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Abstract. The cardiovascular health of the human population is a major concern for medical clinicians, with
cardiovascular diseases responsible for 48% of all deaths worldwide, according to the World Health
Organization. The development of new diagnostic tools that are practicable and economical to scrutinize the
cardiovascular health of humans is a major driver for clinicians. We offer a new technique to obtain seismocardiographic signals up to 54 Hz covering both ballistocardiography (below 20 Hz) and audible heart sounds (20 Hz
upward), using a system based on curvature sensors formed from fiber optic long period gratings. This system
can visualize the real-time three-dimensional (3-D) mechanical motion of the heart by using the data from the
sensing array in conjunction with a bespoke 3-D shape reconstruction algorithm. Visualization is demonstrated
by adhering three to four sensors on the outside of the thorax and in close proximity to the apex of the heart; the
sensing scheme revealed a complex motion of the heart wall next to the apex region of the heart. The detection
scheme is low-cost, portable, easily operated and has the potential for ambulatory applications. © 2014 Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.19.11.117006]
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1

Introduction
1,2

Shape sensing and structural health monitoring provide a
prominent motivation for the research and development of
fiber optic sensors. Over approximately the last 15 years, there
has been a rapid increase in both the type of fiber optic sensors
and the range of applications,3,4 with increasing interest in the
medical field.5,6 Cardiorespiratory measurement was an early
application and continues to be an active field of research.7–9
The interest in these sensors stems from their potential low
cost of production, ease of handling, potential for ambulatory
application, small size, and relatively low skill requirements
for operation. Until recently, the most popular sensing element
used was the fiber Bragg grating (FBG);10 this type of sensor has
a good strain and temperature response but is intrinsically insensitive to other environmental parameters. Due to their capability
of measuring small strains, there have been a few tentative
studies on the possible use of FBGs in the medical field of
cardiology—in particular for the detection and monitoring of
heartbeat sounds.11–13 The FBG sensing systems used so far
have had limited success, at least in part because their spatial
resolution is very low. This is due to the fact that FBGs in
single-mode fibers (SMFs) are not very sensitive to curvature
measurements and need a larger transducer platform to detect
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the bending, thus effectively measuring over a large area of the
human torso with the consequence that the system is not able to
identify small localized motions.11,12 Moreover, some of these
FBG systems are limited to studies in the temporal domain
only and do not provide any spatial information.11–13
The area of cardiology concerned with investigating the
sounds and motions generated by the human heart is seismocardiography (SCG). Generally, the descriptions of SCG detail
the two main frequency domains. Measurement of frequency
components from 0.6 to 20 Hz that are related to vibrations
induced by the blood flow ejection into the vascular bed14,15
is referred to as ballistocardiograhy (BCG); this technique
can be used to identify heart malfunction.14–16 The second
frequency domain is from 20 up to 2 kHz; these seismocardiographic signals are mainly due to positional and shape changes
of the heart and intracardiac events such as the closure of the
mitral and tricuspid valves, which can produce frequencies
around 200 Hz.17–21 Other higher frequency components of
the sound generated by the heart (in the range of 500 Hz) can
be associated with the closure of the aortic and pulmonary
valves, denoting the end of systole and the beginning of diastole.22,23 Other researchers have used fiber optical sensors based
upon a multimode graded index optical fiber and exploiting variations in intensity generated by microbenders to detect the ballistic forces of the heart.24 This shows promise but additional
0091-3286/2014/$25.00 © 2014 SPIE
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bends in the fiber may occur during the measurement procedure
which can be misinterpreted or generally corrupt the data from
the sensor. Furthermore, the procedure only responds to large
regional movements.
An optical fiber long period grating (LPG) curvature sensing
scheme with a response time of 0.0185 s (data acquisition rate of
54 Hz) is presented in this paper and it is demonstrated that this
scheme has sufficient sensitivity to noninvasively detect the
mechanical motions or sounds of the human heart from a subject’s body surface. The authors believe that this is the first
time that LPG sensors have been used to detect in real time
the mechanical motion of the heart at various frequencies in
the two domains highlighted above: below and above 20 Hz.
To demonstrate the potential usefulness of the LPG sensors
in the field of cardiology, two experiments were conducted.
First, an LPG sensor was positioned at three locations across
the front region of the thorax, approximately in line with the
midposition of the heart and at three locations across the
front upper abdominal region just below the apex of the
heart. We detected peak harmonics at frequencies of 1.3, 7.6,
and 10.8 Hz in healthy human subjects. These results are consistent with other published results.25 Second, a small sensing
array of three LPG sensors was positioned over the apex of
the heart covering an area of 80 cm2 . A detailed protocol for
how and where to place the sensors was provided by a practicing
cardiologist from the School of Medicine, University of
Belgrade, Serbia.26 Using this array, both frequency regimes
were investigated with healthy human subjects. The data were
also used to reconstruct a real-time estimation of the threedimensional (3-D) mechanical movement of the heart wall in
the apex region. Furthermore, the stroke volumes (SVs) estimated from the data appear to yield reasonable results. In the
past, similar data have been used to identify malfunctioning
hearts and the results in this paper suggest that our scheme
may offer a low-cost aid in the detection of heart problems,
though detailed clinical trials would, of course, be required
to confirm this. It is known that LPGs in conventional SMF
are intrinsically more sensitive to temperature variations than
other sensors but it has been shown that this temperature sensitivity can be overcome either by using LPGs in photonic crystal
fibers that have a very low temperature sensitivity27 or by encapsulating the LPG in a material to shield it from transient temperature fluctuations.28 Furthermore, the temperature-induced
spectral changes will be in a far lower frequency range than
that of the mechanical motions of the heart.
The cost of electrocardiography (ECG) equipment is a few
thousand dollars plus the additional cumulative cost of the ECG
electrodes for individual patients. Although ECG is being used
by some general practitioners in the larger surgeries, the cost
rapidly rises for ultrasound cardiology medical equipment
(UCME) and products associated with cardiovascular imaging,
with extensive training being required to use them correctly. The
potential cost of the system described in this paper would be
similar to ECG and considerably less than UCME while providing reusable sensors which could cost under $1 for new sensors.

2

Sensors and Sensing Scheme

A series of LPGs was fabricated in a progressive three layered
(PTL) fiber (supplied by Fibercore Ltd.) as the sensing elements.
This fiber was chosen for the sensing element because it exhibits
LPG attenuation bands that are insensitive to changes in the surrounding medium’s refractive index, thus allowing the sensors
Journal of Biomedical Optics

Table 1 Physical constants and parameters of the PTL fiber.29

Layer

Core

Inner
Cladding

Outer
Cladding

Refractive Index

1.4555

1.4438

1.4143

Thermal Expansion
Coeff (C−1 )

4.1 × 10−7

6.5 × 10−7

2.5 × 10−7

Strain-Optic Coeff

0.27

0.24

0.23

Thermo-Optic
Coeff (C−1 )

7.98 × 10−6

9.4 × 10−6

8.7 × 10−6

Radius (m)

2.3 × 10−6

45.0 × 10−6

62.5 × 10−6

Material Composition

GeO2 ∕SiO2

SiO2

SiO2 ∕F∕P2 O5

to be embedded into other materials with no change to the sensors’ performance.29 These sensors, of length 5 cm and period
540 μm, were fusion spliced into a line of standard single mode
telecommunications fiber; typical physical parameters of the
PTL fiber are shown in Table 1. The period of the LPGs was
chosen to spectrally match the distributed feedback (DFB) lasers
used to monitor the response of the LPG sensors within a specific curvature range. The interrogation scheme is an adaptation
of the derivative amplitude spectroscopy approach,30 in which
two spectrally separated DFB lasers are used to monitor the gradients of the spectral feature of the sensor. The ratio of these two
signals is used to recover the curvature of the sensors. In this
case, the fiber pigtailed DFB laser modules are emitting at
the wavelengths of 1470.46 and 1470.73 nm; a spectral separation of 0.27 nm. The sensors are interrogated by switching
between the DFB lasers, with synchronous detection for both
lasers. Each laser is swept over a small wavelength range
and then the ratio of these two signals is used as the sensor’s
response to curvature which prevents bending induced loss elsewhere in the system from affecting the performance.
A typical spectral transmission response to curvature
obtained using a broadband light source and an optical spectrum
analyzer is shown in Figs. 1(a) and 1(b), after the sensing elements and some of the connecting optical fiber had been encapsulated into a synthetic low temperature curing (90°C) silicone
rubber. This encapsulation helps to reduce the overall spectral
effect of transient temperature variations,26 though the measurements are conducted in a relative stable temperature environment. The spectral sensitivity of the sensors with respect to
curvature (Δλ∕ΔR) varied from 2.9 to 8.9 nm m over the
range of curvature; the DFB laser used for interrogation had
a wavelength of 1470 nm which leads to a spectral sensitivity
of Δλ∕ΔR ≈ 6.80 nm m. The spectral response to curvature can
be considered reasonably linear over a small range of curvature;8
however, the complete spectral wavelength response of the curvature sensor can be represented by a fourth-order polynomial,
resulting in a curvature error (root mean square deviation from
the polynomial) of 0.01 m−1 .
Implementing the derivative spectroscopy interrogation
technique8 introduces an error of 0.01 in the ratio of the
derivatives. This error was obtained by fitting a sixth-order polynomial to the ratio of the derivatives obtained from the two
lasers to calibrate the scheme for curvature. The error associated
with the derivatives can be translated into a curvature error of
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Fig. 1 The interrogation scheme used and spectral response of the sensing elements as a function of
curvature. (a) The variation in the transmission spectrum of the sensor. (b) The spectral sensitivity of the
sensor along with its total bandwidth. The LPG sensing element has a period of 540 μm and a length of
5 cm. (c) A schematic of the interrogation and multiplexing scheme for detecting the mechanical movement of the human heart. (d) A picture of the sensing system with a sensor.

0.014 m−1 for the sensing scheme. This is a comparable resolution to that reported elsewhere with a similar interrogation
scheme.8 The data acquisition rate was 54 Hz. This data acquisition rate is currently determined by the controlling software and
54 Hz does not represent a fundamental limit, though it suffices
to demonstrate the potential of the system. A schematic of the
entire sensing scheme is shown in Fig. 1(c). The curvature measurements of the LPGs that are shown in Fig. 1(b) were obtained
using a conventional two point bending test procedure with the
fiber LPGs laid strain-free upon a stainless steel strip with
a thickness of 3.0 × 10−3 m. The DFB lasers used in the interrogator typically had optical powers of 5 mW and nominal
bandwidths of 20 MHz and were cooled thermoelectrically.
In addition, to enable each laser to yield the derivative of the
transmission, a small wavelength dither at 2.4 kHz is added
to each laser. This dither (3 pm) reduces the effect of random
anomalies on the transmission profile of the LPG’s attenuation
bands. The interrogator was controlled using bespoke software
via a USB connection from a laptop (dual-core) [see Fig. 1(d)].

3

Detection of Mechanical Motion of
the Human Heart

A series of experiments was conducted with varying data
acquisition rates and postures. First, six locations on the
human torso were used to monitor the curvature variation caused
by the mechanical motion of the heart at a data rate of 25 Hz.
Journal of Biomedical Optics

To reduce signal corruption due to torso respiratory movement,
the subjects held their breath for 10 s, though the authors
acknowledge that this will affect the mechanical behavior of
the heart. This initial experiment was to confirm that the
mechanical motion of the heart can be detected from various
locations on the torso. A moderate data acquisition rate that
was sufficient to capture the motion caused by blood flow
into the vascular bed without any cross-contamination from
additional mechanical motion of high frequencies associated
with other heart mechanisms was used for this initial test.
Results were obtained using the same curvature sensor at
each location so a reasonable comparison can be made between
locations, though it is noted that the mean curvature is different
at the various placements which yields slightly different sensitivities. The sensor locations on the subject’s torso are shown
schematically in Fig. 2(a). The positions of the sensors are
approximately vertically aligned with the fourth intercostal
space for P1, P2 , and P3 with the other three positions P4 ,
P5 , and P6 along the seventh intercostal space around the
torso. The lateral position of the sensors was such that they
did not overlap with the previous sensor positions, thus covering
the front sections of the lower thorax and the upper region of
the abdomen.
Some examples of the detected curvature variation created by
the motion of the heart are shown in Figs. 2(b)–2(g). All records
were obtained with the same posture (neutral spine position).
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Fig. 2 (a) Schematic of sensor locations on the human torso. The plots show the temporal curvature
variation of the sensors associated with motion of the human heart. The sensors are adhered to the
surface of the human torso at various locations (b) position P1 , (c) position P2 , (d) position P3 , (e) position
P4 , (f) position P5 , and (g) position P6 .

On inspection, Figs. 2(b)–2(g) show that there are different
waveforms for each sensing location.
This is to be expected given the different biological materials
through which the mechanical wave is propagating and the
asymmetry in the heart’s motion. Fourier analysis of the data
reveals the presence of similar harmonics at each spatial location
(see Fig. 3). The harmonics are 1.28  0.26 Hz, 7.6  1.1 Hz,
10.8  1.5 Hz, and 22.1  1.9 Hz and the error is the standard
deviation of the variation of the harmonics. The constant presence of the lower frequencies is expected as they are associated
with blood flow ejection into the vascular bed.14,15 The higher
harmonic may be associated with the shape changes of the heart
or intracardiac events. Although all the harmonics are present in
all the experimental data for the sensor positions studied, the
25

Frequency (Hz)

20

15
10
5
0
P11

2P2

3P3

4P4

5P5

6P6

Position on human torso

Fig. 3 The detected harmonics from the waveform generated from
the motion of the human heart at the six spatial locations shown in
Fig. 2(a) for human subject 2.
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amplitudes of the harmonics below 20 Hz were significantly
larger than those above 20 Hz, with position P2 yielding a larger
amplitude for 22 Hz than the other locations. The higher
frequencies are more dependent upon location, which is
expected if the signal is due to shape changes of the heart.
The experiment was repeated, this time with three sensors,
with an increased data acquisition rate of 54 Hz and with the
human subjects breathing with a normal rhythmic motion at
around 0.3 Hz. The subjects were supine on a flat surface
with hands beside the body and no head elevation. The positions
of the sensors are shown in Fig. 4 and are located close to the
apex found in the vicinity of the cross section of the midclavicular line and fifth intercostal space on the left. The sensors were
placed with a vertical orientation (perpendicular to the ribs)
along the length of the torso [see Figs. 4(a) and 4(b)] and with
a horizontal orientation (parallel to the ribs) [see Fig. 4(c)]. The
sensors and subject were arranged in accordance with instructions given by practicing cardiologists from the School of
Medicine, University of Belgrade, Serbia, along with a document detailing how to find the general location/vicinity of the
cardiac apex.26 Typical data collected from the sensors from the
locations shown in Fig. 4 are shown in Figs. 5(a) and 5(b). These
data represent the typical waveforms from the data collected.
Each trial consisted of 10 data collection sessions for a given
placement of the sensor array on the subject’s torso. It was
also found that waveforms of the collected data per person for
each individual placement of the sensor array with the same orientation were reasonably consistent, with the higher frequency
components of the waveform associated with the mechanical
motion of the heart. There is some variation observed at the
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Fig. 4 Examples of the spatial locations of the sensors for the detection of the movement of the heart of
two human subjects. (a) and (b) The position of the sensors with a vertical orientation for both subjects A
and B. (c) The position of the sensors with a horizontal orientation for subject B.
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Fig. 5 Curvature data with respect to time obtained simultaneously from two sensors. The sensors were
located approximately at the heart apex on the torso. Both subjects were breathing with a normal rhythmic motion and the sensing positions are shown in Fig. 4: (a) subject A; (b) subject B, sensor 1 (light gray
line), sensor 2 (dark line).

low frequencies associated with respiratory motion due to the
small inaccuracies of placing the sensors at the same position
each time; this could be overcome by the construction of a sensor array with fixed distances between sensors.
The data obtained from this second set of trials were used in
three ways to illustrate the potential of this technique in cardiology. First, the sensing array data were used to reconstruct the
3-D motion of the muscle tissue associated with the apex region
of the human heart. Second, the sensing array data were analyzed in the temporal domain, yielding harmonics below and
above 20 Hz, which is considered the demarcation frequency
for vibrations caused by blood flow into the vascular bed and
intracardiac events,14,15 along with spatial location information
about where these events occur. Finally, the waveform of the
detected signal was used to derive an estimate of SV31 for a
healthy human subject. The estimated SV obtained from the
experimental data was in the range of values expected for a
healthy person but the authors would like to state that the intention here is simply to illustrate the potential usefulness of the
sensing scheme, with detailed verification needing to be subsequently provided by Cardiological Clinicians.
Details of the two subjects are as follows. Subject A—age:
34 years, risk factors: none, height: 173 cm, weight: 72.3 kg,
chest diameter: 87 cm. Subject B—age: 43 years, risk factors:
smoker of approximately 15/day, height: 182.8 cm, weight:
Journal of Biomedical Optics

87.2 kg, chest diameter: 113 cm. Typical recordings are
shown in Fig. 5.
We assume that the torso movement data from the three
sensor array are closely related to the movement of the muscle
wall of the heart apex, which lies in close proximity to the sensors, a minimum distance of approximately 23 mm below the
surface of the skin. This distance is based upon the relationship
of the body mass index to minimum skin-to-heart distances
given by Bashian et al.32 (measurements in Ref. 32 are taken
from the approximate position of the lowest left rib sternal
insertion, which lies close to the heart apex). Subject A has
a body mass index of 24, which, using Ref. 32, leads to
23 mm for the skin-to-heart apex distance, the same as that
given by Rahko.33
Then we are able to construct in real time the 3-D movement
of the muscle wall of the heart apex (see Fig. 6), simplistically
assuming that the material between the sensor and the heart apex
is homogeneous and that the mechanical wave generated from
the heart is traveling through an incompressible medium. The
authors realize that the materials that lie between the surface
of the skin and the heart are of various types, such as muscle,
fat, tendon, bone, and costal cartilage. This model is seen as an
initial iteration in the development of a more sophisticated representation of the material between the heart and the surface of
the skin.
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Fig. 6 Typical examples of the estimated mean displacement variation of the heart wall (subject A) at
the heart apex due to the motion of the heart obtained from three sensors located on the torso close to
the heart apex. The time sequence of the frames given is (a) t ¼ 0, (b) t ¼ 0.0191 s, (c) t ¼ 0.0371 s, and
(d) t ¼ 0.0641 s.

Note that in generating Fig. 6, the mean curvature of the
thorax at the sensor location has been removed, as has the cyclic
curvature variation induced by respiration. This was done by
applying a Gaussian filter in the spectral domain after removing
the highest spectral intensity, which corresponds to the lower
frequency movement of the chest. Combining the curvature values with the known dimensions of the sensors gives us the ability to reconstruct the corresponding spatial coordinates (x, y, and
z) of the individual sensors in 3-D. We can then generate a
surface across the sensors by interpolating the values using a
two-dimensional (2-D) spline interpolation algorithm in both
directions (horizontally and vertically) across the sensing array.
Using the resultant 3-D surface, other quantities can be
obtained; for example, we are now able to calculate the net volume change associated with the sensed region of the heart using
a standard 2-D quadrature integration technique implemented in
MATLAB—the result is shown in Fig. 7. Inspecting Fig. 7,
the volume changes of the heart apex can be divided into two
components, one associated with heart expansion and the other
volume change associated with heart contraction. If needed,
a more detailed analysis can be performed on the experimental
data to extract additional information for the Cardiological
Journal of Biomedical Optics

Clinicians. Inspecting Fig. 6, it is apparent that there can be positive and negative displacements at any given time once the
variation of the chest wall position produced by respiration
has been removed.
A Fourier transform was taken of the displacement as a function of time for each sensor. Then, a Gaussian spectral filter was
used to isolate selected frequency windows of interest. Finally,
the resultant data were shifted down to zero frequency before an
inverse Fourier transform was used to generate the envelope
function or amplitude of the displacement—at the frequency
of interest. Thus the variation in the amplitude at frequencies
below and above the 20 Hz threshold could be investigated.
To illustrate the fact that this scheme can operate in these
two regimes, two frequency ranges were investigated. The
simultaneous response of the three sensors at near midrange
frequencies of 14 and 28 Hz are shown in Fig. 8. Although
Fig. 8 only shows results obtained for subject A, these are typical examples of collected data during all experiments for both
human subjects. The approximate positions of the three sensors
on the torso for this experiment are shown in Fig. 4.
Inspecting Figs. 8(a) and 8(b) which show the response of the
vertically oriented sensors at the two frequencies investigated
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Fig. 7 Time variation of the net volume change of the sensing region of the heart apex of human
subject A.
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Fig. 8 The amplitude variation at specific frequencies for subject A with a normal rhythmic breathing
motion and the sensing positions shown in Fig. 4. The specific frequencies are 14 Hz (a) and 28 Hz
(b), sensor 1 (light gray line), sensor 2 (dark line), sensor 3 (dashed line).

reveals first that all the sensors’ maxima and the minima have
a reasonably synchronous response. It is not expected, however,
that the individual sensors should yield identical temporal
responses due to the differing positions of the sensors.
Second, the temporal response of the sensors at 14 Hz is different from those at 28 Hz. At 14 Hz, the amplitude of the waveforms are more similar in magnitude; this is expected because
the mechanical vibrations are a consequence of blood flow
injection into the vascular bed14,15 of the subject being monitored, which provides a nonlocalized body response. At 28 Hz,
the response of sensor 2 is significantly different to the other
two sensors. This demonstrates that the 28 Hz frequency components of the temporal response of the sensors are more spatially dependent, which is to be expected since these signals are
generated by localized intracardiac events.17–21 The responses of
the horizontally oriented sensors were not closely correlated with
the vertical ones due to their different positions. Nevertheless,
once again at 14 Hz, the sensors displayed similar amplitude
levels while at 28 Hz there was more disparity.
Scrutinizing the waveforms detected by the sensing scheme
reveals that they have some similarities to the waveforms studied
in the field of ballistocardiography (see Fig. 9). Similar data
were obtained for both sensor orientations on the torso [see
Figs. 4(b) and 4(c)]. Figure 9 reveals that the captured data
show all the main components that are expected from a BCG
along with additional information. It appears that the main
Journal of Biomedical Optics

three groups (pre-ejection (FGH), ejection (IJK), and diastolic
(LMN) [see Fig. 9(b)] are present in the curvature data31
[Fig. 9(a)]. The sensors, which show different waveforms, are
oriented along the body length (perpendicular to the ribs) and
across the body length (parallel to the ribs). In Fig. 9, I and
J are, respectively, the local maximum and minimum of the
deviation of the curvature waveform from the background variation caused by respiration, which is indicated by the smoothly
varying dashed curve in Fig. 9(a). This background curve
was calculated as the average over 10 breathing cycles. There
appears to be strong resemblance to the idealized BCG waveform Fig. 9(b) but without an obvious L–N time.
One application of ballistocardiography is to extract quantitative information to estimate the SV (the amount of blood
pumped by the left ventricle of the heart in one contraction)
which is used as a tool to help diagnosis or assess certain conditions and disease states of the heart. Furthermore, the SV itself
correlates with cardiac function.34,35 Therefore, it is a useful
exercise to see if a meaningful number for SV can be extracted
from the results obtained by the sensing scheme demonstrated
here. A crude estimate of SV can be obtained by transforming
the curvature data into displacement data and using the SV given
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃ
by Starr and Schroeder,31 ¼ 33 ð2∫ I dt þ ∫ J dtÞA C. In this
equation, A is the internal aortic diameter,31 defined as A ¼
aS − b, the parameters a and b are constants for estimating
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Fig. 9 The waveform of the recorded curvature data from subject A: (a) vertical orientation for sensor 1
(dark line) and sensor 2 (dashed line) and (b) the idealized BCG waveform and its components.31 The
curvature associated with respiration is the overall envelope function and is calculated as the average
over 10 breathing cycles, an example is shown in (a) (gray line).

the aortic internal diameter from age and body surface derived
from Basett’s data,31 S is the body surface area, C is the duration
of the heart cycle which is estimated by dividing the pulse rate
per minute into 60, and I and J are the amplitudes of the maximums of the waveform shown in Fig. 9(a). The amplitude of a
peak is defined as the additional displacement (deduced from the
curvature change) experienced by the sensor beyond the general
curvature generated by normal respiration.
Subject A has a weight of 72.3 kg and a height of 173 cm,
which yield values of the constants a ¼ 1.7 and b ¼ 0.2 used to
calculate the SV using the equation in Ref. 31. The body surface
area is estimated using the Mosteller equation,36 yielding
1.86 m2p
. Subject
A has a pulse rate of 60 beats∕ min; this
ﬃﬃﬃﬃ
leads to C ¼ 1 for the equation in Ref. 31. Using the curvature
waveform in Fig. 8(a) (sensor 1) and knowing that the
sensor array area of measurement is ∼80 cm2 , the estimated
SV for subject A is 64.9 ml with a cardiac output of
2.09 L∕ min ∕m2 body surface. This SV value falls within the
normal range of values: 55 to 100 ml37 for a healthy human subject with no known heart dysfunction, which is true for subject
A. Although this result does not formally validate the use of this
sensing scheme for BCG, it does strongly support its potential.
There are several comparisons to be made with regard to the
demonstrated sensing scheme. First, for direct comparison to
other fiber optic schemes proposed by other research groups,
this sensing scheme is based upon LPGs that have an intrinsically high sensitivity to bending compared to FBGs that are used
in other schemes.11–13 Second, the demonstrated sensing scheme
can identify temporal variations in curvature in small areas of the
thorax or upper abdominal region of the torso and thus obtain
localized motion data generated from the heart. This is a dramatic improvement of the sensing scheme in Ref. 11, which
uses one sensor and is based on a large detection area of the
human torso and is thus not able to identify small localized
motion variations11,12 so it is limited only to studies in the temporal domain without any spatial information.11–13 Third, these
LPGs are calibrated to intrinsically measure curvature or displacement of the sensor and can be used on any human subject
Journal of Biomedical Optics

with no further calibration, making the system simple to use.
The fiber optic schemes with FBGs measure strain, which
then needs to be calibrated to individual subjects; this leads
to increased complexity of the measuring procedure and a likelihood of errors. Fourth, the small regional measurement provided by our system permits the study of the mechanical
behavior of the human heart from various perspectives, providing the potential to recover the motion of the heart in 3-D, as
demonstrated in Fig. 6. The authors believe that this is the
first time that fiber optic sensors have been used to reconstruct
the motion of part of the heart. Fifth, this scheme is the first fiber
optic cardiac monitoring system that can recover both spatial
and temporal motions caused by the heart activity (see Fig. 8).
Comparing the LPG sensing scheme demonstrated here to
other methods based upon different technologies reported in
the literature shows several advantages for our system. First,
the hardware to implement this scheme is small, lightweight,
has ease of maintenance and the potential to be inexpensive
compared to the classical procedure used for BCG that is
bulky, expensive, requires significant mechanical maintenance,
and is cumbersome to operate.38 Second, researchers have
recently addressed the awkwardness of operation of the traditional approach to BCG by using force sensitive electromechanical films18,19 and pressure pads39,40 but these methods only yield
an overall body signal. As a consequence, signals cannot be
attributed to specific regions of the human torso, whereas the
scheme presented in this paper can make small regional measurements. Third, this scheme’s sensors are inherently immune
from electromagnetic interference and are chemically inert,
the former offering the potential for use in magnetic resonance
imaging environments.

4

Conclusion

A fiber LPG curvature sensing scheme with a data rate up to
54 Hz has been presented and has been shown to be capable
of noninvasively detecting the mechanical motions or sounds
of the human heart from the surface of two human subjects.
Several sensors can be used simultaneously. It was discovered
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that the system could resolve individual components of the
mechanical wave generated by the human heart revealing
common frequencies of 1.3, 7.6, 10.8, and 22.1 Hz present
in tests on both subjects used in the investigation. The recovered
data covers two frequency domains: the lower (below 20 Hz)
associated with vibrations induced within the vascular bed
caused by blood flow, and a second higher frequency regime
corresponds to intracardiac events, such as closure of the aortic
and pulmonary valves. The authors believe that this is the first
time that LPG sensors have been used to detect in real time the
motion of the heart at frequencies over 20 Hz, simultaneously
yielding spatial location information (see Fig. 8). These results
appear to be in agreement with those reported in the research
literature.25 Furthermore, we propose that data from this sensing
scheme can be used in the field of ballistocardiography to estimate other useful parameters such as the SV.37 In addition, and
uniquely, this scheme can yield regional movement characteristics of the heart wall; an example is depicted in Fig. 6 for
subject A, but similar data were obtained for the other subject.
Moreover, additional information can be extracted, such as the
associated volume variation for expansion and contraction of
the heart wall, as shown in Fig. 7.
The authors of this paper realize that these results by themselves are not sufficient to clinically validate the scheme as a
new diagnostic medical tool. Considerable medical trials will
be needed to confirm whether this sensing scheme could be
an effective aid in the detection of heart malfunctions. It is
known that analyzing the motion of the human heart in the frequency range 1 to 20 Hz can identify heart malfunctions41 and
more recently new technology is being applied to BCG
studies.42 Furthermore, variations of the heart rate are studied
from 1 Hz and below to assess the physical/autonomic condition
of the heart.43,44 Therefore, the authors do feel that the results
presented in this paper show our approach has potential in
the field of cardiology.
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