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Abstract. The present study reports a noninvasive technique for the measurement of the pulse transit time
differential (PTTD) from the pulse pressure waveforms obtained at the carotid artery and radial artery using
fiber Bragg grating pulse recorders (FBGPR). PTTD is defined as the time difference between the arrivals
of a pulse pressure waveform at the carotid and radial arterial sites. The PTTD is investigated as an indicator
of variation in the systolic blood pressure. The results are validated against blood pressure variation obtained
from a Mindray Patient Monitor. Furthermore, the pulse wave velocity computed from the obtained PTTD is
compared with the pulse wave velocity obtained from the color Doppler ultrasound system and is found to
be in good agreement. The major advantage of the PTTD measurement via FBGPRs is that the data acquisition
system employed can simultaneously acquire pulse pressure waveforms from both FBGPRs placed at carotid
and radial arterial sites with a single time scale, which eliminates time synchronization complexity. © 2015 Society of

Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.20.5.057005]
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1 Introduction
Hypertension is known to adversely affect the cardiovascular
and renal systems.1 Precise blood pressure measurement is
imperative as it can aid in the prognosis of hypertension and
cardiovascular morbidity. The clinical usage of direct intra-
arterial measurement of blood pressure is limited2 due to its
invasive nature.3 Conventional methods of blood pressure meas-
urement utilize auscultatory or oscillometric techniques, which
are cuff based methods with various disadvantages, prominent
being the inability to continuously measure beat-to-beat blood
pressure. Further, these techniques necessitate 1 to 2 min time
duration between consecutive blood pressure measurements.4

Other methods such as tonometry, finger-cuff method, and
ultrasound techniques are able to provide beat-to-beat blood
pressure; however, they are limited by the accuracy of the algo-
rithms used.5,6

The pulse pressure waveform of an individual subject is
known to contain vital information about the physical attributes
and acts as an indicator of cardiovascular diseases.7 Pulse transit
time (PTT) is known to be related to arterial stiffness, and it has
also established its usefulness in the estimation of variation in
systolic blood pressure.8,9 PTT is defined as the time duration for
the pulse pressure waveform to propagate from the aortic valve
to the peripheral site in an artery.10 Commonly, PTT is obtained
from the “R” wave peak of an electrocardiogram (ECG) and
the arrival of the pulse pressure at specific peripheral arterial
site detected by photoplethysmogram (PPG).11,12 The main

disadvantage of this method is the time synchronization diffi-
culty between the ECG and PPG. Some PPG devices induce
undesired variable phase delay in the acquired signals, which
will affect the PTT measurements.13

In the present study, the pulse transit time differential (PTTD)
is measured from the pulse pressure waveform obtained at the
carotid arterial site and radial arterial site using the fiber Bragg
grating pulse recorder (FBGPR). FBGPR provides a noninva-
sive way of acquiring the pulse pressure waveform from the
superficial impulses produced at the arterial site.14,15 PTTD is
the time interval between the arrival of the pulse pressure wave-
form at the carotid arterial site and radial arterial site, which is
essentially the difference in the PTT between the heart to the
carotid arterial site and radial arterial site, respectively.
Further, the measured PTTD is investigated for being an indi-
cator from which the variation of systolic blood pressure may be
derived, along the lines of the Moens–Korteweg’s equation. 16

The evaluated variation in systolic blood pressure obtained from
the PTTD is validated against the variation in the systolic blood
pressure obtained from the Mindray Patient Monitor. Also,
the pulse wave velocity computed from the obtained PTTD is
validated against the pulse wave velocity measurements from
the color Doppler ultrasound (CDU) technique, facilitating
simultaneous data acquisition by both sensor methodologies.
The present study reports a new methodology of acquiring the
arterial pulse from the carotid and radial arterial sites using
FBGPRs with which the novel parameter of PTTD can be
evaluated. The proposed technique of PTTD measurement
from FBGPR eliminates the use of two sensor methodologies
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along with the time synchronization complexity, as data from
both the FBGPRs at the carotid and radial arterial sites are
acquired with a single time scale. In addition, the use of
FBG sensor brings potential advantages such as insensitivity
to electromagnetic interference, low fatigue, and ultrafast
response, making the proposed FBGPR an effective means
for PTTD measurement.

2 Materials and Methods

2.1 Theory of Fiber Bragg Grating

FBG is a periodic modulation of the refractive index of the core
of a single-mode photosensitive optical fiber along its axis.17

When a broadband light is launched into an FBG, a single wave-
length that satisfies the Bragg condition will be reflected back
while the rest of the spectrum is transmitted.18 This reflected
Bragg wavelength (λB) of the FBG is given by

λB ¼ 2 neff Λ: (1)

Here, Λ is the periodicity of the grating and neff is the effec-
tive refractive index of the fiber core.

Any external perturbation, such as strain, temperature, etc., at
the grating site of the FBG sensor will alter the periodicity of the
grating and, in turn, the reflected Bragg wavelength. By inter-
rogating the shift in Bragg wavelength, the parametric external
perturbation can be quantified.19–21 For example, the strain effect
on an FBG sensor is expressed as

ΔλB ¼ λB

�
1 −

n2eff
2

½P12 − νðP11 − P12Þ�
�
E; (2)

where P11 and P12 are components of the strain-optic tensor, ν is
the Poisson’s ratio, and E is the axial strain change.22 The strain
sensitivity of an FBG inscribed in a germania-doped silica fiber
is ∼1.20 pm∕μE.23

In the present experiments, FBG sensors with a gauge length
of 3 mm fabricated in a photosensitive Germania-doped silica
fiber using the phase mask method24 are employed. The temper-
ature effect on the FBG sensor is neglected as the experiment is
conducted in a controlled environment and the experimental
duration is small.

2.2 Color Doppler Ultrasound Imaging

CDU instruments are real-time B-mode scanners with built-in
Doppler capabilities. By estimating the mean Doppler shift
caused by the blood flow velocity component of a vessel, CDU
produces two-dimensional color-coded images of flow condi-
tions superimposed on two-dimensional gray-scale images of
anatomical structures.25 CDU is capable of visualizing an artery
with B-mode images of blood vessels and adjacent tissues in real
time, along with the blood flow velocity component in the ves-
sel.26 This method is shown to be accurate and precise, hence
making it a qualitative flow visualization tool.27 In the present
study, the Doppler shift component is utilized for measurement
of blood flow velocity. Some of the drawbacks of CDU are
dependency on skilled operator, instrument-dependent varia-
bles, computationally expensive, and burdensome for low-end
ultrasound machines.28–30

2.3 Principle of Estimation of Variation in
Blood Pressure from PTTD

Dimensions and compliancy of the vessel are the primary
parameters that influence the pulse wave velocity in the vessel.
The Moens–Korteweg equation shows the relation between
pulse wave velocity and the increasing elastic modulus of the
arterial wall or its distensibility.31

v ¼
ffiffiffiffiffiffiffiffiffi
gEa
ρd

s
; (3)

where v is the pulse wave velocity; g is the gravitational con-
stant; E is the elastic modulus of the vessel; ρ is the density of
the blood traveling within the vessel; a is the wall thickness; and
d is the interior diameter of the vessel. An increase in blood
pressure inside the vessel results in an increase in its diameter
and decrease in its wall thickness and vice versa. Also, an
increase in blood pressure inside the vessel results in an expo-
nential increase of its elastic modulus,32 given by

E ¼ E0eγP; (4)

where Eo is the elastic modulus at zero pressure; P is the blood
pressure (mm Hg), and γ is a coefficient ranging from 0.016 to
0.018 (mmHg−1),10,16 depending on the particular vessel param-
eters. The change in elastic modulus of the vessel is much higher
than the change in wall thickness and vessel diameter. Hence,
it is observed that an increase in blood pressure induces an
increase in pulse wave velocity.10,16 The pulse wave velocity
is inversely proportional to the PTT and is given by

v ¼ K
PTT

; (5)

where K is a distance between the two sensing points of the
vessel (m) traveled by the pulse wave within time PTT (s)
and the pulse wave velocity denoted by vðm∕sÞ. Combining
Eqs. (3), (4), and (5), blood pressure can be expressed as10,16

P ¼ 1

γ

�
ln

�
ρdK2

gaEo

�
− 2 lnðPTTÞ

�
: (6)

Assuming that the changes in dimensions of the vessel are
negligible compared to the change in blood pressure and assum-
ing that the change in the elastic modulus is slow enough, the
variation in blood pressure for a short interval of time can be
given by16

ΔP ¼ −
2

γðPTTÞ ΔPTT: (7)

Equation (7) shows that for a short interval of time, with the
assumption that variation in elastic modulus is slow, the varia-
tion in blood pressure varies linearly with the variation in PTT.
It is important to note here from previous studies that this
methodology is only comparable with the variation in systolic
blood pressure and not the diastolic blood pressure.33–35

In the present study, the measured PTTD (acquired from two
different arteries), which is characteristically similar to PTT
(acquired from two sites of the same artery), is investigated
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for indicating the variation in systolic blood pressure and pulse
wave velocity.

2.4 Experimental Methodology

The FBGPRs used in the present work are essentially a silicone
diaphragm adhered onto a open bottom hollow box structure,
along with an FBG sensor surface bonded by an industrial
grade adhesive on the exterior surface of the silicone diaphragm
as shown schematically in Fig. 1. The FBGPRs are positioned
such that the silicon diaphragm facade consisting of an FBG
sensor rests on the maximal impulse site of the arterial pressure
pulse. The pulsatile flow of blood in the artery applies pressure
on the silicone diaphragm and the strain variations generated as
a consequence on the silicone diaphragm are sensed by the FBG
sensor, which provide fundamental quantitative information of
arterial pulse pressure waveform.14,15

The experiments in the present study are within the guide-
lines of the institutional ethics for human studies and are carried

out under the strict supervision of a registered medical practi-
tioner. Also, the subjects have been fully informed about the
experimental procedure and their consent is obtained prior to
the experiments. Thirty subjects (18 male and 12 female) aged
between 24 and 29 years, who are nonsmokers, nonalcoholic,
nonhypertensive, and without any known cardiovascular dis-
eases, have volunteered for the present study. Prior to the
onset of the test, the subjects are made to sit comfortably on
a chair with a back rest and are allowed to acclimatize to the
surroundings for 15 min. A Riva Rocci cuff , which measures
the blood pressure, is tied around the left arm and a finger pulse
oximeter, which measures the heart rate, is clipped on the middle
finger of the left arm, together with the Mindray Patient Monitor
MEC 1200. Two FBGPRs connected via two separate fibers are
employed in the present study to measure the pulse pressure
waveform at the carotid arterial site (reflected center Bragg
wavelength of 1546 nm) and radial arterial site of the right hand
(reflected center Bragg wavelength of 1530 nm) simultaneously.
The reflected Bragg wavelengths from both the FBGPRs are
acquired using a Micron Optics SM 130-700 interrogator
whose reflected spectrum is shown in Fig. 2, with a sampling
frequency of 1 kHz or at the rate of one sample per millisecond.

The CDU probe (Siemens Acuson S2000) is also placed over
the right wrist of the test arm proximal to the FBGPR to measure
the pulse wave velocity in the radial artery as shown in Fig. 3.
The test duration is 10 min during which the arterial pulse wave-
forms from both FBGPRs at the carotid and radial arterial sites
are continuously recorded. Simultaneously, the blood pressure
readings are obtained from the Mindray Patient Monitor with
a time interval of 1 min and the pulse wave velocity from CDU
technique is obtained once midway during the experiment.

The PTTD is computed as the time interval between the peak
pulse pressures at both the carotid and radial arterial sites. By

Fig. 1 Schematic representation of the fiber Bragg grating pulse
recorder (FBGPR).14

Fig. 2 Reflection spectrum obtained from FBG sensors employed in the two FBGPRs.
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measuring the extra path traveled (P3) by the pulse pressure
wave sensed at the radial arterial site (one arm length as
shown in Fig. 4), compared to the carotid arterial site, the pulse
wave velocity in the radial artery is estimated from the PTTD
using Eq. (5). This is carried out with an assumption that the
path length and pulse wave velocity are almost similar in both
paths P1 and P2. This assumption is considered on the basis that
the superficial lengths of P1 and P2 are almost similar. Also, as
the blood is being pumped from the brachiocephalic trunk to
both the carotid artery and radial artery, the pulse wave velocity
is assumed to be identical. Further, the variation in the systolic
blood pressure is evaluated from the variation in the PTTD
using Eq. (7).

3 Results and Discussion
The data obtained from a typical male of age 25 years is selected
for illustration. The pulse pressure waveforms from both the
carotid and radial arterial site are obtained simultaneously and
are compared against time as shown in Fig. 5. The PTTD com-
puted between three consecutive heart beats are 0.918, 0.924,
and 0.903 s for the illustrated subject, respectively, as depicted
in Fig. 5. The resolution of the PTTD measurement is one
millisecond, as per the ability of the data acquisition system.
Also, the time duration between consecutive peak pulse pres-
sures from both the carotid and radial arterial sites (0.95 and
0.97 s) are compared for identification of corresponding pulses
generated from the same heart beat obtained at both sites. It is
also observed that the pulse pressure waveform pattern obtained
from both carotid and radial arterial sites are characteristically
similar to the pulse pressure waveform pattern obtained at the

respective sites from previous studies.36–38 Simultaneously, the
systolic blood pressure in the radial artery is acquired from
the Mindray Patient Monitor and the pulse wave velocity
from CDU.

For the illustrated subject, the average value of PTTD
obtained is 0.915 s. The pulse wave velocity obtained from the
CDU at the radial artery is 46.1 cm∕s as shown in Fig. 6. The
extra path traveled by the pulse pressure wave, which is one
arm length of the subject, is measured to be 41.5 cm. From
Eq. (5), the pulse wave velocity estimated from the FBGPRs
is 45.35 cm∕s, which is in good agreement with the pulse
wave velocity obtained from CDU. Also, from Eq. (7), the varia-
tion in systolic blood pressure is estimated from the recorded
PTTD and is compared with the variation in systolic blood pres-
sure obtained from the Mindray Patient Monitor as shown in
Fig. 7. A correlation coefficient of 0.84 is observed between
the variations of systolic blood pressure by both methodologies,
demonstrating the agreement of their results.

Fig. 3 Simultaneous data acquisition from FBGPRs, color Doppler
ultrasound (CDU), and Mindray Patient Monitor during the experimen-
tal test.

Fig. 4 The schematic of the positions of FBGPRs, CDU, and Mindray
Patient Monitor, along with the depiction of the extra path of travel.

Fig. 5 Pulse pressure waveform obtained at carotid and radial arterial
sites compared with respect to time.
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Similar tests are carried out on all 30 subjects. An average
PTTD during the test time of 10 min is calculated and the cor-
responding pulse wave velocities for all individual subjects are
estimated. The pulse wave velocity determined from the PTTD
and pulse wave velocity from the CDU of all the 30 subjects are
compared with each other as shown in Fig. 8. A correlation coef-
ficient of 0.89 is observed between them, which signifies that
the pulse velocities obtained from both the methodologies are
in good accordance.

As illustrated, the variation of systolic blood pressure from
the FBGPRs and Mindray Patient Monitor is compared indi-
vidually for all 30 subjects and the obtained correlation coeffi-
cients are shown in Table 1. It is observed that the correlation
coefficients obtained range from 0.57 to 0.93, with the mean

correlation coefficient for all subjects being 0.78. The moderate
value of 0.78 obtained for the mean correlation coefficient
shows that the variation in PTTD operates as an indicator of
variation in systolic blood pressure. The variation in the cor-
relation coefficients obtained among subjects can be largely
attributed to the accuracy of blood pressure measurements
obtained from the Mindray Patient Monitor by the oscillometric
technique.

The present study reports a new methodology of acquiring
the arterial pulse pressure from the carotid and radial arterial
sites using FBGPRs. From the time interval between the peak
pulse pressures obtained at carotid and radial arterial sites, the
novel parameter of PTTD is evaluated. By the compilation of all
the results obtained, it can be observed that the PTTD is similar
to PTT in the aspect of functioning as an indicator of variation of
systolic blood pressure and pulse wave velocity. Furthermore,

Fig. 6 Pulse wave velocity measurement from CDU.

Fig. 7 Comparison of variations in systolic blood pressure obtained
from FBGPRs and Mindray Patient Monitor.

Fig. 8 Comparison of pulse wave velocities from FBGPRs and CDU
for all the subjects.
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any positional offset of the FBGPR over the artery or variation in
applied pressure on the artery by the FBGPR is of no conse-
quence, as the PTTD measurements are time based and not
strain amplitude based.

4 Conclusion
The present study proposes a novel noninvasive methodology to
measure the PTTD by acquiring the pressure pulse waveform at
the carotid and radial arterial sites with the aid of FBGPRs. The
measured PTTD is found to be characteristically similar to pulse
transit time. The beat-to-beat variation of systolic blood pressure
and pulse wave velocity is derived from the measured PTTD. A
major advantage of the present technique of PTTDmeasurement
from FBGPR is the elimination of the use of two sensor method-
ologies. This reduces the time synchronization complexity, as
the data from both the FBGPRs are acquired simultaneously
on a single time scale. A test bench is currently under develop-
ment to experimentally characterize the measurement errors
during estimation of pulse wave velocity and variation of sys-
tolic blood pressure, along with the acceptable range of PTTD
measurements by the FBGPRs methodology with a substantial
sample size. Further, this study can be extended to subjects of
varying age categories and persistent cardiovascular problems.
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