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ABSTRACT This first-ever study demonstrates the applicability of a fiber Bragg grating (FBG) system
for MR cardiac triggering of cardiovascular magnetic resonance at 3 Tesla. The unique patented system
senses body movements caused by cardiac activity using a non-invasive ballistocardiography (BCG) sensor.
The pilot research compares a novel FBG-based system with clinically used triggering systems based
on electrocardiography (ECG) and pulse oximetry (POX). The pilot pre-clinical study was conducted on
8 subjects at a Siemens Prisma 3T MR Scanner. The study compares images from two basic cardiac
sequences, TRUE FISP (Free Induction Decay Steady-State Precession) and PSIR (Phase Sensitive Inversion
Recovery), using objective methods and subjective evaluation by clinical experts. The study presents original
results that confirm the applicability of optical sensors in the field of cardiac triggering having a number of
advantages in comparison to conventional solutions, such as no eddy current interference, ease of placement
of the sensor on the patient’s body, and senor reusability. The proposed FBG-based system achieves
comparable results with the most frequently used and most accurate ECG-based and POX-based clinical
systems. In terms of subjective evaluation by experts, the FBG system outperformed the POX-based system
used in clinical practice.

INDEX TERMS Fiber Bragg grating (FBG), optic system, cardiac triggering, electrocardiography (ECG),
pulse oximetry (POX), magnetic resonance imaging (MRI).

I. INTRODUCTION
Magnetic Resonance Imaging (MRI) is a widely applied
clinical diagnostic and prognostic imaging system with high
sensitivity and superior specificity. Building on more than
30 years of MRI clinical applications, the research on
improvement of this imaging modality is continuing. Of par-
ticular importance is the research efforts aimed at improving
the quality of acquired images despite the image distortion
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naturally induced by respiration [1], [2] and cardiac function
[3]–[5], as movement of patient body degrades the quality of
acquired images [6]–[8]. Since the movements due to respi-
rator and cardiac function are unavoidable [9], researchers
have explored ways of compensating for such movements.
Specifically, such compensations are based on detecting the
time points when the body displacement is minimal and
triggering the acquisition of the MRI images at that instance,
for brevity, referred to as triggering.

Currently, there are two types of triggering: prospective
triggering [10] and retrospective gating [11]. Prospective
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triggering is based on detecting a specific point in either the
cardiac or respiratory cycles and triggering the MRI acqui-
sition according to a selectable delay. Typically, the delay
is selected in such a way that the scan of the organ under
examination could be captured at the time of minimal move-
ment. For example, when imaging the heart, the end of the
diastole is chosen to coincide with maximal expansion of
the ventricles [12]. Retrospective triggering is based on first
recording and analyzing the cardiac or respiratory function.
Then, the triggering of the acquisition of the MRI images
is made based on previously recorded and analyzed cardiac
or respiratory data, without a link to the current value of
such signal. Prospective triggering is generally preferred as
it allows a given system to respond to present changes in
cardiac or respiratory data [13] and [14]. The accuracy of
the examination is significantly influenced by the stationarity
of the area being examined. Motion of the examined area
can cause distortion of the image. Most often, these motion
artefacts cause ghost images or diffuse image noise in the
phase-encoding direction [6]–[8]. It is practically impossible
to make the area completely immobile, both as for the physio-
logical functions of the organs being captured (especially the
heart and the lungs) [9] and as for the limited cooperation
of the subject itself (body movements, insufficient breath
retention). A brief description of the current MRI triggering
approaches is provided in following section II.

This is a first study describing the use of purely fiber
optic technology for cardiac triggering for MRI scans, which
is now based on ECG and POX measurements that face
several limitations (see section II-A for more information).
As reported in our earlier work, we have demonstrated the
capabilities of FBG-based optical sensors for vital sign mon-
itoring [15]–[17]. These investigations provided the founda-
tion for the sensor evaluation in the MR environment that is
present in the current paper [15]–[21]. As will be detailed
in this article, the proposed FBG-based sensor offers mul-
tiple advantages that includes continuous monitoring of the
patient vital signs, simultaneous monitoring of respiratory
and cardiac activities, and not being affected by the magnetic
field of the MRI. Further, the proposed system does not
require complicated manufacturing processes. This allows
the system to be highly accurate and feasible for clinical
practice.

The results accomplished using the innovative FBG sensor
are evaluated in terms of quality of the resulting MR images
during cardiac triggering and compared to conventional sig-
nal measurement approaches using ECG and POX. The appli-
cability of the proposed FBG-based system was analyzed
using objective parameters of image quality evaluation as
well as using subjective evaluation of images by clinical
experts (radiological assistants and physicians).

II. STATE-OF-THE-ART TRIGGERING METHODS
There are currently two types of triggering – prospective
triggering [10] and retrospective gating [11]. In the case of
prospective triggering, scanning is activated by a change in

the vital sign, which means we are waiting for the organ
activity that is detected and, accordingly, MR acquisition is
triggered with a defined delay. The delay is defined in such a
way that the organ under examination could be captured at the
time of minimal movement, for example, the heart at the end
of the diastole, when the ventricles of the heart are maximally
expanded. In retrospective gating, physiological functions are
first recorded and analyzed and, on this basis, an acquisition
is made, but nowwithout a link to the current value of the bio-
logical signal. Prospective triggering is generally preferred as
it allows a given system to respond to irregularities in vital
signs, see [13], [14].

The principle of triggering is to detect the most prominent
point of the signal that indicates the cardiac systole. In current
clinical practice, cardiac activity sensing using these two
methods prevails:

a) Electrocardiography is based on recording electrical
potentials between three electrodes placed on the chest
surface. The biological signal obtained, the electrocar-
diogram (ECG), contains several important features,
the most significant of which is the so-called R wave,
corresponding to the depolarization of the ventricles.
Accurate triggering based on ECG is conditioned by
obtaining a prominent R wave, whose morphology is
significantly influenced by the positioning of the mea-
suring electrodes [22], [23].

b) Photoplethysmography is based on monitoring the
peripheral pulse of the blood, which is performed using
a unit attached to the finger of the person examined.
The measurement is conducted using a POX sensor
placed on the subject’s finger; the POX sensor con-
sists of two main components - a LED (Light-Emitting
Diode) and a photodiode or a phototransistor. The LED
is a light source here, while the photodiode or the pho-
totransistor is its detector. As the volume of blood in the
illuminated portion of the tissue changes, the intensity
of the light detected varies linearly. The heart rate can
then be determined from this pulsing signal. This type
of monitoring is more suitable for the above-mentioned
retrospective gating [24], [25].

Alternative methods used for CMRI include:
a) Seismocardiography (SCG) monitors the mechanical

manifestations of the heart, which present as chest
movements (vibrations). These vibrations are sensed
using a suitably positioned sensor [26]–[28].

b) Phonocardiography (PCG) focuses on sensing acoustic
manifestations of the heart, the so-called heart sounds.
These manifestations are recorded by means of a chest
sensor and converted to electrical voltage by micro-
phones located close to the patient’s body surface or
at the end of the acoustical system [29], [30].

c) Ballistocardiography (BCG) is based on sensing blood
movement in large blood vessels. The BCG signal
is measured using various sensors capable of sens-
ing pressure, such as optical [31], [32] or mechanical
ones [33], [34].
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FIGURE 1. Physiological delay between MR triggering signals with marked triggering pulses for clinically used methods, including signals
within alternative methods.

When triggering the MR scanner using different signals,
it is important to keep in mind their physiological delay. This
results in the fact that the corresponding significant points
are not detected at the same time T. The cardiac activity
is initiated by electrical activity generated in the cardiac
conduction system, so it is clear that mechano-acoustic heart
signals sensed will always be delayed compared to the ECG
signal, i.e., TECG < TSCG, TBCG, TPPG, TPCG.

Fig. 1 illustrates the principle of two types of triggering
using an ECG signal. Retrospective gating performs con-
tinuous heart sensing regardless of the current state of the
corresponding biological signals. The resulting image is then
reconstructed from the sub-images using a simultaneously
measured ECG signal, so that the image was as little blurry
and noisy as possible. On the other hand, the prospective
gating (triggering) method is based on taking a single image
at such a phase of the heart cycle, where the heart is relatively
still. An example of such still phase in the ECG signal is the
time interval between the end of the Twave and the beginning
of the P wave in the forthcoming heart cycle. TheMR scanner
is triggered with a time delay after the R wave detected
in the ECG signal at time TECG. This delay α is defined
by the physiological duration of each significant point and
its extreme values define the maximum and minimum time
points (TTmin, TTmax) in which it is possible to perform a suc-
cessful MR triggering. For prospective triggering (TTP) using

an ECG signal, triggering time can, therefore, be defined as
follows:

TTP = TECG + α, (1)

where α ∈ (TTmin,TTmax). This value varies with different
biological signals.

The principle of heart rate measurement using an optical
Fiber Bragg Grating (FBG) sensor is based on BCG and has
been described previously [35]–[47]. Cardiac activity is man-
ifested physiologically in the chest area by a slight pressure
action occurring due to the mechanical activity of the heart.
This phenomenon causes pressure on the sensor located in the
chest (heart) area of the human body. A suitably positioned
and encapsulated sensor can detect these weak heart signals.

A. LIMITATIONS OF CONVENTIONAL METHODS
Classical methods used in clinical practice have their disad-
vantages and limitations of use. For ECG-based triggering,
it is necessary for the curve obtained to have a prominent
R wave, wherein achieving a prominent R wave is condi-
tioned by the placement of the electrodes. Superposition of
interferences caused by the MR scanner gradients and the
magnetohydrodynamic effect can cause a spurious effect in
R wave detection [48]. This effect is based on the formation
of small induced potentials in a strong magnetic field, which
causes changes in the potential of cell membranes [49]. The
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effect described above leads to ECG signal distortion by
affecting the T wavemorphology (see Fig. 2), thus preventing
proper detection of the R wave and the subsequent synchro-
nization [50].

FIGURE 2. Effect of magnetic field on the ECG morphology.

The problems associated with this effect grows with the
increasing intensity of the magnetic field [51]. Recording
of vital signs using electrodes and three-lead ECG may be
limiting with many patients. It is often a problem to find the
right position of the electrodes; this effect is also evident in
relation to gender, where placement on women is compli-
cated. Another condition is good adhesion of the electrodes;
with men, it is appropriate to shave and clean the required
area.

A frequent problem of triggering with the ECG curve is the
necessity of patient cooperation. It is necessary to modulate
the inhalation depth, since, in the case of a significant inhala-
tion, the R wave detection is difficult or impossible, which
extends the time of the sequence being collected and possibly
prevents the sequence from completing [10], [13].

These triggering methods have many drawbacks. As a
result, new techniques and sensors for cardiac sensing for
the purpose of triggering a cardiac magnetic resonance imag-
ing (CMRI) acquisition are continually being developed.
Some of the methods being developed have already been used
in clinical practice, one of which is the so-called self-gating
technique, see [52] and [53]. In this method, information
about organ movements obtained from the MR signals is
processed by monitoring the changes in the total transverse
magnetization. Moreover, this technique does not require
number of sensors placed on the patient’s body, which can
be considered as one of its benefits. On the other hand,
it should be noted that these techniques lag behind at very
high MR field gradients in cases where myocardial contrac-
tion and relaxation are very weak throughout the entire heart
cycle [54] and [55].

B. RESEARCH FOCUSED ON THE USE OF ALTERNATIVE
TRIGGERING METHODS
1) PHONOCARDIOGRAPHY (PCG) AND
SEISMOCARDIOGRAPHY (SCG)
Examples of practical use of acoustic methods are studies
[56]–[58], and [59], which presented the use of an acoustic

sensor in an MR environment. The solutions proposed were
tested on devices with different magnetic field strengths.
The use of acoustic sensors offers several major advantages.
The main advantage is the resistance of the acoustic sig-
nal to the magnetic field of the MR device. Compared to
conventional methods, it also has the advantage of reduc-
ing the number of cables and sensors, thereby simplifying
and speeding up patient preparation [55], [56]. Several ways
to perform sensing using an acoustic sensor are described.
Frauenrath et al. [60] described the use of an acoustic waveg-
uide for transmitting a signal to an MR unit, where the signal
is filtered because of acoustic noise generated by switching of
gradient coils. Another possibility is to convert the acoustic
signal to an optical one, where the waveguide is replaced by
optical fiber, so the negative influence on the sensing device is
completely eliminated (Maderwald et al. [56]). According to
earlier research (Becker et al. [55]), the delay (approximately
30 ms) between the first heart sound and the R wave in ECG
signal has no effect on CMR imaging by means of retrospec-
tive triggering. Other research [57], for change, shows that
triggering by an acoustic signal, even in a magnetic field with
an intensity of up to 7 T, can achieve an error of less than 1%.

Seismocardiography is another option for measuring car-
diac activity in the MR environment and the subsequent trig-
gering of the MR scanner [26]–[28]. The authors of the study
have already developed a hybrid acoustic sensor for MR trig-
gering based on SCG [26], the foundation of which is sensing
vibrations of the human body surface due to the movement of
the heart wall commonly sensed by accelerometers. Although
this sensor achieved very satisfactory results in some subjects
measured, the system faced problems associated with placing
the sensor itself on the patient’s body, resulting in a deteriora-
tion in the quality of detection of significant points (A0-A0),
thus in worse CMRI synchronization.

2) FIBER-OPTIC SENSORS
The most modern methods for measuring medical signals
nowadays include optical fibers and fiber-optic sensors that
are immune to electromagnetic interference when properly
designed [35]–[47]. These sensors offer a relatively inex-
pensive and technically undemanding alternative to CMRI
triggering.

There are not many studies on the use of fiber-optic tech-
nology for monitoring the vital signs of the human body
in MR environments. One of the most interesting studies
presents Dziuda et al. [31], which described an FBG-based
sensor encapsulated on the plexiglass board. The results were
obtained from three patients during the MRI scanning and
proved the method is able to determine both the respiratory
and heart rate accurately.

Moreover, there is a study [61] that describes a sensor
which is embedded as a smart textile solution that can be used
within the patient’s clothes. The detection of the respiratory
and heart rates was accurate even when the user was per-
forming periodic body movements, such as the ones induced
by the gait. The authors declare that the proposed approach
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can be applied not only in MRI environments and in patient
monitoring during the sleep, but also as an e-health solution
for continuous monitoring of the patients during their daily
activities.

Interesting FBG-embedded smart textiles were proposed
for respiratory monitoring during MR examinations in [62].
The comparison of the results obtained by the system and
by optoelectronic plethysmography highlights the accuracy in
the estimation of the respiratory period, duration of the inspi-
ratory and expiratory phases. Summarization of the use of
fiber-optic sensors for monitoring the basic vital signs of
the human body is well described in [29], where a total
of 47 MR-tested or potentially MR-compatible sensors have
been described, but no study described the practical imple-
mentation of cardiac triggering in real MR environments.

As for the cardiac triggering method using fiber-optic sen-
sors, only a few studies, which investigate the possibility
of cardiac triggering, but only when used in rodents, are
described [63]. The sensor was orally introduced into the
rat’s oesophagus [64] or was placed on the thorax [65] the
movement of which it senses.

In our previous research [17], we discussed the novel sen-
sor which is created by encapsulation of the Bragg grating
into conventional nasal oxygen cannulas. Respiratory trigger-
ing functionality was confirmed by radiologists on the basis
of analyzing images by means of the most commonly used
respiratory triggered T2 TSE 3D sequences and by means
of an objective method using the Blind/Referenceless Image
Spatial Quality Evaluator (BRISQUE).

III. MATERIAL AND METHODS
Based on the background research and the current state of the
technology for cardiac triggering, we have developed an inno-
vative FBG sensor utilizing a combination of polymericmate-
rial, polydimethylsiloxane (PDMS), and FBG [66]. PDMS
has desirable properties, such as immunity to electromagnetic
interference, inertness to human skin, minimal effect on the
FBG function, and protection of the FBG part of the sensor.
The sensor used in this study has evolved from our team’s
previous biomedical applications experience [15], [18]–[20].
The sensor was fabricated using a 3D printing process.

A. FIBER BRAGG GRATING (FBG)
Bragg gratings are usually used as the sensing elements
in optical fiber sensors used to measure various physical
quantities such as pressure and temperature [67]. They are
constructed by inscribing periodic variation in the refractive
index of the core of an optical fiber, as shown in Fig. 3, where
the periodic refractive index of the core is denoted by n1
and the non-periodic refractive index of the sheath is labelled
as n2. When a high intensity light source (e.g., Light-Emitting
Diode - LED) with a relatively broad spectrum is input to the
FBG sensor, the reflected light will have a relatively narrow
spectrum with a peak at a wavelength that is function of the
optical and geometric properties of the FBG. Specifically,
the spectral position of the Bragg wavelength, λB, is affected

FIGURE 3. The principle of operation of a Bragg grating in the optical
fiber core.

by the optical and geometric properties of the periodic struc-
ture according to (2):

λB = 2neff3, (2)

where neff is the effective refractive index of the periodic
structure and 3 is the period of the refractive index change
in the optical fiber core.

This property of FBG is used in sensor design where the
temperature or pressure causes a change in the optical and
geometric properties of the structure and a shift in the Bragg
wavelength according to (3):

1λB

λB
= (1− pe)ε + (α3 + αn)1T , (3)

where pe is the photo-elastic coefficient, ε is the applied
deformation, α3 is the coefficient of thermal expansion, αn
is the thermo-optic coefficient and 1T is the temperature
change. Typically, when the temperature sensitivity of the
fiber optic Bragg grating reaches 10.3 pm/◦C at 1,550 nm and
the strain sensitivity achieves 1.209 pm/µstrain [68].

B. FBG SENSOR DESIGN
To construct our FBG sensor we used an optical fiber
ITUT recommendation G.652 which describes the geomet-
rical, mechanical, and transmission attributes of a used
single-mode optical fiber and cable [69] with uniform Bragg
grating and acrylate recounting (Safibra, Prague, Czech
Republic) and the Bragg grating with central Bragg wave-
length of 1550.121 nm and reflectivity of 95.8 %. To protect
the optical fiber and to increase its sensitivity while moni-
toring human cardiac activity, we used the PDMS Sylgard
184 polymer [70]. The curing of the polymer took place at an
elevated temperature of 80 C for 90 minutes. Sylgard 184 was
chosen as a product that exhibits excellent heat resistance
and elastic properties. More importantly, it is harmless to
human and is electrically nonconductive. We have previously
reported successful encapsulating of the Bragg grating sensor
and its use in several biomedical application [15], [18]–[20].

Based on recent refinements, we now have achieved mini-
mum dimensions of 30 × 15 mm and weight of 2 g result-
ing in simpler implementation and minimal load burden
on the patient. Fig. 4 shows the proposed sensor prototype
and illustrates its small dimensions suitable for clinical use.
The encapsulation process has no significant effect on the
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FIGURE 4. Novel fiber Bragg grating sensor.

functionality of the Bragg grating and its spectral charac-
teristics; it only increases about 4.2 times the temperature
sensitivity [71].

C. DESCRIPTION OF THE MEASURING HARDWARE AND
SOFTWARE
Fig. 5 shows the schematic diagram of the measuring and
triggering system. The FBG interrogator unit (FBGuard
1550 Fast, Safibra, Prague, Czech Republic) was placed in
the MRI control room. This interrogator unit is designed for
highly accurate static and dynamic measurements of FBG
sensors monitored at up to 16 optical channels, the output
power of superluminescent light emitting diode (SLED) is
1 mW. It is a fully autonomous system with an embedded
computer and a web server running on Linux. The system
configuration and configuration of sensors is possible by
SSH and the web interface. An Ethernet interface allows
remote connection to any standard computer (PC) through the
TCP/IP protocol. A standard 8m long fiber-optic cable (SMF,
ITU-T, G.657.A) was used to connect the FBG interrogator
unit to the FBG sensor.

The FBG interrogator unit is based on the spectral evalua-
tion of Bragg wavelengths reflected from FBG sensors [72].
The unit consists of a broad-spectrum (1510-1590 nm) SLED,
which emits the light which is then is guided through a cir-
culator to FBG sensors. The reflected spectral contributions
from the connected FBG sensors are fed through a circulator
to a diffraction grating, which directs the light of individual
wavelengths to a Charge-Coupled Device (CCD) detector
with 512 px (i.e. 512 photodetectors in a row). This ensures
the wavelength conversion at the pixel position in the CCD
detector to obtain information on the spectral distribution of
the received optical signal.

In terms of signal processing, peaks corresponding to
individual FBG sensors are investigated. For analysis of the
reflected spectrum, the interpolation method with the analyt-
ical Gaussian function is used to find the spectral position
of individual Bragg wavelengths. This achieves a spectral
resolution of 1 pm at 512 px on a CCD detector for the width
of 1510 to 1590 nm.

The signal from the FBG sensor is acquired by the FBG
interrogator unit is embedded in a computer and operates
autonomously. It is capable of simultaneously sampling
16 optical channels. Since the FBG interrogator unit does
not provide digital outputs it cannot be used to generate a

triggering signal for MRI sequences. Hence, we incorpo-
rated a second personal computer (Acer Aspire 5 A515-51G-
561D) with Windows 10 Home and a National Instrument
compact data acquisition chassis (cDAQ - 9185, Austin,
Texas, USA) to analyze the optical signal sensed by the
FBG sensor and the FBG interrogator unit. The NI cDAQ-
9185 chassis has four slots for I/O modules and Ethernet for
communication interface. Further, the PC was programmed
to generate the triggering signa. The data acquisition and trig-
gering programs were created using the National Instruments
LabView programming environment (National Instruments,
Austin, Texas, USA) [73]. Data transmission between the
FBG interrogator unit, the cDAQ chassis, and the PC for data
analysis was accomplished using Ethernet. Further, we used
a local network timing protocol server to synchronize the
timestamps of the FBG interrogator unit computer and the
PC. The cDAQ chassis has slots that allow to connect dif-
ferent I/O (Input/Output) modules. Additionally, to generate
the triggering signal, we used an NI-9472 compact controller
module with 8 digital output channels compatible in the range
from 6V to 30 V with the capability of delivering currents up
to 0.75 A per channel. Fig. 6. shows the details of the system
hardware (upper part) and triggering algorithm (lower part)
and a more in depth description of the system can be found
in [17].

As shown in Fig. 6, the Triggering PC runs the LabVIEW
application as the transfer control protocol (TCP) server. The
signal from the FBG sensor is acquired by the FBG interroga-
tor unit using a multichannel light-to-voltage (LTV) convert-
ers and singlemultiplexed analog-to-digital converter (ADC).
The FBG unit is embedded in a computer and operates
autonomously.

The data from the client are transmitted in packets
of 10 samples, where each sample is acquired with a fre-
quency of 1 kHz. Using the local network timing protocol
server, each packet is given a timestamp for the first sample
in each packet. This timestamp is used to calculate the time
necessary for generating the triggering signal.

The first step of optical signal processing is bandpass
filtering by a 2nd order Butterworth approximation infi-
nite impulse response (IIR) filter with a low cut-off fre-
quency of 4 Hz and a high cut-off frequency of 20 Hz.
This step is necessary for extracting the BCG component
from the optical signal that mainly contains information
about the subject’s respiratory, on the basis of which the
BCG signal is modulated [16]. IIR filter implementation
was selected for its simple structure and low computational
demands. Moreover, the choice of second order filter offers
low signal delay and phase distortion. This step is neces-
sary for extracting the BCG component from the optical
signal that mainly contains information about the subject’s
respiratory activity, on the basis of which the BCG signal is
modulated.

The proposed method is based on the so-called ballistocar-
diography. It is a medically certified method that senses body
movements that are caused by cardiac activity. In particular,
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FIGURE 5. The schematic diagram of the FBG-based system applied to control the triggering
of MRI scanner.

FIGURE 6. A block diagram of the measuring and triggering system with a detail of processing of the optical
signal measured.

the output corresponds to the blood movement affecting the
aortic arch, which causes the selected body parts to move
upwards and downwards as the blood descends. This mechan-
ical movement of the heart or chest affects the used FBG
sensor placed on the patient’s body and this is reflected in
the shift of the Bragg wavelength.

Fig. 7 shows a sample of the signal measured by the FBG
sensor and the extracted BCG component. The extracted
BCG component is then analyzed by a peak detection algo-
rithm based on the principle of signal derivation followed
by its binarization. The binarized signal is then processed by
pattern matching and a peak verification algorithm. Two con-
ditions must be met to initiate this process: 1) the signal level
exceeds a dynamically computed threshold, and 2) the time

elapsed since the last trigger detected exceeds a dead time
value that is configured by the user. The dead time mentioned
for the condition 2 for triggering refers to the time interval
during which one does not expect another peak to occur.
Regarding the first condition, the dynamic peak threshold
level value is determined by the peak detection algorithm and
is based on an average value calculated from the buffer of the
detected signal extremes (i.e., either minimum or maximum).
A threshold levelling coefficient, ranging from 0 to 1, is used
to scale the current peak threshold level value. The value of
this levelling coefficient typically falls in a range of 0.5 to
0.8. When no peak is detected for more than 5 s, then the
entire peak detection algorithm is reset (the extreme buffer is
cleared).
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FIGURE 7. Examples of the signals measured and extracted. a) A time sample of the signal measured by the FBG sensor including components
corresponding to the respiratory and cardiac activity; b) the BCG component extracted therefrom.

Positive or negative peaks can be utilized for triggering;
these peaks correspond to I and J peaks of a typical BCG sig-
nal [74]. It is advantageous to select the negative peak since it
precedes the positive one and thus offers a lower delay from
the R peak of the ECG signal, which is used in conventional
triggering systems. When a peak is successfully detected,
the time to generate the triggering signal is calculated and a
request to generate the signal is sent to the cDAQ chassis. The
trigger signal time calculation includes the signal processing
time, the delay caused by the IIR filter and the expected
delay caused by communication between the triggering PC
and the cDAQ chassis, which is very stable due to peer-to-
peer connection. Fig. 8, shows an example of the BCG signal
with the detected peaks along with the generated triggering
signal.

FIGURE 8. A time sample of the filtered BCG signal (blue) with the peaks
corresponding to heartbeats detected (red) and the triggers generated
(green).

D. OPTIMAL SENSOR PLACEMENT
The BCG signal corresponds to the movements of the human
body surface caused by the acceleration of blood as it moves
inside the large vessels. The blood also interacts with the
individual parts of the heart, particularly the valves, which is
reflected as the individual heart sounds as illustrated by Fig. 9.
When placing the sensor to different locations, the morphol-
ogy of individual BCG waveforms is affected by the size of
contact area between the patient’s body and the sensor, and
the pressure applied on it. To find the optimal placement,
we performed experiments on several volunteers in laboratory

conditions (outside the MR environment). The aim was to
find the location that would provide the BCG signal con-
taining the significant peaks of high magnitude that could be
easily detected and used to determine the heart rate.

Area for the sensor placement was selected based on a
physician recommendation who used a stethoscope to exam-
ine each patient for heart auscultation. Points of auscultation
over the precordium are generally correlated with the position
of the cardiac valves [75] (see Fig. 9a and 9b). Besides the
acoustic heart activity, the mechanical activity (body move-
ment) can be sensed in the same areas due to the rise and fall
of thorax due to heartbeats [75], see Fig. 9c.
The highest pressure is present in the mitral and tricuspid

valve. The BCG signal reflects the pressure caused by the
heart contraction, which reaches the peak in the ventriculi
during the systole. Therefore, the BCG-based sensor should
be placed as close to these areas as possible. That is, it should
be placed between the sensing points denoted by (3) and (4).
The optimal placement (marked in blue) was selected as a
compromise between clinical feasibility for both male and
female patients and the quality of the BCG signal (i.e., the
magnitude and the shape of important features).

E. DESCRIPTION OF EXPERIMENTS
The experimental measurements were conducted in a 3 T
magnetic resonance environment on a sample of 8 healthy
people (4 male and 4 female). The patients signed a written
consent that was approved by the Ethics Committee. The age
range of the subjects was from 24 to 56 years, the weight
ranged from 47 to 93 kg. The blood pressure was measured
after a 15-minute rest period in the waiting room - sitting
position, 15 minutes before preparation for measurement
began. Additional demographic information of the subjects
is summarized in Table 1; the range is defined by the mean
along with the maximum and minimum values. The subjects
were scanned by means of triggered sequences used for MR
imaging of the heart. Because they were healthy volunteers,
no contrast agent was administered.
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FIGURE 9. The illustration of the sensor placement. a) Measurement
points of the mechano-acoustic signals (heart sounds) with respect to the
heart anatomy: 1. Aortic, 2. Pulmonary, 3. Tricuspid valve, 4. Mitral valve;
b) Recommended sensor placements for the heart sounds
measurements (red) and the optimal FBG sensor placement (blue);
c) Examples of the ECG and PCG waveforms along with the pressure in
the ventriculi and the atria: The first heart sound (S1) is caused by the
atrioventricular valves – Mitral (4) and Tricuspid (3). The second heart
sound (S2) is caused by the semilunar valves – Aortic (1) and
Pulmonary (2).

The scanswere conducted using two of themost commonly
used heart imaging sequences:

a) The kinematic sequence T1/T2 of the balanced echo
(True Free Induction Decay Steady-State Preces-
sion (FISP) by Siemens, Erlangen, Germany) – used to

TABLE 1. General information on the subjects tested.

assess the movement of the individual heart compart-
ments and valves.

b) The native Phase Sensitive Inversion Recover (PSIR)
sequence based on Gradient echo (GRE) T1 weigh-
ing, T1 flash with myocardial signal suppression by
a variable inverse pulse. This sequence is commonly
used as standard in a post-contrast manner to suppress
the contrast-saturated myocardial signal. The contrast
medium was not administered, the scans were per-
formed as native, which is considered as sufficient
to evaluate the usability of the triggering system (the
inversion recovery (IR) time was left at the standard
270 ms).

All images were obtained using a MR Magnetom Prisma
3T, Siemens (Erlangen, Germany). While this imaging sys-
tem produces usable scans for clinical practice, the result-
ing images are often accompanied with artifacts. During the
heart filling phase, individual images were obtained for each
subject using a sequence adapted for that subject (region of
interest, length of repetition time (TR) interval depending
on heart rate). The measurement was performed within 60s
in succession over two breaths, with only a different trigger
device input selected between the breaths (conventional ECG
and POX for an FBG-based optical system).

The individual parameters of the MR sequences used for
cardiac triggering are shown in Table 2. A photograph of the
measurement is shown in Fig. 10. The location of the FBG
sensor on Female01 and Male01 test volunteers, respectively,
is shown in red.

TABLE 2. The parameters of the MR sequences used for cardiac triggering.

F. EVALUATION OF THE RESULTS
The image quality can be evaluated by means of different
methods based on the specific criteria, such as the diagnostic
quality of the image or its other characteristics (brightness,
contrast, sharpness, etc.). It is very difficult to determine to
what extent are the physical measures of image quality and
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FIGURE 10. Photographs of patient instrumentation setting for triggered
MRI scan: a) a female subject; b) a male subject.

observer performance correlated in clinical diagnostic work.
As mentioned in [76], the relationship between fundamental
physical and technical factors and image quality in diagnostic
outcome is not well known. It is therefore crucial to include
both, the methods taking into account the clinical and diag-
nostic value of the images (herein referred as subjectivemeth-
ods) and also the methods quantifying the technical quality
of the image (herein referred as objective methods). Such
objective evaluations would not provide diagnostically useful
information; however, they are able to assess other quality
factors that need to be considered when comparing the overall
performance of the tested system.

1) OBJECTIVE EVALUATION
For the objective evaluation of the quality of the images
acquired, 3 algorithms were used: 1) Blind/Referenceless
Image Spatial Quality Evaluator (BRISQUE); 2) Natural-
ness Image Quality Evaluator (NIQE); and 3) Perception
based Image Quality Evaluator (PIQE):

a) The BRISQUE algorithm was selected since it uses
scene statistics of locally normalized luminance coef-
ficients to assess the level of image quality that can be
reduced due to the presence of distortions. BRISQUE
is based on the calculation of the no-reference image
quality score; the output value is in the range of 0-100;
a smaller result value indicates better image quality.

b) The NIQE [77] and PIQE [78] algorithms are also
based on the calculation of the no-reference image
quality score. Again, a smaller result value indicates
better image quality. NIQE uses natural scene statistics
features from a corpus of natural images while the
BRISQUE algorithm is trained on features received
not only from natural images, but also from distorted
images and human decisions about the quality of these
images.

c) The PIQE algorithm is based on extracting local fea-
tures to estimate the quality of the images. To imi-
tate human behaviour, the image quality estimation
is conducted using perceptually significant spatial
regions [78].

2) SUBJECTIVE EVALUATION
Based on the shortcomings of the objective image evaluation
methods, a subjective evaluation was performed by clinical
experts. A so-called blind test was created where 10 experts
evaluated the quality of the images in terms of their diagnostic
quality. The group of 10 clinical experts (radiologists) was
composed of 5 doctors with experience of 3 years, 5 doctors
with experience of 8 years and more. Each radiologist carried
out the evaluation him/herself, during the evaluation they
could not discuss with each other.

IV. RESULTS OF THE PILOT PRE-CLINICAL STUDY
Example of the images intended for comparing the qual-
ity (diagnostic and image) for PSIR (Siemens) and True-
FISP (Siemens) sequences are shown in Fig. 11 and Fig. 12,
respectively; the rest of the images is provided inAppendixA.
This is a comparison of images from the FBG-based sys-
tem vs. ECG (Siemens Prisma 3T ECG reference) vs. POX
(Siemens Prisma 3T Pulse Oximeter reference) for selected
sequences.

The data obtained by measurement (Fig. 11) show the
weighted T1 image used to evaluate myocardial enhancement
after intravenous administration of the contrast agent; these
are static scans.

a) In terms of phase, imaging using the FBG-based system
corresponds completely to the diastole, which means
it allows assessing cardiac muscle saturation in the
resting phase as much as possible and it also allows
visualization of the interface of the heart muscle and
the heart cavity relatively sharply with a minimum of
artifacts affecting the wall and the papillary muscles,
despite the artifacts from the flows in the 3T device.

b) As a standard triggering tool, ECG provides a
phase-correct image, that is, at the end of the diastole,
a greater proportion of artifacts is evident, which may
not be due to the triggering system.

c) The image created by pulse triggering is phase-shifted
- there is an evident shift of the pulse wave towards
the heart cycle; the artifact proportion is visible and the
boundary between the artifacts from the flow and the
wall of the heart compartments is blurred.
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FIGURE 11. The resulting images (subject 1) using the PSIR sequence: a) FBG-based system; b) ECG; c) POX.

FIGURE 12. The resulting images (subject 2) using the TF sequence: a) FBG-based system; b) ECG; c) POX.

Figure 12 represents the results from the application of
the T1/T2 sequence of the Trufisp balanced echo used to
assess the movement of the heart compartments, a kinematic
sequence.

a) In terms of phase, imaging using the FBG-based system
corresponds completely to the diastole, which means it
allows assessing the movement of the heart compart-
ments with a sharp boundary, which affects, for exam-
ple, the movement of the heart valves or the papillary
muscles. The artifacts in the 3 T field are minimal,
they do not interfere with the display of the ventricles;
there is no interference in the display of the transition
between the papillary muscle and the moving blood.

b) ECG as a standard triggering tool provides true infor-
mation in the right phase of the heart function. There
are slight artifacts at the interface between the papillary
muscle and the flowing blood.

c) The image created by POX based triggering is
phase-shifted again - the effect of the pulse wave shift
towards the heart cycle and the rate of its detection is
also evident here; the artifacts in the atria and at the
ventricular/atrial interface are the disturbing elements
of the display.

A. OBJECTIVE EVALUATION
After consultation with radiologists, clinically significant
areas were selected to eliminate distortion by redundant areas.
The results of objective evaluation are summarized in Tab. 3
and Tab. 4; the results that indicate the worst rating for a

given algorithm/subject are highlighted in red; the results
that indicate the best mean value of the rating among all
tested subjects for a given algorithms are highlighted in green.
These results are also depicted using Fig. 13, which shows
a graphical comparison of the objective evaluation for the
above-mentioned algorithms in the form of box plots for 13(a)
TrueFISP and 13(b) PSIR sequences. Box plot is a simpleway
of representing statistical data on a plot in which a rectangle
is drawn to represent the second and third quartiles, where
lower and upper quartiles are shown as horizontal lines either
side of the rectangle, and red vertical line inside indicates the
median value.

It can be noticed that no value deviates significantly from
the others so it can be stated that the technical quality of
the resulting images is comparable among the tested meth-
ods. However, it is interesting to note that the low val-
ues of objective parameters (marked in red) for the PSIR
sequences were distributed among all tested methods; in
terms of mean values, the ECG and BCG methods outper-
formed the POX method. In contrast for TrueFISP sequence,
the results for ECG and BCG differed – ECG method had
the worst results when assessed by the BRISQUE parameter,
while BCG method achieved the worst results according to
PIQE parameter.

B. SUBJECTIVE EVALUATION
Within the framework of the test, the experts evaluated
the above-mentioned images acquired using two different
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FIGURE 13. Graphical comparison of the objective evaluation in the form of BOXPLOT for a) TrueFISP; b)
PSIR sequences.

TABLE 3. Summarization of the objective evaluation using TrueFISP sequence (Siemens).

TABLE 4. Summarization of objective evaluation using PSIR sequence (Siemens).

sequences (TrueFISP and PSIR) in combination with three
different triggering methods (ECG, POX, and BCG). There-
fore, each image was assessed by 10 different experts with
marks ranging from 1 to 3, wherein the highest quality image
was evaluated by mark 1 and the lowest quality by mark 3,
see Table 5. The experts in the field did not have information
about the method used for taking the image. The radiologist
also "blind" to the type of triggering (i.e., ECG, POX, and
BCG) that was used under each sequence - images were

randomly assigned without the possibility of detecting the
type of monitoring and triggering used.

Based on the results presented in Tab. 5, it can be stated
that the FBG-based system achieves comparable diagnostic
results in terms of diagnostic quality as the triggering meth-
ods used in clinical practice (i.e. ECG and POX). At cardiac
triggering, the BCG-based system achieved slightly better
results than POX, but, on the other hand, it achieved slightly
worse results than the ECG-based system.
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TABLE 5. Summarization of the subjective evaluation - blind test
(diagnostic quality: 1 to 3 (1 best, 2 intermediate, 3 poor); average -
10 doctors).

V. DISCUSSION
This preclinical study has shown that the FBG-based system
functions as well as the conventional systems based on ECG
and POX. The comparison of these systems was carried out
using both the objective and subjective evaluations and statis-
tical analysis of the data gathered during the study. Objective
methods (BRISQUE, NIQE, PIQE) of image quality evalua-
tion were used for the evaluation of the results of this study.
Based on the results assessed by these methods, the function-
ality of the FBG-based system against the reference ECG and
POX was confirmed. However, it should be noted that these
objective methods are not able to capture the diagnostic value
of the images, but they are able to evaluate the fundamental
physical and technical factors and thus the technical quality
of the image. To evaluate also the diagnostic value of the
obtained images, the team of authors also conducted a subjec-
tive blind test in this study (5 doctors and 5 radiologists). The
results of this test confirmed the functionality of the proposed
FBG-based system.

Based on the results of this pre-clinical cardiac triggering
study, it can be expected that the proposed FBG system has
the potential to shorten the examination time and to increase
patient comfort. This is mainly due to simple implementation
compared to the conventional ECGbased system that requires
several preparation procedures (shaving the hair, scrubbing
the skin, etc.) to ensure optimal contact of the electrode with
the skin. Of course, this expectation needs to be examined in a
larger follow-up clinical study that would cover a wide spec-
trum of patients. The advantages and characteristic features
of fiber optic sensors for MR environments include passivity
in terms of power supply and electromagnetic immunity. As a
result, these sensors can also be used in the presence of other
electrical equipment without electrical interference, which
increases patient monitoring safety.

Given the ability of the proposed system to simultaneously
monitor respiratory activities [9], it would be potentially pos-
sible to detect the hyperventilation associated with the risk of
developing tetanus, thus effectively preventing these condi-
tions. However, simultaneous respiratory and pulse triggering
has not been tested in this study, because the MR scanner

(Prisma 3TMR scanner), which was used in this study did not
allow simultaneous ECG and respiratory input for triggering.
We will address this issue in our future research.

The primary disadvantages of commercially used electrical
potential sensing systems include the fact that they are very
difficult to shield from the eddy currents induced into the sen-
sors/electrodes and their conductors during MR acquisition.
In the case of conductive materials, eddy currents are induced
not only from the gradient system but also from the high
frequency - as a result, the electrodes may be heated and the
subject being measured may get burnt. For electrical potential
sensing systems, correct electrode application is also required
to acquire a high-quality ECG waveform, i.e. correct elec-
trode placement and proper electrode contact. Both these
requirements can potentially extend the patient preparation
and also elevate the risks associated with improper use of
the sensing device. In contrast, the FBG-based system intro-
duced in this article is entirely immune to electromagnetic
interference and it can be employed for all currently available
measuring sequences.

In the case of mass production, the price of an FBG the
sensor would be based on many factors that we are currently
unable to quantify. Here, we discussed the cost of a FBG
sensor prototype, which includes only the cost for the Bragg
grating, PDMS material, optical fiber and protection.

At this time, the cost of FBG sensor is expected to be
approximately e 70 (work not included) compared to exist-
ing conventional systems based on ECG, such as SIEMENS
PMU (e 8,000) or BRAINVISION – BrainAmp ExG system
(e 40,000) [26]. The price estimation does not include the
FBG interrogation unit, which costs between e 10,000 a
e 20,000. This unit can be used to evaluate the results of
multiple FBG sensors. Thus, the price of the system can
be decreased when comprised to the department with mul-
tiple MR scanners, which is usual in the clinical practice.
Table 6 shows the comparison of the tested systems with the
commercially available systems for synchronous measure-
ment utilized in the MRI of the research center CEITEC,
Brno.

TABLE 6. The price comparison of monitoring systems.

The FBG sensor is encapsulated with the PDMS material
which is resistant to most chemical substances and mechani-
cal stress. Owing to this fact, the resulting sensor is resistant to
disinfectants and is reusable by being washable and suitable
for disinfecting. Therefore, the FBG sensor can be repeatedly
used by proper washing and disinfecting it. Although the FBG
interrogation unit, which is required for signal evaluation, is a
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FIGURE 14. The resulting images (subject 3) using the PSIR sequence: a) FBG-based system; b) ECG; c) POX.

costlier device, it is possible to use the spectral evaluation
approach and, using a single FBG interrogation unit, to eval-
uate units to dozens of sensors.

The presented concept of FBG based cardiac triggering
due to its time accuracy and stability has the potential to
significantly refine the trigger signal generation. The use
of the proposed sensor can lead to higher image sharpness
and noise reduction; thus significantly increasing the quality
of acquired images. Further refinement can also be realized
by considering possible alternative components to FBGuard
and NI cDAQ controller. Specifically, a standalone dedicated
computer-based controller unit which would measure and
evaluate FBG signal directly may prove to be both com-
putationally and financially efficient. Examples of possibly
suitable computing platforms for this task are: a real-time
operating system (RTOS) controller; a dedicated embedded
system with ‘‘bare metal SW’’ application; or a NI cRIO plat-
form that includes a field programmable gate array (FPGA)
connected to a RTOS controller. Our next research will be
focused on implementation of such highly deterministic FBG
based cardiac triggering system.

VI. CONCLUSION
This pilot preclinical study investigated the suitability of
the Novel FBG-based Triggering System for Cardiac MR
Imaging at 3 Tesla. This first study of the fiber-optic sensors
demonstrated that not only the sensor can measure the vital
signs during MRI scans, but also can use these signals to
properly and efficiently trigger the MR scanner to diminish
the image distortion caused by body movements. Comparing
the performance of the proposed systemwith the existing con-
ventional triggering systems revealed equivalent performance
with additional advantages. The advantages include no eddy
current interference, ease of placement of the sensor on the
patient’s body, and sensor reusability.

APPENDIX A
The data obtained by measurement (Fig. 14) show the
weighted T1 image, which is used to evaluate myocardial
enhancement after intravenous administration of the contrast
agent; these are static scans.

a) Imaging using the FBG-based system is in the correct
phase of the heart cycle - the diastole; the artifacts at
the interface between the heart wall and the flowing
blood are not significant, even in the native image we
can clearly distinguish the moving heart compartment
and the flowing blood.

b) ECG triggering has an unambiguously higher propor-
tion of artifacts from the flowing blood; in the left
ventricle area, there is an unclear boundary between
the blood and the ventricular wall, but this may be
eliminated by administration of the contrast agent.

c) The image created by pulse triggering with a slight
phase shift (it is no longer the end-diastole) is an indis-
tinct boundary between the flowing blood and the left
ventricular wall in the lateral wall area.

Fig. 15 shows the results from the application of the
T1/T2 sequence of the Trufisp balanced echo, a kinematic
sequence used to assess the movement of the heart compart-
ments and structures.

a) Imaging using the FBG-based system - the phase of the
heart cycle is with aminimal shift compared to the ECG
trigged image; it is not a pure end-diastole, there is a
good anatomical correlation of the heart compartments
with a clear boundary, the artifacts are apparent at the
interface between the right ventricle and the atrium,
the rendering of the papillary muscles is excellent even
in comparison with the ECG image.

b) ECG as a standard triggering tool provides good
phase-displayed information; slight artifacts are appar-
ent at the interface between the papillarymuscle and the
flowing blood, the rendering of the papillary muscles is
worse.

c) The image created by pulse triggering is also with
a minimal shift in the phase of the heart cycle; the
artifacts in the atria are more prominent.

The data obtained by measurement (Fig. 16) show the
weighted T1 image.

a) Imaging using the FBG-based system - the image
corresponds to the end-diastole; in this subject, there
are more prominent artifacts from the flow, but the
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FIGURE 15. The resulting images (subject 4) using the TF sequence: a) FBG-based system; b) ECG; c) POX.

FIGURE 16. The resulting images (subject 5) using the PSIR sequence: a) FBG-based system; b) ECG; c) POX.

FIGURE 17. The resulting images (subject 6) using the TF sequence: a) FBG-based system; b) ECG; c) POX.

boundary of the anatomically stable structures is still
clearly visible.

b) ECG triggering corresponds to the phase of the heart
cycle; the proportion of artifacts, particularly in the left
atrium and the left ventricle, is significant.

c) The image created by pulse triggering is made with a
disturbing phase shift, the heart is already in the stage
of the presystole (up to the systole), the proportion of
artifacts from the blood flow is significant, there is a
very poorly detectable boundary between the solid and
liquid tissue.

Fig. 17 represents the results from the application of the
T1/T2 sequence of the Trufisp sequence.

a) Imaging using the FBG-based system - the phase of
the heart cycle is phase accurate, the boundaries of
the anatomical structures are sharp, the artifacts are an
obstacle in the atrium and right ventricle area and they
do not distort the movement of the left ventricle

b) ECG triggering is phase identical to BCG triggering,
the image sharpness is very similar, the proportion of
artifacts is comparable, the image is not diagnostically
more accurate than BCG triggering.
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FIGURE 18. The resulting images (subject 7) using the PSIR sequence: a) FBG-based system; b) ECG; c) POX.

FIGURE 19. The resulting images (subject 8) using the TF sequence: a) FBG-based system; b) ECG; c) POX.

c) The image created by pulse triggering it is without a
significant phase shift, even in this triggering system,
the proportion of blood flow artifacts is evident in the
3T device.

The data in Fig. 18 show the weighted T1 image.
a) Imaging using the FBG-based system - the image does

not correspond to the end-diastole, there is a visible
phase shift to the presystole, there is a significant
proportion of artifacts of the flowing blood, but the
boundaries of the anatomical compartments are clear.

b) As a standard in this subject, ECG triggering provides
infiltration in the end-diastole, the boundaries of the
anatomical compartments and the flowing blood are
relatively well apparent, apart from the lateral segment
of the apex and the middle part of the left ventricle.

c) The image created by pulse triggering is with a signif-
icant phase shift to the systolic contraction, there is no
clear anatomical boundary of the heart compartments,
the proportion of artifacts of the flowing blood is high.

Fig. 19 shows the results from the application of the kine-
matic Trufisp sequence.

a) Imaging using the FBG-based system - the phase of the
heart cycle corresponds to the end-diastole, the widest
dimension of the left ventricle of all images acquired
using different triggering techniques is visible, there is
a sharp transition of the solid ventricular wall and the
flowing blood, the rendering of the papillary muscles is
good, without artifacts.

b) ECG triggering has a minimal phase shift outside the
end-diastole, there is an apparent artifact at the inter-
face between the left ventricular wall and the papillary
muscle, there is no sharp boundary between the solid
heart compartments and the flowing fluid.

c) The image created by pulse triggering it is without a
significant phase shift, the structure of the papillary
muscles is not well rendered, there is a higher propor-
tion of artifacts from the movement of the valves and
the flowing blood.
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