
  

  

Abstract— Conventional methods to calculate reflection 

transit time (RTT) is based on pulse counter analysis. An 

alternative to this approach is separating forward and backward 

components from a pulse waveform to calculate the RTT. State-

of-the-art in wave separation requires simultaneously measured 

pressure and flow velocity waveforms. Practically, getting a 

simultaneous measurement from a single arterial site has its 

limitations, and this has made the translation of wave separation 

methods to clinical practice difficult. We propose a new method 

of wave separation analysis that requires only a single pulse 

waveform measurement using a multi-Gaussian decomposition 

approach. The novelty of the method is that it does not require 

any measured or modelled flow velocity waveform. In this 

method, the pulse waveform is decomposed into the sum of 

Gaussians and reconstructed based on model criteria. RTT is 

calculated as the time difference between normalized forward 

and backward waveform. The method’s feasibility in using RTT 

as a potential surrogate is demonstrated on 105 diverse selections 

of virtual subjects.  The results were statistically significant and 

had a strong correlation (r>79, p<0.0001) against clinically 

approved artery stiffness markers such as Peterson’s elastic 

modulus (Ep), pulse wave velocity (PWV), specific stiffness index 

(β), and arterial compliance (AC). Out of all the elasticity 

markers, a better correlation was found against AC.  

Clinical Relevance— This simulation study supplements the 

evidence for the dependence of pulse wave reflections on arterial 

stiffness. It provides a new method to study wave reflections using 

only a single pulse waveform.  

 

I. INTRODUCTION 

The arterial pulse waveform (pressure or diameter) is a 

superposition of a forward wave and a backward wave. The 

forward wave is the pulse wave during ventricular ejection, 

and the backward wave is the cumulative effect of all the 

reflections of the forward wave along the arterial tree. The 

major contributor to reflections is the tapering structure of the 

blood vessels, branching and stiffening of arteries [1]. It is the 

 
 

 

compliance of the elastic arteries that helps in storing the 

pulsatile energy. As the ventricle closes abruptly, this energy 

is utilized for dampening the pulse waves at microcirculation. 

As the artery gets stiffer over time, the elastic arteries lose the 

capacity to store energy and therefore, pulse waves (both 

forward and backward) travel faster. In other words, 

reflections arrive early for a stiffer artery [2]. This can be 

estimated by measuring the time difference between forward 

and backward waves, called reflection transit time (RTT). The 

stiffness of the artery is estimated by clinically approved 

stiffness or elasticity markers like Elastic Modulus (Ep), Pulse 

Wave Velocity (PWV), specific stiffness index β and Arterial 

Compliance (AC). The expression for each marker is 

highlighted in TABLE I.   

Quantification of reflection and RTT is conventionally 

performed by pulse contour analysis (PCA), which relies on 

fiducial/inflection points on the pulse morphology [3]. An 

alternative is using wave separation analysis (WSA), which 

decomposes the waves into forward and backward 

components [4]. Augmentation Index (AIx) is a clinically 

recognized tool in assessing reflection using PCA. However, 

the method is not reliable in accurately quantifying reflections 

as it depends on the arrival time and magnitude of reflections 

[5]. On the other hand, WSA involves decomposing the pulse 

waveform into its forward and backward components. The 

state-of-the-art technique in wave separation involves either a 

frequency domain [6] or time domain [7] approach for 

calculating characteristic impedance: both the methods 

requires simultaneously measured flow velocity and pressure 

waveform from the same artery site. Practical measurement 

challenges [8]–[10] and limitations imposed by the sensor 

form factors for achieving single site measurements makes 

these methods difficult in a clinical setting. A modified 

version of the frequency domain/impedance method, which 

uses an un-calibrated triangular flow waveform instead of the 

measured flow waveform, requires only a single pulse 

waveform to perform the wave separation analysis [11]. 

However, the method depends on the fiducial/inflection point 

of the pulse morphology to model the flow. In a different 

approach, the tube load model-based decomposition of 

pressure waves is obtained using a distal and proximal 

measurement of pressure wave alone. However, this 

technique ignores wave reflections due to arterial geometry 
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(tapering and branching) and arterial stiffens [12] and 

assumed reflections are due to peripheral resistance alone. 

Accounting for the above challenges, we have developed a   

new modelling approach that relies only on a single pulse 

waveform and does not require any modelled or measured 

flow velocity waveform. The model uses multi-Gaussian 

decomposition to separate forward and backward waves from 

the parent pulse waveform and estimate the time difference 

between the normalized signals. This time difference (RTT) 

has been compared against clinically approved elasticity 

markers such as Ep, PWV, β, and AC to observe the 

correlation and statistical significance to act as a potential 

stiffness surrogate. 

II. METHODS 

A. Multi-Gaussian Wave Separation Model and 

Calculation of RTT 

The non-linear wave separation model is a sum of N 
Gaussian curves having amplitude (Ai, i = 1 to N), mean 
positions (Mi, i = 1 to N) and standard deviation positions from 
the respective mean (Ci, i = 1 to N). The input to the multi-
Gaussian approach model is the pressure cycle without any DC 
offset, which is a pulse pressure (PP) cycle, H(t), as expressed 
in (1). The DC offset is the diastolic blood pressure (DBP) 
value. The non-linear multi-Gaussian model (See (2)) is fit for 
the pulse pressure cycle. 

H(t) = P(t) − DBP (1) 

G(t) = ∑ Ai

N

i=1

e
- 

1
2

 × 
(t-Mi)

Ci
2

2

(2) 

Where, G(t) is the curve fit model as a result of non-linear 
optimization, with Ai, Mi and Ci being the optimizing 
parameters. The non-linear optimization is implemented in 
LabVIEW (National Instruments, USA) using Levenberg-
Marquardt (LM) algorithm. The LM method is very robust in 
finding non-linear least squares problems. For a given input 
H(t), the optimizing problem is to find the parameters Ai, Mi, 
Ci of G(t), such that the sum of least squares of the deviations 
P(Ai, Mi, Ci) is minimized for a given set of k empirical pairs 
of independent and dependent variables, as shown in (3). 

P̂ ∈ argminP P(Ai, Mi, Ci)≡ argminP ∑ H(ti) − G(ti)
2

k

i=1

(3) 

The N Gaussian curves are then sorted in ascending order, 
based on mean location value (Mi). The curve with least value 

 
Fig.1. (a). Wave separation using multi-Gaussian approach, (b) Calculation of reflection transit time after normalising the forward and backward waves  

TABLE I        STIFFNESS MARKERS 

Stiffness Marker Expression 

Elastic Modulus (Peterson) (kPa) EP=
∆P

∆D/D
 

Specific Stiffness, β β=
ln(

PS

PD
)

∆D/D
 

PWV (From Bramwell-Hill 

Equation) (m/s) 
PWV=√

DD

2ρ
×

∆P

∆D
 

Arterial Compliance (AC) 

(mm2/kPa) 

𝜋 × (𝐷𝑆
2 − 𝐷𝐷

2)

4∆𝑃
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of Mi is labelled as 1, and the one with the highest value of Mi 
is the Nth curve. Criteria for selecting N depends on limiting 
maximum error (|H(t) – G(t)|), code execution time (Loop 
Time) and the sum of least square error (Σ|H(t) – G(t)|2).  Here, 
we have considered N = 8, {|PP(t) – PM(K, t)| < 3%, Loop Time 
(Sampling Rate = 1 kHz) < 1s}.  The Gaussian curves are now 
superimposed as per the logic given below in (4) and (5) to 
separate forward and backward waves.  

PB(t) =
1

2
× (DCOFF + ∑ Ai

N

i=m

e
- 

1
2

 × 
(t-Mi)

Ci
2

2

) (4) 

m = 1;  if SOLOC of P(t) < SBPLOC of P(t) 

m = 2;  if SOLOC of P(t) > SBPLOC of P(t) 

Where, SOLOC is the shoulder point of P(t) [13], and SBPLOC is 
the time location of SBP of P(t). PF(t) and PB(t) are forward 
and backward waves, respectively. DCOFF is the DC offset that 
was initially removed before applying the multi-Gaussian 
model. DC Offset is equal to the DBP value of P(t). Finally, 
the forward wave can be obtained as in (5). 

PF(t) = P(t) − PB(t) (5) 

Reflection Transit Time (RTT) is measured as the time 
difference between similar fiducial points on the normalized 
forward and backward wave as in (6). 

RTT = tforward − tbackward (6) 

B. Virtual Subject Database 

Spectral/hp-element framework Nektar++ [14] is used to 
simulate the virtual subjects database, based on 1D modelling 
of the arterial tree. The multi-Gaussian modelling approach 
was verified on this virtual subject’s database. The database 
[15] contains pulse waves representative of a healthy subject 
(25 – 75 years) whose haemodynamic parameters (age-related 
trends) are varied to create virtual subjects for in silico 
evaluation of haemodynamics and pulse wave indices. 30-35 
subjects were selected for each Type A, Type B and Type C 
wave morphology [13] each, with an overall SBP range from 
85.81 mmHg to 163.79 mmHg and DBP from 49.79 mmHg to 
96.42 mmHg for the age 25 to 75 years. A total of 105 virtual 
subjects satisfying the above conditions provides a pilot study 
group to demonstrate the feasibility of the proposed method 
and, to estimate RTT across a range of BP and pulse 
morphology conditions. 

III. RESULTS AND DISCUSSIONS 

A. Subject Demography 

Pressure waveform from carotid artery pressure from 105 
virtual subjects from age 25 years to 75 years with 95 
normotensives (SBP: 90 – 140 mmHg, SBP: 60 – 100 mmHg) 
and 10 hypertensives (SBP > 140 mmHg and DBP > 100 

 
Fig.3. (a) Correlation plot of RTT against Peterson elastic modulus (Ep), (b) Correlation plot of RTT against specific stiffness index (β), (c) correlation 
plot of RTT against arterial compliance (AC), (d) correlation plot of RTT against pulse wave velocity (PWV).  
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mmHg) virtual subjects are collected. The mean SBP was 
117.47±13.04 mmHg, and the mean DBP was 71.31±6.83 
mmHg. The subjects were selected such that a sufficient 
number of Type A, Type B and Type C waveform 
morphologies [13] are verified with the modelling approach 
and respective RTT is measured and compared against 
clinically validated elasticity indices.  

B. Regression Analysis   

Regression plots between RTT and clinically relevant 
elasticity markers (Ep, PWV, AC and β) are shown in Fig.3(a) 
– (d). A statistically significant and strong correlation (r > 0.79, 
p < 0.0001) was obtained between RTT and elasticity markers. 
There exists an inverse logarithmic trend between RTT and 
Ep, PWV, and β respectively and a logarithmic trend with AC. 
The trend is in accordance with the literature [15] and 
physiologically rational. Out of all the elasticity markers, AC 
was found to have the highest correlation with RTT (r = 
0.819), followed by Ep (r = 0.805) PWV (r = 0.798) and β (r = 
0.795). The plot of AC is more spread, whereas, for Ep and β, 
it is more focused on certain regions. The fiducial point to 
measure RTT was taken as the first derivative maxima point 
on both the forward and backward waves. First derivative 
maxima were found to have more correlation with the stiffness 
markers than other fiducial points (data not shown).  

Wave reflections is a cumulative effect of arterial geometry 
and elasticity. RTT calculated from the reflection wave is 
having a significant correlation with elasticity markers. 
Arteries get stiffer as one moves up in their vascular age. This 
reduces the distensibility of the large arteries like the aorta and 
carotid in storing the pulsatile energy, which is essential in 
maintaining constant flow at the micro-circulation level. This 
inability to store pulsative energy is revealed as an increase in 
the values of SBP and PP. Having stiffer arteries means pulse 
waves travel at a high velocity, and the same applies to 
reflection waves, which appears early. This is manifested as a 
decrease in RTT for high elasticity markers.  

C. Limitations and Future Works  

The study has explored a diverse set of virtual subjects to 
prove the feasibility of separating the waves and estimating 
RTT as a potential stiffness surrogate. Further exploration is 
required in using in vivo data to validate the methodology. The 
underlying principle being wave decomposition; approaches 
using variants of the Gaussian functions are under 
development that can further improve the accuracy and 
computational cost aiding clinical settings where multi-model 
measurements are practically challenging.           

IV. CONCLUSION  

In this work, we have successfully demonstrated a proof of 
measurement principle using a multi-Gaussian modelling 
approach to decompose a pulse waveform into its forward and 
backward components without the requirement of any 
measured or modelled flow velocity waveforms. Using 
separated waves, we were able to estimate a potential stiffness 
surrogate. RTT was measured and validated against clinically 
approved stiffness markers like Ep, PWV, β and AC. A 
statistically significant and strong correlation was obtained for 
RTT against all four stiffness markers. This shows the 
potential of RTT to be used as a surrogate for stiffness 

evaluation and proves the novelty in the method in using only 
a single pulse waveform to arrive at RTT.       
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