, informed 

consent prior to their participation in the study. 
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Figure 3-1  Data collection for comparing conventional pulse transit times (cPTTs) as markers of blood 
pressure (BP) changes in humans.  

The (A) sensors and (B) BP-varying interventions were employed in the reclining volunteer. 
   
We studied the subjects at the University of Rochester’s General Clinical Research diThe 

exclusion criteria included (a) cardiovascular disease exclusive of hypertension that was diagnosed 

earlier or identified upon physical exam or 12-lead ECG during a screening visit; (b) inter-arm 

mean BP difference > 10 mmHg during the screening visit; (c) systolic BP < 100 mmHg during 

this visit; (d) pregnancy; or (e) history of drug abuse or high alcohol consumption rate.  A main 

purpose of the exclusion criteria was to mitigate potential adverse effects of the BP-varying 

interventions of the study.  We enrolled 44 different subjects. 

As shown in Figure 3-1A, we placed sensors on each subject as she/he reclined on a chair.  The 

sensors included electrode patches on the chest to measure an ECG waveform (ECG100C, Biopac, 

USA); transmission-mode PPG clip or soft sensors (8000 series, Nonin Medical, USA) on the 

earlobe, right fingertip, and toe to measure three PPG waveforms (PPG100C, Biopac); and an 
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inflatable cuff over the left brachial artery to measure BP (Tycos TR-1, Welch Allyn, USA) via 

manual auscultation performed by a physician (R. C. B.).  We also positioned standard impedance 

cardiography (ICG) electrodes (NICO100C customized with 4 mA current, Biopac) but found the 

ICG waveform quality to be poor and aborted this measurement well before study completion.  We 

recorded the waveforms continuously at a sampling rate of 1 kHz using a single data acquisition 

system (MP150, Biopac).  Hence, the waveforms were temporally synchronized. 

As shown in Figure 3-1B, we instructed each subject to perform a battery of interventions 

following a baseline period to change BP.  The interventions comprised slow breathing (6 

cycles/min for 2-min) to reduce BP[42], mental arithmetic (successively adding digits of a 3-digit 

number and then adding the sum to the original number for 2-min) to increase BP[43], a cold 

pressor test (foot immersed in 4 C water for 2-min) to increase BP[44], and sublingual 

nitroglycerin (0.4 mg tablet under the tongue) to reduce systolic BP but not alter diastolic BP[45].  

Five-minute recovery periods occurred between the interventions.  For safety considerations, we 

did not employ nitroglycerin in those subjects with pre-intervention systolic BP < 110 mmHg (19 

subjects).  As also shown in Figure 3-1B, we made manual cuff measurements of systolic/diastolic 

BP during baseline, each intervention (at the end and typically the middle), and each recovery 

period (at the end) for a total of up to twelve sets of four waveforms and BP readings during up to 

eight different conditions per subject.    

3.2.2 Data Analysis 

As shown in Figure 3-2, we applied strict data exclusion criteria to ensure a meaningful, apples-

to-apples comparison of the intra-subject correlations between each cPTT detected from pairs of 

the waveforms and each BP over the multiple conditions.  We visually screened the waveform 

segments within ±30 sec of each BP measurement for artifact.  We selected a >7 sec sub-segment 
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for which all four waveforms showed minimal artifact.  If there was no such sub-segment, we 

excluded the entire waveform-BP set from further analysis.  Our rationale for such exclusion was 

as follows.  In most cases of artifact, not all four waveforms were contaminated.  If we kept the 

measurement set, then the cPTTs detected from the artifact-corrupted waveform(s) would be 

unfairly handicapped.  If we discarded only the noisy waveform(s) in the set, then the cPTTs would 

not be compared using the same data (e.g., the correlations would be computed based on a different 

number of data points).  If there were two sets of artifact-free waveform sub-segments and BP 

readings for a condition, we excluded the set with the smaller BP change in order to maximize the 

intra-subject BP variations.  We excluded entire subject records with less than five measurement 

sets in subjects without nitroglycerin and less than six measurement sets or six measurement sets 

without three or more interventions in subjects with all four interventions.  Our reasoning was that 

if we kept subjects with few measurement sets, then the computed correlation between cPTT and 

BP would be misleading (e.g., two data points always yield unity correlation).  Hence, a significant 

fraction of the data were excluded for a valid comparison, but the quality of data from the simple, 

robust sensors was actually much better.   

We analyzed all included waveform sub-segments as follows.  We first detected the R-waves of 

the ECG waveforms using the Pan-Thompkins algorithm.  We then detected the peaks of each 

PPG waveform between successive R-waves.  We next detected the feet of the waveforms between 

the R-waves and successive peaks using the intersecting tangent algorithm[2].  As shown in Figure 

3-3, we determined the cPTTs as the time delays (averaged over the sub-segment) between the 

ECG R-wave and ear PPG foot (ear PAT), ECG R-wave and finger PPG foot (finger PAT), ECG 

R-wave and toe PPG foot (toe PAT), ear and finger PPG feet (ear-finger dPTT), ear and toe PPG 

feet (ear-toe dPTT), and finger and toe PPG feet (finger-toe dPTT).  For comparison, we also used 
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the peaks instead of the feet to determine the six cPTTs. 

We quantified the strength of the cPTT-BP relationship in each subject using the standard 

Pearson correlation coefficient.  Another metric that has been previously employed for quantifying 

the PTT-BP relationship strength may be obtained by fitting a curve (e.g., BP = mcPTT+b) 

through the cPTT and BP pairs of a subject and then computing the standard deviation (SD) of the 

fitting error in units of mmHg [2], [33].  However, the correlation coefficient is preferred to this 

BP error SD for two reasons.  One reason is that the correlation coefficient takes the sign of the 

relationship into account.  That is, cPTT and BP should be negatively correlated.  So, if cPTT and 

BP showed positive correlation in a subject, the correlation coefficient would penalize for this non-

physiologic relationship through its sign.  In contrast, the BP error SD is blind to the sign of the 

correlation.  For example, if cPTT and BP showed strong, positive correlation in a subject, then 

the BP error SD would be small despite the non-physiologic relationship.  The second reason is 

that the correlation coefficient takes the size of the BP variations within a subject into account.  

That is, the square of the correlation coefficient (a.k.a., R2) indicates the fraction of the total BP 

variance that is explained by a cPTT.   In contrast, the BP error SD strongly depends on the intra-

subject BP variation size.  For example, if the intra-subject BP changes were small, then the BP 

error SD would be low even with no cPTT-BP correlation.  (In such a case, the BP error SD would 

simply equal the BP SD.)  For these reasons, the BP error SD was misleading here, so we only 

employed the correlation coefficient.  

We arrived at one correlation coefficient for each cPTT and each BP per subject.  We compared 

the mean correlation coefficients (i.e., the average of the correlation coefficients over the subjects) 

of the six cPTTs for each BP.  Since there were more than two mean correlation coefficients, we 

conducted this comparison using one-way repeated measures ANOVA.  When this test yielded p 



29 

 

< 0.05, we performed pairwise comparisons using a Tukey test, which corrects for the multiple 

comparisons.  We also performed paired t-tests when comparing two mean correlation coefficients. 

3.3 Results 

As shown in Figure 3-2, a total of 214 sets of cPTTs and manual cuff systolic/diastolic BP readings 

from 32 subjects (50% female; 52 (17) (mean (SD)) years of age; 166 (10) cm in height; 89 (34) 

kg in weight; 31% with smoking history; 9% with LDL cholesterol >=190 mg/dL) were included.  

Eight subjects self-reported as hypertensive and were taking medications (e.g., 

Hydrochlorothiazide, Atorvastatin, Metoprolol, Lisinopril, Losartan, Aspirin, and Amlodipine). 

 

Figure 3-2  Data exclusion criteria with number of included and excluded subjects and measurement sets. 
 A measurement set comprises the ECG waveform, ear, finger, and toe photo-plethysmography (PPG) 

waveforms, and manual cuff BP for a subject and condition (see Figure 3-1B).  The criteria were strict to 
ensure a valid comparison of cPTTs as markers of BP changes. 
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Figure 3-3  Data analysis for comparing cPTTs as markers of BP changes in humans.   
The six detected time delays include three pulse arrival times (PATs) and three differences between two 

PTTs (dPTTs).  The time delays were averaged over multiple beats and compared in terms of tracking the 
intervention-induced BP changes via the intra-subject correlation coefficient. 

 

Figure 3-4 shows the mean (with SE) over the subjects of each cPTT shown in Figure 3-3 and 

each BP for the baseline period, four interventions, and three recovery periods.  (Note that we did 

not normalize each cPTT for wave travel distance per subject, as the height of the subjects varied 

little.)  The baseline (BL) systolic and diastolic BP were 121±3 and 79±2 mmHg (where X±Y 

denotes mean of X and SE of Y over the subjects here and henceforth).  The subject cohort thus 

constituted mainly normotensives and controlled hypertensives.  The baseline (BL) ear, finger, and 

toe PATs were 126±4, 269±6, and 266±5 msec, respectively.  While these values are consistent 

with previous data[2], the comparable magnitudes of the finger and toe PATs may be in part due 

to a hydrostatic effect in the reclining subject (see Figure 3-1A).  In particular, the effective BP for 

finger PAT may be lower than that for toe PAT so as to increase finger PAT relative to toe PAT.  

Hence, BL ear-finger dPTT (which also equals finger PAT – ear PAT) and ear-toe dPTT (which 

also equals toe PAT – ear PAT) were comparable in magnitude, whereas BL finger-toe dPTT 
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(which also equals toe PAT – finger PAT) was near 0 msec.  Slow breathing (SB) caused little 

change in BP on average (see Figure 3-4).  As expected and on average, mental arithmetic (MA) 

and cold pressor (CP) increased systolic and diastolic BP, whereas nitroglycerin (NTG) reduced 

systolic BP but did not alter diastolic BP (see Figure 3-4).  Overall, the interventions caused 

systolic and diastolic BP to range respectively over 25±1 and 15±1 mmHg per subject (result not 

indicated in Figure 3-4).  Further, the correlation coefficient between systolic and diastolic BP was 

0.49±0.07.  Hence, the two BP levels did not merely change in parallel.  The range of the cPTTs 

were similar with an overall mean of 26±3 msec per subject (result not indicated in Figure 3-4).  

As can be seen in Figure 3-4, the toe PAT trend showed the best inverse correlation with the 

systolic BP trend, while the toe PAT and finger PAT trends showed the best inverse correlation 

with the diastolic BP trend.  The other cPTT trends did not appear to correlate well with either of 

the two BP trends.  
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Figure 3-4 Mean (with SE) over the subjects (N = 32) of systolic and diastolic BP and the cPTTs for the 
baseline period, each intervention, and each recovery period (see Figures 3-1 and 3-3 for definitions of 
interventions and cPTTs).   

The toe PAT trend appeared most inversely related to the systolic BP trend, whereas the toe PAT and 
finger PAT trends appeared most inversely related to the diastolic BP trend.       

 

 Figure 3-5 shows the mean (with SE) of the correlation coefficients between each cPTT shown in 

Figure 3-2 and each BP over the subjects as well as the results of one-way repeated measures 

ANOVA and the Tukey test.  These correlation coefficients significantly differed for the two BP 

levels.  Toe PAT tracked both BP levels best.  The correlation coefficients were appreciably higher 

for systolic BP than diastolic BP.  The correlation coefficient between toe PAT and systolic BP 

was -0.63±0.05, the only one above 0.5 in magnitude, and 54% higher in magnitude than the 

corresponding correlation coefficient for the popular finger PAT. 
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Figure 3-5 Mean (with SE) of the correlation coefficients between each cPTT and each BP over the 
subjects (see Figures 3-1 and 3-3 for cPTT definitions).   

The correlation coefficients differed significantly for both systolic and diastolic BP according to one-way 
ANOVA.  *indicates significant pairwise differences based on a Tukey test.  The best correlation by a 
substantial extent was between toe PAT and systolic BP. 
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 The mean correlation coefficients between each cPTT detected via the PPG waveform peaks 

(instead of feet) and each BP over the subjects were all substantially lower than those shown in 

Figure 3-5. Figures 3-6 shows an examplary comparison of the mean (with SE) of the correlation 

coefficients of toe PAT detected via the PPG waveform foot and peak and systolic BP over the 

subjects (p  0.001 as per a paired t-test).   

 

Figure 3-6  Mean (with SE) of the correlation coefficients between toe PAT detected via the PPG foot 
(see Figure 3-3) and peak and systolic BP over the subjects.   

*indicates significant difference based on a paired t-test.  Toe PAT detected via the PPG foot afforded 
much better correlation. 
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Figure 3-7. Subject-by-subject plots of systolic BP versus toe PAT detected via the PPG foot (see 
Figure 3-3).   

Red lines are lines of best fit.  The correlation coefficient (CC) varied per subject. 
 

In sum, the best correlation by a substantial extent was between toe PAT detected via the PPG 
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waveform foot and systolic BP (-0.63±0.05 correlation coefficient).  Figure 3-7 shows subject-by-

subject plots of this toe PAT versus systolic BP for all 32 subjects. 

3.4 Discussion 

In this study, we compared cPTTs detected from ECG, ear, finger, and toe PPG waveforms in 

terms of tracking BP changes induced by interventions in humans.  Our study may be notable 

relative to previous efforts in that it comprised (1) a relatively large number of human subjects (N 

= 32; see reference[2] for N of similar studies) with appreciable diversity (25% hypertensive and 

average age of 52±17 years); (2) acquisition of multiple cPTTs instead of just the popular finger 

PAT (see Figures 3-1A and 3-3); (3) manual cuff BP measured by a physician rather than typically 

used but less accurate automatic cuff BP readings; and (4) a battery of interventions to change BP 

nontrivially instead of just typical exercise (see Figurs 3-1B and 3-4).   

The most important of these strengths may be the interventions, which comprised slow 

breathing, mental arithmetic, a cold pressor test, and sublingual nitroglycerin.  Although a previous 

study showed that two minutes of slow breathing reduces BP, especially in hypertensives[42], this 

intervention had minimal impact on BP here (see Figure 3-4).  However, mental arithmetic 

increased systolic and diastolic BP via mainly an inotropic effect[43]; cold pressor increased 

systolic and diastolic BP via mainly vasoconstriction [44]; and nitroglycerin reduced systolic BP 

without changing diastolic BP via a vasodilatory effect [45] (see Figure 3-4).  As a result, these 

interventions collectively caused systolic and diastolic BP to change appreciably (25±1 and 15±1 

mmHg) and not merely in parallel (intra-subject correlation coefficient of 0.49±0.07).  In this way, 

we could not only determine the cPTT with the best association with BP but even determine the 

relative association with systolic and diastolic BP.  Interestingly, the PPG amplitude increased 

with mental arithmetic and sublingual nitroglycerin and decreased with cold pressor (result not 
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shown), suggesting that PPG amplitude may not readily indicate BP changes.  The likely reason is 

that the amplitude of the PPG, which indicates blood volume, is approximately equal to the product 

of local arterial compliance and pulse pressure and that compliance changes with smooth muscle 

contraction (e.g., compliance decreases during cold pressor such that the PPG amplitude decreases 

despite the increase in pulse pressure shown in Figure 3-4).   

We found that toe PAT (the time delay between the ECG R-wave and the ensuing foot of the toe 

PPG waveform) was best in tracking the intervention-induced BP changes amongst six cPTTs (see 

Figure 3-5).  The next best cPTT as a marker of BP changes was the popular finger PAT (the 

analogous time delay via the finger PPG waveform).  However, toe PAT afforded 54% better 

correlation with systolic BP than finger PAT (see Figure 3-5).   

Despite being detected at the level of diastole of the PPG waveform, toe PAT (and the other 

cPTTs) correlated much better with systolic BP than diastolic BP (see Figure 3-5).  One reason 

may be that toe PAT includes the pre-ejection period (PEP), which, like systolic BP, is partly 

determined by ventricular properties[2].  Another reason is that nitroglycerin decreased systolic 

BP, did not alter diastolic BP, and increased toe PAT via smooth muscle relaxation.  Hence, toe 

PAT changed opposite to systolic BP, but not diastolic BP, during nitroglycerin (see Figure 3-4).  

However, this result may be serendipitous, as the toe PAT increase during nitroglycerin may have 

been due to smooth muscle relaxation rather than the systolic BP decline.  On the other hand, the 

correlations between each cPTT and BP were similar in the subjects who received nitroglycerin 

versus the subjects who did not receive the intervention (results not shown). 

Detecting toe PAT (and the other cPTTs) using the PPG waveform peaks yielded substantially 

lower correlations with BP (see Figure 3-6).  This finding is not surprising, because the time delay 

between the foot and ensuing peak of the PPG waveform is largely determined by ventricular 



38 

 

properties.  In a recent study, we showed that PPG sensor contact pressure, which was controlled 

in the present study, impacts finger PAT detected via the PPG waveform peak twice as much as 

finger PAT detected via the PPG waveform foot [46].  Taken together, the pair of studies indicate 

that PTT should be detected specifically via the feet of PPG waveforms. 

Hence, the best correlation by a substantial extent was between toe PAT detected via the PPG 

waveform foot and systolic BP.  However, the correlation coefficient was only -0.63±0.05.   

These findings (see Figure 3-4 and 3-5 in particular) may be the result of numerous, complicating 

factors, so a unifying interpretation may be impossible.  Generally speaking, major factors limiting 

the correlation are that the PATs include PEP, which is again determined by ventricular properties 

rather than just BP, and that all cPTTs excluding toe PAT include substantial wave travel time 

through smaller, muscular arteries wherein smooth muscle contraction/relaxation can cause the 

time delay to vary independently of BP [45].  Another factor limiting the correlation for the dPTTs 

could be that detection of the PPG waveform feet is less robust than detection of the ECG 

waveform R-wave. 

In contrast to many previous studies of finger PAT during exercise, our results indicate that 

finger PAT does not provide good correlation with systolic or diastolic BP.  So, even though 

convenient devices can be developed to obtain finger PAT (e.g., smartwatch form factor), such 

efforts may not be worthwhile for cuff-less BP tracking.  Our results indicate that it may make 

more sense to build devices to measure toe PAT.  Note that building a convenient, portable system 

to measure toe PAT would be more challenging than finger PAT (as two recording devices may 

be needed).  However, our study, instead, suggests that it may be necessary to obtain innovative 

PTTs to improve the correlation with BP via novel sensors and/or waveform detections.  

Innovative sensors may include ballistocardiography [47], seismocardiography [48], [49], wrist 
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bioimpedance [50], ultrasound [51], and radar sensors [52].  Unlike ECG and PPG waveforms, 

these sensors may afford true PTT rather than dPTT or PAT.  However, they may be more 

complicated and/or less robust to artifact.  Innovative waveform detections may include system 

identification methods to more robustly extract the PTTs from the entire waveforms rather than 

just their feet [53] or to extract true PTT rather than dPTT from two distal waveforms [54].  

However, advanced methods beyond waveform feet detection require much more proof. 

Our study does have limitations.  Firstly, while the number of subjects is relatively large 

compared to similar studies, this number is small compared to standardized protocols, and a quarter 

of the subjects were excluded for a meaningful, apples-to-apples comparison.  Secondly, the 

interventions did change systolic and diastolic BP appreciably but not as much as we hoped.  

Thirdly, although 25% of the study cohort were self-reported hypertensives, these subjects had 

their BP under control on average.  Fourthly, the impact of medications on the results was not 

assessed.  Future studies of cPTTs should include more subjects, uncontrolled hypertensives, the 

same subjects with and without medications, and, if possible, interventions that produce more 

extensive BP changes.  We do anticipate that such studies may reveal further limitations of cPTTs 

as markers of BP changes. 

In conclusion, finger PAT and cPTTs detected via the PPG waveform peaks may not generally 

correlate well with BP in a person.  Toe PAT may be a superior marker of changes in systolic BP 

in particular but perhaps not good enough.  Innovations are needed in order to achieve cuff-less 

BP measurement via PTT. 
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Chapter 4. Assessment of the Calibration Model for Computing Blood Pressure from Pulse 

Arrival Time or Photoplethysmography Features after One Year of Aging 

4.1 Introduction 

Pulse transit time (PTT) is a potential, physics-based approach for achieving passive, cuff-less 

blood pressure (BP) monitoring.  PTT is detected via the time delay between proximal and distal 

arterial waveforms and then mapped to BP using a calibration model constructed from previous 

PTT-cuff BP measurement pairs. In addition to PTT, PPG waveform analysis is another popular 

approach for cuff-less blood pressure monitoring. PPG waveform features like Slope Transit Time 

(STT- PPG amplitude divided by maximum derivative) which is unitless, must be calibrated to BP 

in the unit of mmHg to construct a calibration model. 

While it is known that the calibration model must be updated periodically to account for aging 

effects, data on the time period required for these “cuff re-calibrations” are scant. Some studies are 

too short and some study are just for finger and not other body location measurement [55]. 

The objective of this study was to determine how much calibration Models change after one year 

and how effective the calibration model is in measuring  BP one year later. We previously collected 

data and developed calibration models relating PTT or PPG waveform features to BP using cuff 

BP and battery of intervention in various locations and repeated a study two times one year apart. 

Our main experimental finding showed that the Toe PAT-BP calibration model is effective after 

one year. This model did not change significantly such that it could predict systolic blood pressure 

reasonably well a year. This knowledge could help in the development of BP monitoring system. 

4.2 Material and Methods 

The objective of this We explained our human data collection in detail elsewhere [56]. Briefly, the 

study was approved by our Institutional Review Boards, and we obtained written, informed 
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consent from the subjects.  We studied seven volunteers (54±8 years, 5 male, 1.68±0.02 m) in three 

recording sessions that occurred one year apart. In each session, our recordings included the ECG 

waveform, toe photo-plethysmography (PPG) waveform, ear PPG, finger PPG, and auscultation 

cuff BP before and after mental arithmetic, a cold pressor test, slow breathing, and sublingual 

nitroglycerin as shown in Figure 4-1. 
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We intended to study after one and two years, but due to the acclimatization issue, the first session 

thus allowed the subjects to acclimate to the protocol. Based on the first session, we developed six 

calibration models related PTTs or PPG waveform features to blood pressure on large cohort of 

the subjects. Three models had one feature, and the other had two features. We then fitted a line 

 

 

 
Figure 4-1 The overall approach of study. 
By collecting data on a large cohort of subjects with the battery of intervention in three 

sessions over two years, we created six calibration models in which PTTs or PPG waveform 
features related to BP. 
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between feature-BP data pairs or a plane between features-BP data pairs for each subject to form 

a person-specific calibration model for the second session (baseline) and the third session (one 

year later).  We calculated the difference between group average calibration curves for the baseline 

period and one year later to mitigate randomness (getting rid of scattering) and isolate the impact 

of aging. By using root-mean-squared-error (RMSE), we quantified the overall difference after 

one year. 

Next, we examined our six calibration models by determining coefficient based  on the second 

session and testing performance on the third session (after one year). We also developed two 

reference models as the worst-case and the best-case. In the worst-case, we used the average of all 

cuff-BP measurements of the second session to predict the third session (using no model). In the 

best case, we trained and tested our model just on the third session to get the lower bound of the 

best possible result (due to overfitting noise). 

We used RMSE metric to perform statistical comparison. In each subject for all models, we 

computed RMSE and then took the average over all the subject. We did t-test to statistically 

compare between models. 

4.3 Results 

Figure 4-2 shows the difference between the group average calibration models for the baseline 

period and one year later. It was a line for one feature calibration model, while for calibration 

models with two features, it was a plane. Among all, the bias and precision error of the Toe systolic 

model and finger systolic model in one feature calibration model and finger systolic model in two 

features calibration model are in an acceptable limit. 
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Figure 4-3 shows the result of the prediction of the third session versus measurement. This table 

also represents the statistical comparison between calibration models and the best and worst-case 

scenarios. When there is no statistical significance between the calibration model and the worst 

case in which employs the average of cuff measurement, the calibration model did not offer any 

value. Furthermore, this table includes results before and after applying robust method for 

detecting outliers. We considered any element greater than three scaled Medina Absolute 

Deviation (MAD) from median as a outlier. 

Figure 4-2 Difference between the group average calibration models for the baseline 
period against one year later. 
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Figure 4-4 shows correlation and Bland-Altman plots of systolic BP estimated by invoking the 

baseline calibration curve (second session)  to one year-later (third session) toe PAT measurement 

versus reference cuff systolic BP. Excluding the three outliers, the bias and precision errors were 

-1.3 and 9.7 mmHg, near the well-known acceptable regulatory limits of 5 and 8 mmHg. 

    

Figure 4-3 Difference between the group average calibration models for the baseline 
period against one year later.  

Median Absolute Deviation (MAD) method employed as robust method for detecting 
outliers. P-value less than 0.05 considered as a statistical significant. 
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4.4 Discussion 

PTT and PPG waveform analysis are popular approaches for cuff-less BP monitoring. Numerous 

studies reported calibration models relating PTTs or PPG waveform features to BP. While it is 

known that the calibration curve must be updated periodically to account for aging effects, data on 

the time period required for these “cuff re-calibrations” are scant, and it is not clear how long the 

calibration curve of these models holds up! 

We first developed six calibration models relating PTTs, and PPG waveform features to BP for 

achieving this goal. Then we repeated the experiment on seven people for two years to see how 

much calibration models change after one year. Based on our experimental evidence, we found 

that the Toe PAT calibration model works well and could be calibrated after one year. These results 

are consistent with a previous theoretical study in which we predicted that annual cuff re-

 

Figure 4-4 Correlation and Bland-Altman plots of one-year-later systolic BP estimated 
with the baseline calibration curve versus reference systolic BP 
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calibrations would be necessary for 50 year olds [57]. By removing outliers based on the MAD 

robust method, the error of prediction of visit three based on visit 2 is eight mmHg. Toe PAT is 

mainly aorta and is not affected by the smooth muscle. 

The Finger PAT calibration model had value, but it's not as well as the Toe PAT calibration 

model. Smooth muscle contraction (SMC) could be a factor [2]. This model may require a shorter 

calibration period. 

All other four calibration models were not good, and they were not helpful after one year. Firstly, 

SMC could be one factor. Secondly, B-time and STT ( feature used in calibration models) were 

not robust because they related to viscoelasticity and SMC impacts it. Thirdly, there is a lot of 

compensatory mechanism in the head that affects all the ear calibration models. 

Using all interventions is crucial to train the calibration models. Using just MA, or CP, or SB  

intervention for determining the Toe PAT calibration model coefficient, we got 50 mmHg, 40 

mmHg, 22 mmHg RMSE err, which is very bad.  

Our experimental findings suggest that cuff re-calibrations of PTT-based BP measurement 

systems may occur every year, which is quite practical.  These results are consistent with a previous 

theoretical study in which we predicted that annual cuff re-calibrations would be necessary for 50 

year olds. 

Our study does have some limitations. The main limitation of the study is the small number of 

subjects, mainly because of the pandemic. The covid-19 pandemic stopped our subject recruitment. 

Another reason was the battery of challenging interventions that did not allow collecting data 

easily from many subjects quickly. We still found statistical significance in the Toe calibration 

model with these seven subjects, which showed our data is enough in this case. Another limitation 
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is that we couldn't study the impact of age. To investigate the effect of age, we need to collect data 

from subjects of the same age which pandemic and challenging intervention stopped this goal.  

This study concludes  a series of studies on PTT/PPG for cuffless BP.  In the first study, we 

showed that toe PAT is by far best compared to conventional PTTs [56].  In second study, we 

showed adding PPG features can help ear and finger locations, but toe PAT still was a bit better 

on average [58].  In this study, we showed that toe PAT model is valid longer than other models 

and at least for a year.  Taken together, this trio of studies supports toe PAT for cuffless BP.  The 

challenges are to create a convenient recording device and a practical way to accurately determine 

the model coefficients.  Further studies of toe PAT as a marker of BP in more subjects are also 

needed to confirm our findings. 
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Chapter 5. Towards a Convenient, Non-Imaging Device for Abdominal Aortic Aneurysm 

Screening and Surveillance 

5.1 Introduction 

An aortic aneurysm is a balloon-like bulge in the main artery supplying blood to the body.  In this 

condition, a weakened aortic wall in concert with the distending BP causes progressive vessel 

expansion and, in some cases, rupture.  A ruptured aorta has a mortality rate of ~80% [59], [60]. 

Aneurysms are more common in the abdominal aorta than in the other part of the aorta [61].  An 

abdominal aortic aneurysm (AAA) is often defined as a vessel segment > 3.0 cm in diameter [59], 

[60]. AAA is a top 15 leading cause of death in the US [60].  While the prevalence of AAA may 

have recently declined, likely due to a reduction in smoking [62], the future occurrence of AAA 

could increase substantially as society ages [63]. 

 AAAs can be accurately diagnosed with an expert's imaging methods, including ultrasound, 

CT, and MRI.  Ultrasound is preferred because it has high sensitivity (94-100%) and specificity 

(98-100%) and is safe and lower in cost [59], [60].  Aortic aneurysms can be treated via surgery, 

either open or endovascular repair.  The mortality rate of surgical repair can be just 2-3% [60], 

[64]. Since most aortic aneurysms are asymptomatic, screening and surveillance are essential  [59], 

[60], [64].  

However, these methods require an expert operator. They are expensive, and AAA is 

considerably under-detected at present [59] and may become even more under-detected in the 

future as the disease prevalence increases with societal aging.  Our broad goal is to establish a 

convenient device in use and cost for AAA screening and surveillance.  

In this study, we hypothesized that arterial waveforms due to increasing diameter (Figure 5-1A) 

or early wave reflection (Figure 5-1B), which could be obtained with such a device, constitute a 
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non-imaging solution for indicating aneurysm size.  We tested this physiologically based 

hypothesis efficiently and effectively via analysis of a wealth of existing patient data.  Our finding 

suggested that features of carotid and femoral artery waveforms could be used as markers of 

abdominal aortic aneurysms (AAA) in patients.  This knowledge may ultimately translate to a 

convenient device that helps reduce aortic aneurysm mortality. 

 

5.2 Material and Methods 

In this paper, we analyzed the existing AAA patient database. We extracted physiology-inspired 

waveform features and determined regression coefficients using stepwise regression with the 

reference abdominal aortic diameter as the dependent variable.  We also applied leave-one-out 

cross-validation to compare the predicted and reference abdominal aortic diameters. 

Figure 5-1 Potential convenient, point-of-care devices for aortic aneurysm (AA) screening 
and surveillance. 

The hypothesis underlying the (A) weighing scale- and (B) smartphone-based devices is 
that arterial waveforms (e.g., ballistocardiography (BCG) and photo-plethysmography 
(PPG) waveforms) indicate AA size.  For example, pulse wave velocity (PWV) via the time 
delay (Td) between two waveforms decreases with increasing AA diameter (d), while 
waveform undulations appear due to negative wave reflection induced by the AA.  These 
devices may be best used to indicate if an accurate, but less convenient, ultrasound scan 
should be ordered or not. 
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5.2.1 Human Physiologic Data 

This database was described in detail previously [65]. Briefly, the database included carotid and 

femoral artery tonometry waveforms, the physical distance between the carotid and femoral 

arteries (D), and arm cuff blood pressure (BP) values, and reference abdominal aortic diameter via 

imaging from 50 anonymized AAA patients before and three weeks after endovascular repair 

(EVAR).  In 17 of these patients, the exact measurements were also available three years after 

EVAR.  Furthermore,  this database included  50 control subjects matched in various ways, 

including age and BP. The patients were old (66±10 years) and predominantly male (90%), and 

many had comorbidities (e.g., hypertension) and were on medications (e.g., beta-blockers). Table 

5-1 shows detailed individual information and statistical comparison for AAA patients against 

matched control. 

Table 5-1  Individual characteristics comparison between AAA patient and matched control. 

 AAA Control P value 

N 50 (v1 and v2) 50 - 

Age (year) 66 61 0.07 

Female (n) 5 5 1 

SBP,MBP,DBP [mmHg] 132,99,78 137,102,80 0.13,0.29,0.26 

Height [cm] 168 163 0.001 

Weight(Kg) 68 64 0.06 

Smoking (n) 27 10 0.003 

Diabetes 8 6 0.56 

HR (bpm) 67 74 0.002 
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5.2.2 Data Analysis 

We analyzed this data to determine if the carotid-femoral waveform feature could improve the 

prediction of AAA diameter. 

5.2.2.1 Pre-Processing 

For removing noise and keeping the carotid-femoral waveform details,  we used a bandpass filter 

with cutoff frequencies of 0.5 to 10 Hz. Then by finding five shape-wise similar beats in each 

segment and taking an average over these five beats, we ended up with an ensemble-averaged 

representative beat. 

5.2.2.2 Feature Extraction 

We considered two sets of features, namely baseline features and arterial waveform features. In 

baseline features, we used demographic information such as age, height, weight, body surface area 

(BSA), and individual clinical information such as systolic blood pressure, diastolic blood 

pressure, smoking history, and diabetes. In arterial waveform features, we extracted three 

physiologically inspired features.  

One feature was the ratio of carotid-femoral pulse wave velocity (PWV) to diastolic BP and 

age. PWV decreases with increasing aneurysm diameter per the Moens-Korteweg equation and 

decreases with decreasing age and BP due to the nonlinear properties of the arterial wall.  As shown 

in Figure 5-2, PWV (=D/PTT) was detected at the level of diastolic BP via the foot-to-foot time 

delay between the carotid and femoral waveforms. 
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As also shown in the Figure 5-2, the second feature was an index obtained from two lines 

optimally fitted to the carotid waveform upstroke (CUI).  CUI is based on the presence of an early, 

negative wave reflection in AAA and may increase with increasing aneurysm diameter. 

Lastly, we detected a dicrotic notch and calculated the inflection point area ratio (IPA), which 

is the area ratio of after to before the dicrotic notch (Figure 5-2). IPA shows the strength of wave 

reflection. In AAA patients, due to aorta expansion, early negative wave reflection reduces the 

strength of the first part of the area [66]. 

         

Figure 5-2 Arterial waveform features 
A total of 3 features in addition to baseline features were considered as candidate for 

predicting the aneurysm diameter. 
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5.2.3 Model Development and Validation 

We built three linear regression models to predict abdominal aortic diameter from carotid and 

femoral features plus baseline features, carotid features plus baseline features, and only baseline 

features.  We developed this model with stepwise linear regression via Stepwisefit, Matlab 

standard function. This function starts without features and adds or removes one feature at each 

step by considering statistical significance. We also applied leave-one-out cross-validation to 

compare the predicted and reference abdominal aortic diameters.  

We used cross-correlation as the quantitative metrics of regression performance for 50 

anonymized AAA patients and matched control. Furthermore, we evaluated these models in terms 

of their abilities to classify (i) pre- versus 3 weeks post-EVAR for 50 subjects and (ii) change from 

pre- to 3 weeks post-EVAR versus change from 3 weeks to 3 years post-EVAR for 17 subjects.  

We used receiving operating characteristics area under the curve (ROC AUC) as the quantitative 

metric of classification performance. 

5.3 Results 

50 anonymized AAA patients and 50 matched controls were used to developed linear regression 

models. Table 5-2 shows the results of different sets of features models in leave-one-out prediction 

of aneurysm diameter.  All these models are robust because more than 90% of 100 models resulted 

in the same features. This table shows the models yielded from training on all 100 subject datasets. 

 

 



55 

 

Table 5-2. Regression and Classification Results. This table represents the result for the dataset, which 

included 50 AAA patients and 50 matched control. After finding coefficients for predicting aortic 

diameter, AUC (Area Under the Curve) ROC (Receiver Operating Characteristics) calculated. 

Model Coefficients Result AUC 

CI via 
1000 

bootsrtap 
samples 

Baseline -0.02*Hr + 0.02 * Age + 6.73 * BSA 0.32 0.73 0.62-0.82 

Carotid 
waveform 

plus 
baseline 

+ 2.8*Area ratio + 0.02 * age + 4.9 * 
BSA 

0.51 0.80 0.71-0.87 

Carotid-
femoral 

waveforms 
plus 

baseline 

0.008PTT/Height*Age*DBP + 2.73* 
Area ratio 

+ 0.03* weight 
0.63 0.85 0.76-0.91 

 

Baseline models, which include baseline features (see Table 5-2) resulted in a cross-correlation 

of 0.32 and an accuracy of 61% in classification. Adding carotid waveform features to baseline 

feature offered value in prediction with increasing cross-correlation to 0.51 and accuracy of 70% 

in classification. Using carotid and femoral waveform features plus baseline features (all the 

features) resulted in a cross-correlation of 0.63 and an accuracy of 85% in classification. 

Table 5-3 shows the evaluation of these models in terms of their abilities to classify (i) pre- 

versus 3 weeks post-EVAR for 50 subjects and (ii) change from pre- to 3 weeks post-EVAR versus 

change from 3 weeks to 3 years post-EVAR for 17 subjects.  We used receiving operating 

characteristics area under the curve (ROC AUC) as the quantitative metric of classification 

performance.   
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Table 5-3. Classification results for models validation. This table represents the result for the dataset, 

which included 50 AAA patient pre- versus 3 weeks post-EVAR patients and 17 AAA patients from 3 

weeks to 3 years post-EVAR. After finding coefficients for predicting aortic diameter (see table 5-2), AUC 

(Area Under the Curve) ROC (Receiver Operating Characteristics) calculated. Baseline results added no 

value in this case. 

Model Dataset AUC 
CI via 1000 
bootstrap 
samples

Carotid waveform plus 
baseline 

V1 vs V2 (n=50) 0.77 0.66-0.86 

V1 -V2  vs V2-V3 (n=17) 0.92 0.76-0.98 

Carotid-femoral waveforms 
plus baseline 

V1 vs V2 (n=50) 0.78 0.68-0.86 

V1 -V2  vs V2-V3 (n=17) 0.94 0.81-0.99 

 

The baseline model had zero value in this test because all the baseline features were the same 

after three weeks and three years. Carotid features showed 80% for both classification tasks. By 

adding femoral waveform, 90% for both classification tasks was achieved. 

5.4 Discussion 

An abdominal aortic aneurysm (AAA) carries increasing risk of rupture with growing diameter.  

This condition is often asymptomatic, so screening and surveillance are essential.  Ultrasound and 

other imaging methods are employed for such monitoring at high accuracy.  However, these 

methods require an expert-operator and are expensive, and AAA is considerably under-detected at 

present and may become even more under-detected in the future as the disease prevalence increases 

with societal aging.  Our broad goal is to establish a device that is convenient in use and cost for 

AAA screening and surveillance.  We hypothesize that arterial waveforms, which can be obtained 

with such a device, constitute a non-imaging solution for indicating aneurysm size.  Here, we 

initially tested this hypothesis by leveraging an existing AAA patient database. 
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We analyzed this dataset and built a linear regression model to predict abdominal aortic diameter 

from features of the waveforms and patient demographic information.  We considered a total of 

10  baseline features and physiology-inspired waveform features.  We selected the features and 

determined the associated regression coefficients using stepwise regression with the reference 

abdominal aortic diameter as the dependent variable. We also applied leave-one-out cross-

validation to compare the predicted and reference abdominal aortic diameters. 

 Carotid and femoral waveform features yielded a good result in tracking a diameter change 

(Table 5-2) and in classification between AAA patients and matched control (Table 5.-2) and 

multiple visits (3 weeks and three years) of AAA patients (Table 5-3). All the model coefficients 

worked in the expected direction because increasing an aneurysm leads to increasing PTT (due to 

MK equation), increasing IPA (due to mismatch at the start of aortic expansion). This model 

suggested that a AAA monitoring device may take the form of a sensitive weighing scale to 

measure aortic PWV via the ballistocardiogram IJ-interval [67] in combination with a smartphone 

wherein the camera is placed on the neck to measure a carotid artery waveform. 

Carotid waveform features yielded an acceptable result in tracking a diameter change and in 

classification between AAA patients and matched control (Table 5-2) and multiple visits (3 weeks 

and three years) of AAA patients (Table 5-3) but not as well as carotid and femoral waveform. 

Again, all the model coefficients worked in the expected direction. This model suggested that a 

AAA monitoring device may take the form of only a smartphone wherein the camera is placed on 

the neck to measure a carotid artery waveform. Compared to the previous model, this model is 

reasonably practical because it only needs a phone. 

Our control group was approximately matched with AAA patients. The heart rate difference 

between the two groups caused the correlation coefficient of 0.32 and 70% accuracy.  
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In conclusion, our results demonstrate that arterial waveforms can indeed indicate AAA size.  

The selected waveform features suggest that a AAA monitoring device may take the form of a 

sensitive weighing scale to measure aortic PWV via the ballistocardiogram IJ-interval [67] in 

combination with a smartphone wherein the camera is placed on the neck to measure a carotid 

artery waveform.  Such a convenient, non-imaging device could be more effective than aortic 

palpation in indicating if an ultrasound scan is needed. 
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Chapter 6. Conclusion and Future Work 

The first part of this thesis concludes a series of studies on PTT/PPG for cuffless BP. In the first 

step, we showed that toe PAT is by far best compared to conventional PTTs.  In the second step, 

we showed that adding PPG features can help ear and finger locations, but toe PAT is still a bit 

better on average.  In the third step, we showed that the toe PAT model is valid longer than other 

models and at least a year.  Taken together, this trio of studies supports toe PAT for cuffless BP.  

This conclusion suggests that it may be necessary to obtain innovative PTTs to improve the 

correlation with BP via novel sensors and/or waveform detections. Innovative sensors may include 

ballistocardiography [67], seismocardiography [68], wrist bioimpedance [50], ultrasound, and 

radar sensors.  

The second part of this thesis suggests that an AAA monitoring device may take the form of a 

sensitive weighing scale to measure aortic PWV via the ballistocardiogram IJ-interval [67] or a 

smartphone (Figure 6-1) wherein the camera is placed on the neck to measure a carotid artery 

waveform.  Such a convenient, non-imaging device could be more effective than aortic palpation 

in indicating whether an ultrasound scan is needed or not. 
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Figure 6-1 Screening and surveillance of AAA with arterial waveforms.   
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