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1 Background 
 Blood pressure is an indicator of a cardiovascular 
functioning and could provide early symptoms of 
cardiovascular system impairment. Blood pressure 
measurement using catheterization technique is considered the 
gold standard for blood pressure measurement [1]. However, 
due its invasive nature and complexity, non-invasive 
techniques of blood pressure estimation such as auscultation, 
oscillometry, and volume clamping have gained wide 
popularity [1]. While these non-invasive cuff based 
methodologies provide a good estimate of blood pressure, 
they are limited by their inability to provide a continuous 
estimate of blood pressure [1-2]. Continuous blood pressure 
estimate is critical for monitoring cardiovascular diseases 
such as hypertension and heart failure. 
  Pulse transit time (PTT) is a time taken by a pulse wave to 
travel between a proximal and distal arterial site [3]. The 
speed at which pulse wave travels in the artery has been found 
to be proportional to blood pressure [1, 3]. A rise in blood 
pressure would cause blood vessels to increase in diameter 
resulting in a stiffer arterial wall and shorter PTT [1-3]. To 
avail such relationship with blood pressure, PTT has been 
extensively used as a marker of arterial elasticity and a non-
invasive surrogate for arterial blood pressure estimation. 
  Typically, a combination of electrocardiogram (ECG) and 
photoplethysmogram (PPG) or arterial blood pressure (ABP) 
signal is used for the purpose of blood pressure estimation [3], 
where the proximal and distal timing of PTT (also referred as 
pulse arrival time, PAT) is marked by R peak of ECG and a 
foot/peak of a PPG, respectively. In the literature, it has been 
shown that PAT derived using ECG-PPG combination infers 
an inaccurate estimate of blood pressure due to the inclusion 
of isovolumetric contraction period [1-3, 4].  
 Seismocardiogram (SCG) is a recording of chest 
acceleration due to heart movement, from which the opening 
and closing of the aortic valve can be obtained [5]. There is a 
distinct point on the dorso-ventral SCG signal that marks the 
opening of the aortic valve (annotated as AO). In the 
literature, AO has been proposed for timing the onset of the 
proximal pulse of the wave [6-8]. A combination of AO as a 
proximal pulse and PPG as a distal pulse has been used to 
derive pulse transit time and is shown to be correlated with 
blood pressure [7]. Ballistocardiogram (BCG) which is a 

measure of recoil forces of a human body in response to 
pumping of blood in blood vessels has also been explored as 
an alternative to ECG for timing proximal pulse [5, 9]. 
Use of SCG or BCG for timing the proximal point of a pulse 
can overcome the limitation of ECG-based PTT computation 
[6-7, 9]. However, a limitation of current blood pressure 
estimation systems is the requirement of two morphologically 
different signals, one for annotating the proximal (ECG, SCG, 
BCG) and other for annotating the distal (PPG, ABP) timing 
of a pulse wave. In the current research, we introduce a 
methodology to derive PTT from seismocardiograms alone. 
Two accelerometers were used for such purpose, one was 
placed on the xiphoid process of the sternum (marks proximal 
timing) and the other one was placed on the external carotid 
artery (marks distal timing). PTT was derived as a time taken 
by a pulse wave to travel between AO of both the xiphoidal 
and carotid SCG.  

2 Methods 
 Data Acquisition: Data was acquired from 5 elderly 
patients with a history of heart failure, the recording was 
performed for both control (atrial paced) and biventricular 
pacing. Three accelerometers were attached; one each on 
xiphoid, apex (4th intercostals space), and external carotid 
artery. 15 seconds of simultaneous ECG and SCG recordings 
were acquired. All signals were acquired at a sampling rate of 
1000 Hz using Labview software (National Instruments 
Corporation, TX). Written and informed consent was obtained 
from participants. 
 Data Processing: Data processing was performed using 
Biopac student lab (BIOPAC Systems Inc., Goleta, Ca). As a 
preprocessing step, all signals were smoothed using a 
smoothing filter of order 9. Pulse transit time was determined 
manually as a time difference between AO point on the 
xiphoid SCG and AO point on the �F�D�U�R�W�L�G�� �6�&�*���� �(�&�*�¶�V�� �5��
peak was regularly used to accurately identify AO point on 
xiphoidal SCG. Under circumstances where AO point was not 
annotatable the cycle was discarded from PTT computation. 
The PTT annotation is shown in Figure 1. 

 
Figure 1. Simultaneously recorded ECG (blue), xiphoid SCG (red), 
and carotid SCG (black). Pulse transit time was computed as a time 
interval between AO points on xiphoidal and carotid SCG. The PTT 
is marked as a distance between two solid lines for two beats. 

3 Results 
 The summary of PTT obtained under the control and 
biventricular pacing is summarized in Figure 2. A drop in 
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mean PTT was observed under biventricular pacing in 
comparison to the control (atrial paced). A significance test 
was performed to claim statistical validation of the difference 
in observed PTT. Normality of data was checked with the 
Shapiro-Wilk test (p<0.05) using SPSS statistical software 
(SPSS Statistics, IBM Corporation, NY). Upon passing the 
test of normality a two-tailed student t-test was performed in 
MATLAB (Mathworks Inc, MA). A significant difference 
(p<0.01) in PTT under the two conditions was observed. 
 

 
Figure 2. Boxplot of PTT (milliseconds, ms) under two physiological 
conditions. Under biventricular pacing significantly lower (p<0.01, 
N=5) PTT was observed in comparison to control, validating the use 
of proposed system for PTT computation and hence a tool for non-
invasive blood pressure monitoring. 

4 Interpretation 
 In this research, we proposed a new technique for pulse 
transit time derivation. The current PTT scheme for such 
purpose requires the use of ECG, which would entail 
electrode attachment to the skin, thus, inhibiting certain 
ambulatory application of PTT. With recent manufacturing of 
highly sensitive and lightweight accelerometers, our proposed 
scheme can be useful in continuous, non-invasive blood 
pressure monitoring.  
To validate the efficacy of the proposed system, PTT was 
computed before and after biventricular pacing. It is known 
that in heart failure patients the pumping power of the heart is 
weaker, which causes the blood to move through the heart and 
body at a slower rate. However, with the application of 
ventricular pacing the heart contractility is restored, hence, the 
blood is pumped efficiently to the rest of the body leading to 
the faster transit of blood [10]. Figure 2 validates our 
hypothesis where significantly lower (p<0.01) mean PTT was 
observed under biventricular pacing (45.82±2.82 ms) 
compared to control (75.29±3.39 ms). 
The accurate functioning of the proposed system would be 
contingent on the accurate annotation of aortic valve opening 
�S�R�L�Q�W���R�Q���W�K�H���6�&�*���V�L�J�Q�D�O�����7�U�D�G�L�W�L�R�Q�D�O�O�\�����(�&�*�¶�V���5���S�H�D�N��is used 
as a reference for annotating AO point on the SCG [11], in 
current research as well, R peak was used as a reference for 
accurately marking AO points. Recently, an algorithm has 
been proposed [12] for annotating AO from SCG alone. 
Implementation of a similar robust algorithm in the proposed 
system will be a step forward towards automatic application 
for PTT calculation. 
In conclusion, the result obtained from small sample size 
(N=5) underscores the efficacy of proposed system for pulse 
transit time computation and hence could be used as a non-
invasive, continuous, and ambulatory blood pressure 
monitoring system. Future work such as 1) performing similar 

analysis on bigger cohort to generalize the findings; 2) 
correlation of computed PTT with actual blood pressure 
values will shed further light on its efficacy as an alternative 
to existing techniques; and 3) to implement automated system 
by incorporating robust aortic valve opening point (AO) 
detection algorithm using SCG signal alone will address the 
limitations of current work. To gain clinical application the 
proposed system would have to be calibrated for every 
individual. 
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