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ABSTRACT This pilot pre-clinical study demonstrates the applicability of a new type of pneumatic
cardiac triggering (PCT) for cardiac imaging. The pilot research compares the novel FPGA-based pad
monitoring system for cardiac triggering using ballistocardiography (BCG) with conventional systems based
on electrocardiography (ECG) and photoplethysmography (PPG). The implemented system enables cardiac
triggering without the need to fix the sensors to the patient’s body. This unique approach has the potential
to reduce the preparation time for examination and the examination itself and to increase patient’s comfort.
The pilot pre-clinical study was conducted on 10 subjects at the Siemens Prisma 3T MRI Scanner within
the CEITEC Multimodal and Functional Imaging Laboratory - Central European Institute of Technology,
Masaryk University, upon the approval of the Ethics Committee. In total, 748 peaks (heart beats) were
detected, with 7.347 correctly identified as true positive peaks, 140 incorrectly detected as false positive
peaks, and 106missed peaks (false negative). For all subjects, the total accuracy reached 96.31% and F1 score
reached 98.18%. The applicability of the proposed BCG system was also analyzed in terms of objective
(BRISQUE, NIQE, PIQE) and subjective evaluation of the images by 10 experts. The study compares images
from two basic cardiac sequences - TRUE FISP (Free Induction Decay Steady-State Precession) and PSIR
(Phase Sensitive Inversion Recovery) sequences. The BCG system achieves comparable results with the
most frequently used and most accurate clinical ECG system used as gold standard. The results prove that
the BCG signal captured by our new sensor can be used as a substitute for ECG signal during MRI exam
with reliability of 97%.

INDEX TERMS Cardiac triggering, triggering using ballistocardiography (BCG), pad monitoring system,
imaging of the heart, electrocardiography (ECG), photoplethysmography (PPG), cardiacmagnetic resonance
imaging (CMRI).

The associate editor coordinating the review of this manuscript and

approving it for publication was Mauro Fadda .

I. INTRODUCTION
Magnetic resonance (MR) imaging is increasingly important
in the process of examination of human body structures.
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FIGURE 1. An example of the effect of CMRI synchronization with the
cardiac activity (T2w fat suppression sequence): (a) - CMRI with
triggering, (b) - CMRI without triggering.

Cardiac magnetic resonance imaging (CMRI) is used for a
specific area of heart structure and function imaging. This
type of examination is important both in the diagnosis of
inflammatory and ischemic diseases, as well as in the detec-
tion of myocardial injury and myocardial fibrosis allowing
better treatment and prevention or delay the progression of
the disease [1]. Because the heart is always in motion, trig-
gering synchronization is used in clinical practice to ensure a
high-quality image. This technique provides high temporal
and spatial resolution of the image by monitoring cardiac
or respiratory activity, according to which MR acquisition is
triggered. The aim is to trigger an acquisition with minimal
movement of the heart (i.e. the terminal phase of the dias-
tole or systole), which causes numerous movement artifacts,
manifesting themselves as shadows and blurred contours in
the image [2], see Fig. 1.

The principle of triggering is to detect the most promi-
nent point of the signal that indicates the cardiac systole.
In current clinical practice, cardiac activity is monitored by
electrocardiography (ECG), which is, in some cases, replaced
by a peripheral pulse signal (i.e. PPG). The course of these
measurements and their advantages and disadvantages are
described below.

Electrocardiography, one of the best known and most
widespread methods of cardiac activity monitoring, is mea-
sured by several electrodes located on the patient’s chest,
wherein the number and placement of the electrodes vary
according to the information to be received by the scan. Three
or four electrodes are standardly used to record R peaks in
CMRI triggering [3]. Although ECG is a means for quick and
accurate recording of cardiac function, when measuring in an
MR device environment, numerous problems arise, such as
magnetic field artifacts [4] or even electrode heating due to
high voltage induction in the ECG hardware, resulting from
the interaction of the ECG system with the radiofrequency
and gradient systems [5], [6]. To avoid unwanted currents in
the ECG leads due to the rapid switching of gradient fields,
the leads must be located in such a way that no loops are
present, and the wires should be as short as possible. Fur-
thermore, the conductors are located outside the resonators
to suppress the interaction with the RF field [7].

When measuring ECG in the magnetic field of an MR
device, the so-called magnetohydrodynamic (MHD) effect,

FIGURE 2. The waveform of the ECG signal measured: (a) outside the MR
environment, (b) within the MR environment with an intensity of 1.5 T,
where both the R wave and the T wave acquire similar amplitudes.

which is caused by the movement of blood that is electrically
conductive and the consequent generation of an added electric
current, is a very undesirable problem. This artifact causes
ECG signal distortion by affecting the T wave (see Fig. 2),
thus preventing proper detection of the R wave and the
subsequent synchronization [7]. The issue of MHD artifact
grows with the increasing intensity of the magnetic field. The
higher intensity of the magnetic field promises an increase
of contrast in the image and noise suppression. For example,
Krug et al. [8] and Snyder et al. [9] have shown that triggering
with ECG signal is unsuitable for intensities higher than 3T.
Frauenrath et al. [10] report that the error rate while deter-
mining the ECG heart rate is up to 30%. According to [11],
the amplitude of the T wave may exceed the R wave by 20%
of its amplitude (i.e. an increase in the amplitude by about
315% of the original T wave), already at a field strength value
of 1.5 T. Due to the susceptibility of the ECG to the influence
of the MHD effect, new methods of detecting R waves and
suppression of this artifact are currently being developed, [12]
and [13], and, also, new ways of sensing cardiac activity are
being sought.

In addition to the aforementioned pitfalls of ECGmeasure-
ments in the MR environment, the ECG examination itself
is inconvenient for the patient as it is necessary to prepare
the skin well at the locations of the ECG electrodes to ensure
optimal contact of the electrode with the skin. To eliminate
the noise being produced due to poor contact, hair must
be shaved immediately before the examination and the skin
surface must be scrubbed with a mild abrasive soap (gel) [14].

The PPG triggering is a suitable alternative to triggering
using the ECG signal. The measurement is considerably sim-
pler than in the case of ECG, where the sensor is most often
placed on the finger of the hand, and also resistant to artifacts
arising due to the influence of the magnetic fields [15]. The
PPG signal is measured by a light sensor operating on the
principle of sensing changes in light absorption by blood,
which corresponds to the change in its volume. The rise
and fall of the wave thus reflects the process of cardiac
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FIGURE 3. Physiological delay between signals used for MR triggering
with triggering pulses marked.

systole and diastole. However, PPG measurement for CMRI
triggering is not standardly used because the delay between
the cardiac activity and the output signal caused by the transit
time of blood from the heart to the peripheral scan site is
striking. This delay can be in the order of several hundred
milliseconds and depends on the patient’s (patho)physiology
(see Fig. 3) [10].

Due to the numerous pitfalls of these established trigger-
ing methods, new techniques and sensors for sensing car-
diac activity for the purpose of CMRI acquisition triggering
that are resistant to artifacts arising during measurements
in the MR environment are being sought and developed.
One of these methods is the so-called self-gating tech-
nique, [16]–[19], which is already in use in clinical practice.
The self-gating method uses information on organ movement
directly from the MR signals by monitoring the changes
in the total transverse magnetization. The advantage of this
technique is the absence of additional hardware placed on
the patient’s body. However, these techniques fall behind
in cases of tachycardia and cases where myocardial con-
traction and relaxation are very mild throughout the cardiac
cycle [16], [20]. Other methods of research are, for example,
ultrasonic methods, [21]–[24], which promise resistance to
MR environment artifacts, however, placing the ultrasonic
probe on the patient’s body lags behind other methods in
simplicity. Optical fibres and sensors, which can also be used
for MR environment measurement, are a modern approach to
measuring medical signals, [25]–[31], due to their very weak
interaction with its magnetic and other effects on the optical
signal, and they promise a relatively inexpensive and simple
alternative to CMRI triggering.

The use of an acoustic sensor, whose efficiency has been
demonstrated both on instruments of magnetic intensity up
to 3T and ultra-high magnetic field intensity of 7T, already
achieves significant results, [10], [20], [32]–[35]. According
to [33], an error of less than 1% is achieved during trigger-
ing by the acoustic signal as well as during magnetic field
intensity of 7T, since the cardiac activity acoustic signal is
immune to artifacts resulting from the magnetic field of the
MR device. In comparison to conventional ECG measure-
ments, this method has the advantage of simplifying patient
preparation, reducing the number of cables and sensors,
or avoiding the induction of high voltages that could hurt the
patient [20], [32]. The disadvantage of the acoustic signal is
the sensitivity to noise arising from the switching of gradient
coils. The acoustic noise must then be filtered out of the
signal [10] or the acoustic signal is converted to an optical
signal and is fed through the optical fibre, thus avoiding any
interaction of the scanning device with a static magnetic,
gradient or RF field [32]. When compared to the ECG signal,
another disadvantage may be the delay; Becker et al. [20],
however, state that a delay of about 30 ms occurring between
the first heart sound and the detected ECG R wave has no
effect on CMR imaging by retrospective triggering.

Figure 3 shows the physiologic delay between the ECG and
other signals that the study addresses (SCG, BCG, and PPG).
The delay length depends on the patient’s (patho)physiology
as well as the design of the sensor itself. However, the total
delay of the triggering signal (indicated by dotted lines) can
be much longer due to the propagation of the signal by
the medium to the control unit, the influence of filtering or
the electronics controlling the state, and conversion of the
signal [35], [36]. Such a delayed triggering signal then results
in image acquisition in the wrong phase of the cardiac cycle,
which leads to a reduced likelihood of proper diagnosis and
often to the need for repeating the image acquisition, thereby
extending the examination time.

The authors of the study have already developed a hybrid
acoustic sensor for triggering MR acquisition based on seis-
mocardiography (SCG) [36], which refers to monitoring of
human body surface vibrations due to cardiac wall movement
commonly sensed by accelerometers. In the past, the SCG
signal was used to detect heart rate [37] and also to measure
cardiac activity in the MR environment [38]. Although this
sensor achieved very satisfactory results with part of the sub-
jects measured, there were often problems with placing the
sensor itself on the patient’s body, which led to a deterioration
in the quality of detection of significant features (A0-A0) and
thus to worse CMRI synchronization.

This phenomenon inspired the authors to an idea to design
a new type of pneumatic sensor without the need for fixing
it on the patient’s body; the patient would only be placed on
this sensor, which would not have to be fixed in any way.
The system is framed as FPGA-based pad monitoring. It is
the use of field programmable gate array (FPGA) technology
that minimizes the signal delay due to its processing (filter-
ing, detection, etc.). This study evaluates the measurement
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results with this new approach to measuring cardiac activity
and the quality of the resulting MR images triggered by the
BCG signal compared to conventional ECG and PPG signal
measurement approaches.

II. METHODS
The new type of sensor works on the principle of ballisto-
cardiography (BCG). There are a number of studies [28],
[39], [40] using the BCG principle. The substantial difference
between BCG and SCG signal sensing [41]–[43] consists
in the source of mechanical vibrations. In the case of the
SCG signal, heart movement is the source of mechanical
vibrations and, with BCG, it is the movement of blood
through the bloodstream. The design of the sensor thus had
to meet the requirement for the highest possible contact area
between the sensor and the patient’s soft tissues. Due to the
patients lying position on their back with their legs stretched
straight along the body, several potentially attractive sensor
placement locations come to existence. The sensor design
represents a distributed measuring system, which minimizes
the delay between the ECG and BCG signals. Standard BCG
sensing is usually performed by sensing the forces exerted on
the bed by the patient’s entire body. This is usually done by
placing strain gauges at the point of contact of the bedwith the
floor. However, BCG signal acquisition can also be conducted
locally, near major arteries, for example in the armpit or in
the buttocks area. To ensure the best possible signal gain
when sensing the BCG signal, the sensor has been designed in
such a way that its contact area reaches the greatest possible
contact with the patient’s soft tissue.

A. SENSOR EMBODIMENT
The sensor consists of a closed pneumatic system with
a deformable sensor consisting of a tube or bellows of
a non-metallic and airtight material, a transmission line
and a measuring apparatus located outside the MR field.
Preferably, materials such as polyvinyl chloride (PVC),
polyurethane (PUR) or silicone are used to construct the
sensor and the transmission line. The primary sensor version
consists of a bed with a pacient circuit along the entire
length of the patient’s body and a reference circuit outside
the patient’s body, see Fig. 4. The reference sensor is used
for post-processing of the signal and adaptive noise cancella-
tion [44]–[46]. The sensor also exists in other embodiments,
which can be placed locally under the patient’s body or close
to the arteries, in the form of a measuring spiral or bellows.
In this local embodiment, the signal measured is SCG, not
BCG as in this study.

When studying monitoring of cardiorespiratory activity
in magnetic resonance, the sensor version in the bed-tube
embodiment was primarily used. The bed consists of two
parts, namely the sensing part and the insulating part. The
sensing part includes a measuring tube and padding in order
to enhance the patient’s comfort. The insulating part then
reduces the vibrations transmitted by the magnetic resonance
structure. The sensor in the bed embodiment, as well as its

FIGURE 4. BCG sensor for monitoring cardiorespiratory activity;
(a) tubular embodiment, (b) chamber embodiment (bellows), (c) chamber
embodiment for monitoring the patient on the bed, where (1) bed case,
(2) measuring part, (3) acoustic insulation, (4a) pacient circuit, (4b)
reference circuit.

other versions, is equipped with connectors for linking to the
transmission line, which conducts the signal out of the room
where the magnetic resonance is located.

The sensor works on the principle of sensing movements
of the patient’s body as a result of the cardiorespiratory activ-
ity. These movements deform the sensor, thus modulating
the pressure of the gaseous medium enclosed therein. The
transmission line connects the sensor itself and the measuring
apparatus, thereby forming a closed pneumatic system, see
Fig. 5. Due to the construction material of the sensor and the
transmission line consisting of non-metallicmaterials, neither
the MRI function nor the sensor is affected. By using the
pneumatic transmission line between the magnetic resonance
room and the control room, the information on the patient’s
cardiorespiratory activity is transmitted. This information is
transmitted as a function of tube pressure and reaches a speed
nearing the speed of sound. In addition to the delay of the
BCG signal in comparisonwith the reference ECG signal, it is
also necessary to take into account the delay in transmission
caused the propagation of the pressure change through the
tube. The issue of delays between the ECG and the BCG,
or the SCG, is discussed in detail in study [36]. In general,
any pressure sensor can be used to measure the pressure
inside the pneumatic system. Since the pressure in the tube
corresponds approximately to atmospheric pressure, and only
small changes occur, a microphonewas used for the prototype
of this sensor.

Figure 6a shows the sensor version implemented in the bed
embodiment (BCG) with a tube within the pilot pre-clinical

4152 VOLUME 8, 2020



R. Martinek et al.: Comparison Between Novel FPGA-Based Pad Monitoring System Using BCG and the Conventional Systems

FIGURE 5. Installation of the BCG sensor in a magnetic resonance chamber - the bed embodimen: (1) sensor in the bed
embodiment, (2) connector for linking to the transmission line, (3) measuring system, (4) magnetic resonance imaging
switching.

FIGURE 6. Installation of the BCG sensor in the pad (a, c) and the SCG spiral sensor (b, d) on the Siemens Prisma 3T MR scanner.

study carried out on a Siemens Prisma 3T MR scanner.
Figure 6b shows the spiral-shaped (SCG) sensor. Figure 6c

shows a patient prepared for examination by the sensor
located in the bed embodiment with a tube within the pilot
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FIGURE 7. A detailed block diagram of the triggering system.

pre-clinical study. In Fig. 6d, the patient is prepared for
measurement using a spiral-shaped sensor located below the
left shoulder blade.

B. DESCRIPTION OF THE MEASURING SW AND HW
The measuring and triggering systems are based on the con-
cepts of virtual instrumentation. The main component of the
system is a compact Reconfigurable Input Output (cRIO)
controller comprised of a FPGA, a Real-Time operating sys-
tem (RTOS) and a chassis that allows input/output modules to
be connected to the cRIO system. Microphone and analogue
input modules were used to measure the BCG signal; a dig-
ital output module was used to generate a triggering signal
for magnetic resonance sequences. The second part of the
measuring and triggering system is a laptop with a LabVIEW
application that serves as the user interface. The application
displays the BCG waveform measured, the peaks detected
and the triggers generated in real-time and allows the user
to configure the peak detection algorithm and the triggering
delay defined. The hardware and software setup utilized was
identical with the ones used in our previous research [36].
A complete block diagram of the system with the detailed
description of the peak detection and the trigger generation
logic implemented in FPGA is shown in Fig. 7.

The peak detection algorithm was adjusted to make it less
dependent on the user configuration. The first improvement
is represented by the "Min & Max buffer" block, which
stores positive and negative extremes detected in the previous
several seconds of the signal and uses them to define the
initial threshold level for peak detection in case of reset
(either user generated or internal). The initial threshold level
was manually defined by the user in the previous version.
The second improvement, newly represented by the "thresh-
old reset block", generates internal reset of the peak detection
algorithm in case that no peak is detected within a multiple of
time defined by the refractory period (i.e. the phase after peak
detection when the subsequent peak is not expected). These
minor modifications ensure that the algorithm can adapt to
level changes in the BCG signal caused by different means,
e.g. the respiratory activity.

C. DESCRIPTION OF OBJECTIVE IMAGE
QUALITY EVALUATION
In order to evaluate the influence of different triggering meth-
ods on the quality of the resulting images, we carried out an
objective evaluation of images using Blind/Referenced Image
Quality Evaluator (BRISQUE), Naturalness Image Qual-
ity Evaluator (NIQE), and Perception Based Image Quality
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FIGURE 8. The spectrum of BCG signal (red) and interference (blue) (a) at TF sequence, (b) at PSIR sequence.

Evaluator (PIQE). BRISQUE is based on the calculation of
the no-reference image quality score. The lower the value of
the result, the better the quality of the image evaluated. This
ranking algorithm works in a spatial domain and does not
calculate distortion-specific features, such as ringing, blur,
or blocking. BRISQUE uses scene statistics of locally nor-
malized luminance coefficients to assess the level of image
quality that can be reduced due to the presence of distortions.
It basically uses the natural scene statistics model and evalu-
ates ’naturalness’ using the parameters of that model. This
algorithm is very simple and provides much more statisti-
cally meaningful values than, for example, the calculation of
signal-to-noise ratio and structural similarity index [47], [48].

NIQE, as well as BRISQUE, is used to evaluate image
quality by calculating the no-reference image quality score.
The lower the value of the result, the better the quality of
the image evaluated. This ranking algorithm is based on
the construction of ’quality aware’ statistical elements based
on a simple space domain natural scene statistics model.
Individual elements are estimated using natural and undis-
torted images. At first glance, it is clear that both NIQE and
BRISQUE use the natural scene statistics model. However,
NIQE uses only natural scene statistics from the corpus of
natural images. This means that the BRISQUE algorithm is
limited to a particular type of distorted images onwhich it was
built, and the NIQE algorithm is not limited to a specific type
of images. The big advantage of this NIQE algorithm is that it
achieves comparable statistical values with other algorithms
that require learning on a large number of databases of human
decisions about distorted images [49].

Again, PIQE, as well as BRISQUE and NIQE, is used to
evaluate image quality by calculating the no-reference image
quality score. The lower the value of the result, the better the
quality of the image evaluated. Again, the PIQE algorithm
attempts to quantify the distortion of images without refer-
ence. It is based on extracting local features to estimate the
quality of the images. To imitate human behaviour, the image
quality estimation is conducted using only perceptually sig-
nificant spatial regions. Selecting elements allows you to
generate a distortion map using blocks. PIQE is a competitive

algorithm that has low computational complexity even though
it works in blocks [50], [51].

D. DESCRIPTION OF ADAPTIVE CANCELLING SYSTEM
The embodiment of the pneumatic sensor according to Fig. 4
uses pacient circuit 4a for the actual BCG measurement.
Unfortunately, this circuit senses the undesirable mechani-
cal and acoustic interference caused by MR along with the
desired BCG signal. The proposed concept also includes
reference circuit 4b which is located outside the patient’s
body and, therefore, senses only unwanted mechanical and
acoustic interference without the desired BCG signal.

The simplest approach to eliminate the interference is
direct subtraction of the signal acquired from the reference
circuit, which contains only unwanted components from the
patient circuit containing both unwanted components and the
desired BCG signal. However, this procedure cannot be used
in clinical practice since the interfering signals sensed by the
reference circuit differ from the interference signals sensed
by the pacient circuit. This is caused mainly by the effects
of an unknown MRI environment (signal distortion due to
interference, delay, etc.).

Linear filtering cannot be used to eliminate unwanted
interference either, as the useful (BCG) and interfered signal
spectra overlap each other, see Fig. 8. Another significant
problem is that the interference spectrum varies for different
sequences and is, therefore, variable over time. In addition,
the spectrum parameters are influenced by the load on the
pneumatic sensor (varying weight and patient area).

We are facing the problem that the filter should work in
an unknown environment in which the preliminary identifi-
cation is difficult, or it is a time-varying environment whose
development cannot be predicted in the future. In such a
case, the values of the optimum filter coefficients change
over time and adaptive filtering is appropriate for proper
adjustment [53]–[55].

There are a number of algorithms that can be used
to eliminate the interference, e.g. adaptive filters with
stochastic gradient MSE adaptation (LMS, NLMS, VSLMS,
etc.) [56]–[58], adaptive filters with recursive optimal
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FIGURE 9. A simplified principle diagram of the adaptive system to eliminate mechanical and
acoustic interference.

adaptation (RLS, FTF, etc.) [59]–[61], Kalman filtering [62],
adaptive linear neuron ADALINE [63], etc., soft-computing
methods (e.g. artificial neural networks, fuzzy logic,
fuzzy-neural networks (e.g. ANFIS), genetic algorithms,
etc.) [64]–[66]. Furthermore, non-adaptive processing meth-
ods based on the principles of blind separation of BSS
resources (e.g. PCA - principal component analysis, ICA
- independent component analysis, SVD - singular value
decomposition, etc.) [67]–[70], wavelet transforms [70], [71],
spectral subtraction method [70], [72], etc. Unfortunately,
many methods are unusable due to the extreme requirements
for FPGA implementation speed and complexity. For this
reason, a stochastic gradient adaptation was used where the
least mean squares algorithm (LMS) was chosen [53], [54].

The simplified diagram according to Fig. 9 shows two
signal sources that are isolated from each other and operate
autonomously:
• Primary input: the signal sensed is a mixture of a useful
BCG signal (the source of which is the patient’s heart)
and interference that can be of various origins.

• Reference input: the signal sensed is only interference
without a useful BCG signal.

A linear transversal FIR filter was used as a basis of the
adaptive filter and an adaptive LMS algorithm was used to
adapt the filter coefficients (Fig. 9 - AA block). The FIR filter
coefficients of this system are updated by the LMS training
algorithm, which is based on a feedback error signal, which
equals to the desired signal. Thus, it can be said that the
system adapts in real time, so that we can subtract interfering
signal y(n) from signal x(n), and the required est. BCG(n)
signal remains. Each iteration of the LMS algorithm requires
3 different steps to be performed, in the order given. First,
the FIR output value of y(n) is calculated according to equa-
tion (1), valid in R:

y(n) = −→w T(n) · −→x T(n) =
N∑
i=0

wi(n) · x(n− i). (1)

The value of the estimated error signal e(n) is then calcu-
lated according to equation (2) in R, as follows:

e(n) = d(n)− y(n). (2)

TABLE 1. General information on the subjects tested.

Finally, the vector weight values −→w (n) of the correspond-
ing FIR filter are updated with respect to the following itera-
tion according to equation (3), valid in R.

−→w (n+ 1) = −→w (n)+ 2 · µ · e(n) · −→x (n),
−→w (n+ 1) = −→w (n)+ kµ · e(n) ·

−→x (n),
−→w (n+ 1)−−→w (n) = 2 · µ · [d(n)− y(n)] · −→x (n)

= δ
−→
h (n) ∀n ∈ Z+,

−→
h (n+ 1) =

−→
h (n)+ δ

−→
h (n) ∀n ∈ Z+. (3)

The LMS algorithm implementation can be summarized in
R as follows:

BEGIN −→w (n = 0) =
−→
0 ,

FOR (n = 1, 2, . . . ,N ) :

y(n) = −→w T(n) · −→x (n),

e(n) = d(n)− y(n),
−→w (n+ 1) = −→w (n)+ kµ · e(n) ·

−→x (n). (4)

For a detailed description of the LMS algorithm derivation
see [56] or [58].

III. RESULTS OF THE PILOT PRE-CLINICAL STUDY
The experimental measurements performed on the pneumatic
BCG sensor within the Siemens Prisma 3T MR scan were
conducted on a sample of 10 healthy subjects (6 males and
4 females) upon written consent and upon the approval of
the Ethics Committee. The age range of the subjects was
from 21 to 63 years, the weight ranged from 47 to 104 kg.
All general information on the subjects tested is summarized
in Table 1.
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TABLE 2. The parameters of the MR sequences used for cardiac triggering.

FIGURE 10. The resulting images (subject 1 - F) using the Truefisp sequence (Siemens): (a) TF - ECG, (b) TF - PPG, (c) TF - BCG.

FIGURE 11. The resulting images (subject 6 - M) using the Truefisp sequence (Siemens): (a) TF - ECG, (b) TF - PPG, (c) TF - BCG.

The pilot research compares the novel FPGA-based pad
monitoring system for cardiac triggering using BCG with
clinically used systems based on ECG and PPG. The indi-
vidual parameters of the MR sequences used for cardiac
triggering are shown in Table 2 below.

The applicability of the proposed BCG system was ana-
lyzed using subjective as well as objective methods:
• A: Subjective evaluation of the images by 10 experts
based on a blind questionnaire - subjective compari-
son of BCG vs. ECG vs. PPG images, (10 subjects,
two sequences (TF, PSIR), three-mode triggering, grade
1 to 3 - including the possibility of matching). The
study presents images of four subjects ()two best and
two worst subjects based on the statistical evaluation)
for 2xTRUE FISP (Free Induction Decay Steady-State
Precession) and 2xPSIR (Phase Sensitive Inversion
Recovery) sequences. The examples include one female
subject and one male subject, see Fig. 10 to Fig. 13.
Furthermore, objective evaluation of images using

BRISQUE, NIQE, PIQE was performed, see Table 3,
Fig. 14, and Fig. 15.

• B: Objective evaluation of ECG vs. BCG based on R-R
or J-J detection to determine heart rate variability.

• C: The efficiency of the adaptive system for reducing
acoustic and mechanical disturbances.

A. COMPARISON OF ECG vs. PPG vs. BCG IMAGES FOR
TRUEFISP (SIEMENS) AND PSIR (SIEMENS) SEQUENCES
Figure 10a (subject 1 - F) shows the resulting image using the
Truefisp (Siemens) sequence - a balanced echo to illustrate
a dynamic event - a moving organ. This image was created
using the standard triggering using the ECG signal supplied
by the manufacturer. A 4-chamber projection for assessing
themovement of thewalls of the four heart chambers is appar-
ent. This image shows a sharp contour of the left ventricle
wall, a good depiction of the papillary muscles. Figure 10b
is the resulting image using PPG pulse triggering by means
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FIGURE 12. The resulting images (subject 2 - F) using the PSIR sequence (Siemens): (a) PSIR - ECG, (b) PSIR - PPG, (c) PSIR - BCG.

FIGURE 13. The resulting images (subject 8 - M) using the PSIR sequence (Siemens): (a) PSIR - ECG, (b) PSIR - PPG, (c) PSIR - BCG.

TABLE 3. Summarization of objective evaluation using Truefisp sequence (Siemens) sequences.

of a finger optical detector. The resolution is lower due to
movement artifacts; there is a slight shift in the cardiac cycle
phase - the left ventricle is already in the contraction phase.
Figure 10c is the resulting image using the BCG sensor tested
(triggering). The image is comparable to the image generated
by ECG triggering (Fig. 10a). A comparable phase of the
heart cycle - end-diastole - is visible; the spatial resolution
of the kinematic sequence is also comparable to the standard
execution by ECG triggering. Rendering of anatomical struc-
tures is adequate.

Figure 11a (subject 2 - M) shows the resulting image
using the Truefisp (Siemens) sequence - triggering by ECG
curve supplied by the manufacturer. In the 4-CH projection,
the wall of the left chamber, as well as the papillary mus-
cle structure, are well evaluated. Figure 11b is the resulting
image of the Truefisp sequence (Siemens); in this subject,
PPG triggering is compared to classical ECG triggering;
the cardiac wall structures, as well as the papillary mus-
cles, are sharp. Figure 11c is the resulting image using the
BCG sensor tested (triggering). The fugure shows a good
resolution of both the chamber and the papillary muscles;

the moving blood-solid wall of the chamber interface is rela-
tively sharp.

Figure 12 (subject 1 - F) is the resulting image using the
PSIR sequence (Siemens), which is performed post-contrast
(scarring) as standard, is performed natively here. Figure 12a
is the resulting image using ECG triggering. In the 4-CH
projection, the wall is well detectable, the contours of the
heart sections are sharp. In Fig. 12b, the PSIR sequence is
performed using PPG triggering, there is an evident phase
delay compared to ECG and BCG triggering, fuzzy heart wall
contours. In Fig. 12c, a PSIR sequence with BCG triggering
is performed; it is fully comparable to an image using ECG
BCG; we can easily differentiate between blood-filled and
myocardium-formed structures whose interface is sharp.

Figure 13a is the resulting image using a PSIR sequence
(Siemens), native to subject 3. In the image (Fig. 13a) taken
by ECG triggering, good image quality is evident with a
well-differentiated boundary of the structures filled with
blood and solid tissue. Figure 13b shows a clear phase shift
of the cardiac cycle - the heart is contracted in the systole -
there is no good differentiation of the fluid-filled chamber
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FIGURE 14. Images for objective evaluation using Truefisp sequence (Siemens) sequences: subject 1: (a) TF - ECG,
(b) TF - PPG, (c) TF - BCG; subject 6: (d) TF - ECG, (e) TF - PPG, (f) TF - BCG.

FIGURE 15. Images for objective evaluation using PSIR sequence (Siemens) sequences: subject 2: (a) PSIR - ECG,
(b) PSIR - PPG, (c) PSIR - BCG; subject 8: (d) PSIR - ECG, (e) PSIR - PPG, (f) PSIR - BCG.

and its wall. In Fig. 13c, taken by BCG triggering, there is
still evident a phase shift towards the cardiac action - the
heart is already contracting in the systole, but there is a good
differentiation between the fluid-filled chamber and the solid
tissue of the heart muscle.

Furthermore, images were also prepared for processing
objective evaluation of images using BRISQUE, NIQE, and
PIQE, see Fig. 14 and Fig. 15. Here, clinically significant
areas were selected to eliminate distortion by redundant areas.

The results of objective evaluation are summarized
in Table 3 and Table 4. It can be stated that the diagnostic
quality of the image does not correlate exactly with the image
quality by means of the methods used. Nevertheless, no value
deviates significantly, see Table 3 and Table 4; it can be
concluded that this analysis has shown the equivalence of the
results achieved in terms of image quality. The results show
that these methods are unable to evaluate the diagnostic qual-
ity of the resulting images, see the comparison of the objective

VOLUME 8, 2020 4159



R. Martinek et al.: Comparison Between Novel FPGA-Based Pad Monitoring System Using BCG and the Conventional Systems

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

TABLE 5. Results of the evaluation performed by doctors.

evaluation and blind subjective test in Table 3, 4 and 5, respec-
tively. According to the experts involved in this pilot study,
the images that achieved worse results in objective evaluation
using BRISQUE, NIQE, and PIQE are more valuable from
the diagnostics perspective than images that achieve better
results.

Table 5 summarizes the results of the blind test performed
by experts. 10 clinicians were involved in the blind test. Each
of them received images from each of the subjects tested. For
the TF and PSIR sequences, they each received three images
(i.e. a total of 60 images) where triggering was performed by
means of three methods tested, i.e. ECG, PPG and BCG. The
experts did not have information on how the pictures were
taken. They performed the evaluation by giving points from
1 to 3 (1 means the best); an agreement was acceptable (i.e.
the same diagnostic quality).

According to the interobserver study, it is clear that images
generated by ECG and BCG triggering are comparably bene-
ficial to the physician making a diagnosis; BCG triggering is
evaluated as more beneficial in terms of kinematic sequence
results.

B. COMPARISON BETWEEN ECG AND
BCG BASED SYSTEMS
As part of our research, we carried out a comparison of
the BCG signal acquired by our new sensor and the ‘‘gold
standard’’ ECG signal based monitoring system on the statis-
tical assessment of the peaks detected in these signals and
the heart rate traces determined using the peaks detected.
We considered ECG as a reference or the ‘‘gold standard’’
because ECG-based systems are natively used for triggering
of MRI sequences and they are also the most prevalent trig-
geringmethod in clinical practice. Semi-automatic evaluation
of all detected R peaks was performed to ensure that the
ECG signal can be really used as a reference. Additionally,
we selected only those intervals where the quality of the
ECG signal was high (patient lied still, and no MRI sequence

was running) and R waves were not distorted by any kind of
interference.

Datasets for statistical assessment were acquired from
10 different patients where 6 of themwere men and 4 women,
aged from 21 to 63 years. All patients were in good health and
the tests were approved by the ethics committee. The aver-
age time duration of the datasets analysed was 15 minutes,
wherein the range was from 12 to 18 minutes. In the first
part of our statistical assessment, we employedBland-Altman
analysis, which is used to compare results of two independent
measurements of the same variable. Details about this method
are described in our previous research [36] and in [52].
Examples of two best and two worst results are depicted and
described in Fig. 16 to Fig. 19 and the results for all subjects
are shown in columns 5 and 6 in Table 4.
The second part of our statistical assessment is based on

classification of significant peaks detected in the BCG signal
corresponding to R peaks detected in the ECG signal. Before
the process of peak classification, both signals had to be
aligned in a time domain to compensate for the delay of the
BCG to ECG signal. This delay of a fixed number of samples
is caused by biological processes in the human body and
by the signal propagation through the sensor and the tubing
system. The peak classification process aims to categorize
the peaks detected as false positive (FP), false negative (FN)
or true positive (TP). The outputs of the peak classification
obtained are used to calculate four statistical parameters
determining the performance of peak detection in the BCG
signal in comparison to peaks detected in the reference ECG
signal. These parameters are sensitivity (SE), positive predic-
tive value (PPV), Accuracy (ACC) and F1 score. The pro-
cess of peak classification, formulas and descriptions of the
statistical parameters mentioned is described in detail in our
previous research [36]. The results of the peak classification
process are shown in Table 6.

Table 6 summarizes the results of statistical assessment
of peak detection for 10 subjects, where the BCG signal
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FIGURE 16. Comparison for subject 1 - F: (a) a sample of ECG and SSG waveform; (b) Bland-Altman analysis of ECG vs. BCG.

FIGURE 17. Comparison for subject 6 - M: (a) a sample of ECG and SSG waveform; (b) Bland-Altman analysis of ECG vs. BCG.

FIGURE 18. Comparison for subject 2 - F: (a) a sample of ECG and SSG waveform; (b) Bland-Altman analysis of ECG vs. BCG.

captured by our sensor was compared with the conventional
ECG reference signal. The results of Bland-Altman analysis
are shown in columns denoted as µ and 1.96σ . Two best
and two worst results are highlighted in bright green and
bright red colours, respectively. Bland-Altman analysis indi-
cates only minor difference bias (µ= -0.18 bpm) for subjects
3 and 8. The difference bias of the remaining subjects is
practically equal to zero (-0.07 bpm and less). These results
do not indicate any significant systematic error in the peak

detection process. Lines of agreement (1.96σ ) are ranging
from 1.18 bpm to 7.98 bpm, the results of more than half
of the subjects fall above 5 bpm. Higher values of the lines
of agreement indicate a higher variance of the samples in
dataset. This is mainly caused by the presence of outliers
in the heart rate values determined, as shown in Fig. 17 and
Fig. 19. Outliers are results of movement artifacts caused by
the motion of the subject during the measurement. Frequency
components of the most typical motion artifacts occupy the
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FIGURE 19. Comparison for subject 8 - M: (a) a sample of ECG and SSG waveform; (b) Bland-Altman analysis of ECG vs. BCG.

TABLE 6. Summarization of the results achieved on all subjects tested.

same frequency band as the BCG signal which makes their
removal by means of conventional FIR or IIR filters nearly
impossible. The advanced signal processing methods (e.g.
based on adaptive filtering using a reference signal containing
the noisy signal only) would have to be employed [36].
It should be noted that motion artifacts are not a problem
during MRI since the patient is required to lie as still as
possible, otherwise the resulting MRI images are blurry and
distorted. The results of peak classification are consistent
with Bland-Altman analysis with ACC values ranging from
92.2% to 99.8% and F1 score ranging from 95.9% to 99.8%
with the results of more than half of the subjects being above
95%. The last row the of Table 3 contains the results of peak
classification obtained from all subjects measured.

In total, 748 peaks (heart beats) were detected, with
7,347 correctly identified as TP peaks, 140 incorrectly
detected as FP peaks, and 106 missed peaks (FN). For all
subjects, the total accuracy reached 96.31% and F1 score
reached 98.18%. In medical fields, the results are considered
accurate if the values of the ACC, SE, PPV, and F1 parameters
exceed 95%, which was achieved in case of more than half of
the subjects. The results prove that the BCG signal captured
by our new sensor can be used as a substitute for ECG signal
during MRI exam with reliability of 97%.

C. ADAPTIVE NOISE CANCELLING
From Fig. 20, it is evident that both circuits of the pneumatic
system detect mechanical and acoustic interference. Further,

it is also apparent that the useful BCG signals in Fig. 20a is
significantly below the superimposed interference level. Such
a signal is not usable for triggering, see Fig. 21. Figure 21a
shows an image using ECG triggering, Fig. 21b shows an
image using the raw BCG signal from the measuring circuit.
The detection system was unable to identify any relevant
triggering points.

Figure 21a shows sharp solid tissue-fluid transitions,
the motion is sharp. From themovement perspective, Fig. 21b
is blurred, not well-targeted in the phase of cardiac move-
ment - there are signs of ventricular contraction, there is
evident the impossibility of accurate fluid-solid tissue differ-
entiation, especially in the area of papillary muscles.

Figure 20a shows a selected part of the input signal to
be analyzed acquired from the pacient circuit during the
TF sequence (4a), and Fig. 20b shows the corresponding
waveform sensed by the reference circuit (4b).

Figure 22a shows a selected part of the signal to be ana-
lyzed sensed by the pacient circuit during the PSIR sequence,
and Fig. 22b shows the corresponding waveform from the
reference circuit. Even during this sequence, the presence
of mechanical and acoustic interference is evident. This is a
lower level of interference than in the previous case (Fig. 20),
however, the data from pacient circuit Fig. 22a is not usable
for triggering.

Figure 23a shows an image using ECG triggering (PSIR)
and Fig. 23b shows an image using the raw BCG signal
from the pacient circuit. The detection system was unable to
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FIGURE 20. A selected part of the input signal during the TF sequence: (a) the pacient circuit; (b) the reference circuit.

FIGURE 21. The resulting images using the Truefisp sequence (Siemens): (a) TF - ECG, (b) TF - BCG without
processing, i.e. row data.

FIGURE 22. A selected part of the signal during the PSIR sequence: (a) the pacient circuit; (b) the reference circuit.

identify any relevant triggering points. In Fig. 23a, the view of
the heart sections is slightly modified by movement artifacts
of the blood flowing, the heart is at its maximum dimension -
at the end of the filling phase. Figure 23b shows a phase
shift in the cardiac activity - the heart is already contracting,
the sharpness of the anatomical structures in the atrium area
is sufficient, the left ventricular wall contour is blurred due to
the contraction.

Figure 24 shows the results of adaptive filtering. Figure 24a
represents the original signal measured using the pacient
circuit during the TF sequence and Fig. 24b represents the
signal after filtration using the adaptive LMS system during
the TF sequence. Figure 24c then represents the signal before
filtration during the PSIR sequence and Fig. 24d represents
the signal after filtration using the adaptive LMS system
during the PSIR sequence.
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FIGURE 23. The resulting images using the PSIR sequence (Siemens): (a) TF - ECG, (b) TF - BCG without
processing, i.e. row data.

FIGURE 24. Results of adaptive filtering using the LMS algorithm in terms of: (a) BCG signal before filtration - TF; (b) BCG signal after adaptive
filtering - TF; (c) BCG signal before filtering - PSIR; (d) BCG signal after adaptive filtering - PSIR.

From the results presented in Fig. 24, it is apparent that
adaptive filtering is very effective in extracting BCG signals
from the proposed pneumatic sensor. The advantage of the
concept used is its easy implementation on FPGA and, above
all, adaptability in various sequences (e.g. TF vs. PSIR).

Before the adaptively processed signals were used for
triggering, they were finally processed using a low-pass
IIR filter of the second order of Butterworth approxima-
tion with a cut-off frequency of 15 Hz. Figure. 25 and
Fig. 26 interpret the processing results from the actual
triggering perspective. Obviously, BCG processing has a
major effect on image quality. In the figures, two areas are

colour-coded, red being the area where the triggering is not
working properly and green being the area where the trigger-
ing is correct.

IV. DISCUSSION
This pilot pre-clinical study confirmed the functionality of
the novel FPGA-based pad monitoring system for cardiac
triggering using ballistocardiography designed and patented
by the authors. The primary advantage of the proposed system
is the part part located under the patient’s body. A patented
pneumatic pad prototype was used in this pilot pre-clinical
study. The advantage of the concept used is portability.
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FIGURE 25. Results of adaptive filtering using the LMS algorithm from triggering perspective: (a) BCG signal after adaptive filtering; (b) BCG signal
after adaptive filtering followed a by low-pass IIR filter of Butterworth approximation with a cut-off frequency of 15 Hz.

FIGURE 26. Results of adaptive filtering using the LMS algorithm from triggering perspective: (a) BCG signal after adaptive filtering; (b) BCG signal
after adaptive filtering followed a by low-pass IIR filter of Butterworth approximation with a cut-off frequency of 15 Hz.

Another direction of the research will be verification of func-
tionality for imaging the heart at ultrahigh magnetic fields
(7.0 T). According to study [33], triggering within 7.0 T

using acoustic signals achieves better results than ECG-based
systems. The study by Krug et al. [8] and Snyder et al. [9]
has shown that triggering with ECG signal is unsuitable for
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intensities higher than 3T. The study by Frauenrath et al. [10]
reports that the error rate while determining the ECG heart
rate is up to 30%. It can be assumed that the BCG pneumatic
system implemented at 7.0 T will achieve comparable results
as in this study, but this needs to be verified experimentally.

The pre-clinical study conducted in ten subjects confirmed
the functionality of the proposed system by both subjective
and objective evaluation methods. The results of peak classi-
fication are consistent with Bland-Altman analysis with ACC
values ranging from 92.2% to 99.8% and F1 score ranging
from 95.9% to 99.8% with the results of more than half of
the subjects being above 95%. The results are comparable
to study [36], where the authors tested a low-cost system for
seismocardiography-based cardiac triggering on 18 subjects.
In this study, the sensor was fastened in the chest area by an
elastic band. The new sensor concept without the need to fix
it on the patient’s body brings many advantages:
• Study [36] was faced with problems of fixing the sensor
in female subjects. The new concept shows identical
results for both female and male subjects. There are no
problems with fixing the sensor to the patient’s body.

• Thanks to the concept of the measuring and reference
pneumatic system within a single pad that was pre-
sented, technical, mechanical and acoustic MRI artifacts
can be eliminated very effectively using adaptive filter-
ing. The results presented unequivocally confirm that
signal processing methods play a key role in terms of
triggering efficiency. The study presents the importance
of adaptive filtering as well as preprocessing by means
of IIR filter. This area will be the subject of further
research.

• Due to the design of the pneumatic sensor, the wave-
forms of BCG signals have different waveforms com-
pared to the waveforms of SCG signals, where the
membrane was formed by the human body [36]. It can
be stated that, from the perspective of triggering using
J-J, or A0-A0, interval, the new concept is more advan-
tageous, see Fig. 27. An important conclusion of the
pre-clinical study is that the waveforms of BCG differ
slightly from subject to subject. In study [36], the wave-
forms varied significantly for different subjects, which
greatly increased the demands on the A0-A0 interval
detector and could often lead to error.

• Based on the pre-clinical study conducted, it can be
hypothesized that the proposed system has the ambition
to shorten the examination time and also to increase
patient comfort. Nevertheless, this hypothesis will have
to be verified by a larger clinical study that will cover
the full spectrum of patients.

• Based on the pre-clinical study conducted, it can be
hypothesized that the proposed system has the ambition
for the application of the so-called double continuous
triggering by means of cardiac and respiratory activity.
The possibilities of using the pneumatic system for res-
piratory triggering were not the subject of this study.
However, data analysis revealed that the data contained

FIGURE 27. Comparison of the waveforms of the signals (a) sensor in the
bed embodiment - BCG; (b) sensor in the funnel embodiment - SCG.

FIGURE 28. A sample of respiratory activity detection.

a modulated signal that represents respiratory activities,
see Fig. 28. The team of authors has experience with
respiratory triggering [73]. Conducting a pre-clinical
study that focuses on respiratory triggering will be the
subject of further research.

At the same time, it is also necessary to realize that
the patient’s respiratory cycle information is usually most
strongly transmitted by the change of the centre of gravity.
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Thus, in the case of the sensor being tested, a hybrid system,
which can continuously sense cardiac and respiratory activity
without the need to fix the sensor to the patient, can be taken
into consideration. At present, there is no system in clinical
practice that allows the so-called "double" triggering. It can
be stated that such an approach is a major challenge of the
current clinical practice. Such an approach would bring a
number of advantages to physicians:

• The standard examination time for one CMRI sequence
requires respiratory cooperation for a period from 5 to
20 seconds, depending on the rate of cardiac action.
Depending on the size of the heart, the standard exami-
nation consists of 40 to 60 inhalations, which means the
total length of the examination ranges from 30 to 50min-
utes when administering a contrast medium, depending
on the heart size and respiratory cooperation. The con-
cept proposed may lead to a shorter overall examination
time, even if individual sequences become longer due
to respiratory triggering. We eliminate repetition of res-
piratorily blurred sequences, i.e. the diagnostic benefit
is enhanced by acquiring images without respiratory
artifacts.

• Patients undergoing cardiac examination are usually
limited by reduced cardiac function, they have a prob-
lem taking repeated breaths for a period from 12 to
15 seconds in a row, and, due to their reduced perfor-
mance, these breaths are associated with motion artifacts
from the respiratory activity. The respiratory triggering
itself will extend the individual sequences, but, overall,
we expect sharp images that will not require repeti-
tion of blurred images, thus shortening the examina-
tion time. The benefit is the possibility of examining
a non-cooperating patient who can breathe freely dur-
ing the examination, which brings higher comfort and,
above all, the feasibility of the examination.

Based on this pilot pre-clinical study, the sensor designed
has the potential to become a universal sensor since its
functionality is not affected by the patient’s physical param-
eters, as for example in study [36]. It will allow to exam-
ining non-cooperating patients, whether for limiting cardiac
function or respiratory problems, and it will also allow exam-
ining patients in a coma or small children. Part of the MR
examination of the heart is terminated prematurely due to the
inability to continue caused by the patient’s intolerance - they
are unable to continue to cooperate successfully; the use of
a combined sensor allows a smoother and successful test run
with a valid result - there will be no need for repeated attempts
to perform a successful examination.

V. CONCLUSION
This pilot study compared the novel monitoring system for
cardiac triggering using BCG with conventional systems
based on ECG and PPG. The proposed pad system is advan-
tageous for the clinical use since it is not necessary to fix it on
the patient’s body, which can reduce the length of preparation

as well as the procedure itself and thus increase patient’s
comfort and decrease the examination costs. The study was
conducted on 10 subjects at the Siemens Prisma 3T MRI
Scanner and compared with conventical monitoring methods
(ECG and PPG). For all subjects, the total accuracy reached
96.31% and F1 score reached 98.18%.

Objective methods of image quality evaluation using
BRISQUE, NIQE, PIQEmethods were also used for the eval-
uation. These methods also confirmed the functionality of the
system tested compared to ECG and PPG. However, it should
be noted that these methods are not able to capture diag-
nostically significant parts, as they only compare the image
quality and do not take into account the clinical information.
For these reasons, the study also includes a blind subjective
test (by 10 experts). This test also confirmed the functional-
ity of the sensor tested. The BCG system outperformed the
conventional PPG-based system and was comparable to the
ECG-based one.

In the concept of the pneumatic sensor presented, a gaseous
medium is used. The use of a liquid medium will be the sub-
ject of further research. This approach should unequivocally
lead to an increase in speed, or the system response, which,
in the opinion of the team of authors, could lead to better
results since the propagation delay of the BCG signal will
be minimized. Furthermore, it can be assumed that the sen-
sitivity of the sensor will increase. However, these hypothe-
ses need to be verified experimentally in future clinical
studies.
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