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Abstract—Synchronization of human vital signs, namely
the cardiac cycle and respiratory excursions, is necessary
during magnetic resonance imaging of the cardiovascular
system and the abdominal cavity to achieve optimal image
quality with minimized artifacts. This review summarizes
techniques currently available in clinical practice, as well
as methods under development, outlines the benefits and
disadvantages of each approach, and offers some unique
solutions for consideration.

Index Terms—Magnetic resonance imaging (MRI), car-
diac magnetic resonance imaging (CMRI), MRI triggering,
cardiac triggering, respiratory triggering.

[. INTRODUCTION

AGNETIC Resonance Imaging (MRI) is a powerful
M non-invasive tool for imaging human body structure and
function. The main advantages of MRI include the absence of
ionizing radiation, high contrast between different types of soft
tissues, and its ability to image in arbitrary spatial orientations.
In addition to providing high-resolution images of the body
structure, MRI also provides novel pathophysiologic insight
into basic bodily functions (e.g., molecular water diffusion,
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Fig. 1. Examples of MR motion artifacts: (a) blurring due to more
random respiratory motion and (b) ghosting artifacts caused by periodic
breathing [3].

tissue perfusion, or MR spectroscopy). Together, the information
provided can help make more accurate diagnoses, and improves
our ability to monitor treatment outcomes [1].

This review focuses on MRI applications that require vital
sign synchronization, namely with the cardiac cycle and/or
respiratory excursions. Indeed, triggering and gating devices and
algorithms are necessary to ensure high image quality of regions
within the chest and abdomen (e.g. heart, liver, pancreas). The
task is to perform imaging during minimal movement of the
heart and thorax, which causes motion artifacts, appearing as
shadows or blurred contours on the image (referred to as “ghost-
ing artifacts” see Figure 1). Synchronization serves to suppress
these artifacts but is not without several major challenges. In
particular, synchronization of biological signals is limited by
inherent high-frequency disturbances and extreme magnetic in-
duction, which interferes with the measurement of vital signs,
and ultimately compromises MRI sequence synchronization

(21, [3].

A. Abdominal MRI

Abdominal MRI is widely used due to its ability to extract
information at the level of tissue composition and to assess
functional status, including the metabolic structure of the tissue.
It allows clinicians to respond to tissue damage or dysfunction
and to adapt the therapy or disease prevention strategy accord-
ingly. Given the versatility of MRI, it can detect a plethora of
abdominal disorders, such as steatosis, fibrosis, inflammation,
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and tumors (malignant and benign). For example, when exam-
ining the liver, bile ducts, and pancreas, MR cholangiopancre-
atography begins to replace the invasive endoscopic method
in diagnostic indications. Also, MRI can be used to identify
inflammatory or neoplastic diseases with bowel wall abnor-
malities to classify some types of Crohn’s disease by accurate
detection of individual lesions and evaluation of disease activity.
Moreover, MRI is also an excellent tool to differentiate the
benign nature of asymptomatic adrenal lesions, the probability
of which increases with higher age and is becoming a common
problem. Clinical evaluation with MRI also plays a crucial role
in the diagnosis, planning, and assessment of treatment of both
benign and malignant gynecological conditions, and has even
proved to be superior to computer tomography in the diagnosis
of uterine and cervical cancer [1], [4].

B. Cardiovascular MRI

Cardiovascular magnetic resonance imaging (CMRI) is in-
creasingly used to examine heart structure and function. Its
non-invasive nature, together with its avoidance of ionizing
radiation, allow for repeatable, low-risk characterization of the
myocardium and its associated components, throughout disease
progression/regression. One of the most frequent applications
of CMRI in clinical practice is the assessment of atrial and
ventricular morphology. Due to CMRI’s high spatial resolu-
tion, three-dimensional coverage, and excellent high contrast-
to-noise ratio (CNR), evaluation of chamber dimension, size and
shape is highly robust and reproducible [5]-[7]. As such, CMRI
is recognized for its accurate characterization and detection of
cardiomyopathies (hypertrophic or restrictive cardiomyopathy,
etc.), paracardiac masses (both malignant and benign cardiac
tumors including secondary tumors, pseudotumors and intracav-
itary thrombi), congenital heart diseases, and conditions of the
pericardium, septal defects, obstructive lesions, postoperative
states and more. Cardiovascular MRI also includes structures
beyond the heart, including the aorta and other major blood
vessels. For example, MRI can be used to detect aortic aneurysm
and dissection, as well as atherosclerotic plaque [5], [6], [9].

Synchronizing CMRI with the cardiac cycle provides ad-
ditional insight into cardiac function and myocardial via-
bility, allowing examination of myocardial ischemia and/or
acute/chronic myocardial infarction. Integration of CMRI with
velocity/flow measurements provides insight into cardiac hemo-
dynamics and/or valvular function, such as mitral, tricuspid
and pulmonary inflow versus regurgitation, valvular stenosis,
pulmonary hypertension, or prosthetic valve function [5], [8],
[9]. Furthermore, as CMRI has evolved, particularly over the past
10-15 years, more novel applications have emerged, including
MR angiography, myocardial tissue characterization, and my-
ocardial perfusion imaging [10]-[12].

C. High-Field MRI

There is a general trend in the field of MRI to increase mag-
netic field strength. In just the past 10 years, we have witnessed
an extensive expansion of clinical scanners from 1.5 T to 3 T,
with two of the major vendors now offering FDA-approved

Fig. 2. Comparison of the quality of cerebral angiography images at
(a)1.5T, (b) 3T, and (c) 7 T magnetic field strengths [8].

7 T clinical scanners. In principle, increasing the magnetic field
strength is directly associated with increasing signal intensity;
however, it brings other sources of error. With the higher mag-
netic field strength, the inhomogeneity both of magnetic and
radiofrequency field contribute to the degradation of image
quality, which has to be reclaimed by different optimization
techniques [13]-[16]. Thus, before the increased signal intensity
and isotropic resolution can be realized, sophisticated algorithms
must first be developed and integrated. Another limitation of
imaging in high magnetic fields are the magnetic effects on
the electrical signals used for monitoring vital signs of the
patient; challenging synchronization (see more in Section II-A).
Together, these inherent limitations often lead to prolonged
scan times, and in some cases, impracticable long breath-hold
times [17], [18].

Nevertheless, imaging at higher field strengths holds great
promise. The contrast between blood and tissue is much more
resolved, and there is great potential for accelerated imaging
and reducing imaging artifacts; major advantages when imaging
small, fast-moving structures [8], [19]. For example, the in-
creased signal energy has a great advantage in MR angiography,
where tiny vessels, such as cerebral arteries, are more visible
at 7 T than at 1.5 T (see Figure 2). In this context, high field
strength MRI promises to provide new insight into previously
unresolved anatomical structure and physiological function in
vivo [8], [18].

D. MRI Synchronization

Synchronization of MRI (or gating/triggering) is dependent
upon real-time acquisition of cardiorespiratory function. As
such, MRI gating can be divided into two main categories:

e respiratory, which allows reducing motion artifacts in
the image resulting from the chest movement during a
patient’s free breathing (when scanning of an abdominal
and thoracic area), and

® cardiac, the goal of which is to eliminate the effect of
myocardial movement and capture a heart scan in the
specific phase of its cycle (when scanning of a thoracic
area), usually monitored by electrocardiography (ECG)
signal.
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Fig. 3. The basic principle of the prospective triggering for (a) morpho-
logical imaging, (b) cine imaging.

Synchronization of MRI can be divided into two basic prin-
ciples “prospective and retrospective. In the case of prospec-
tive triggering, the MRI acquisition is triggered by the desired
physiologic event (e.g. R wave of ECG signal) with a specific
delay or by reaching the specified level of inspiration. Thus, the
acquisition usually coincides with the most mechanically quiet
phase of the cardiac/respiratory cycle (see Figure 3) [20].

Prospective triggering in cine imaging allows data acquisition
covering most of the cardiac cycle, determined by the number of
cardiac phases or segments within an R-R interval. The acquired
data are sorted into k-spaces (representing the individual frames)
according to the cardiac phase, and each k-space is filled over
several heart beats. This functional set starts with the R wave.
Since the duration of the R-R interval varies slightly from
the heartbeat to the end, the last 10% of the R-R interval is
usually not sampled (see Figure 3(b)). Prospective triggering
has advantages in noise filtration.

The interval of acquisition is often set such that the detector
intentionally ignores any high amplitudes other than R waves,
preventing false triggering. This ability, however, is problematic
when monitoring patients suffering from rapid or irregular ac-
tivity “arrhythmias. In patients with premature heartbeats, the
earlier R wave is passed because the gradient pulses triggered
by the previous R wave are still running, which results in
extended acquisition time. This heart rate variability must be
considered when planning the acquisition window positioning
for a prospectively triggered examination. For the detection of
the next R wave, the acquisition window position should not
be too close to the next R wave. An acquisition window placed
too close may interfere with the next R wave and shorten the
corresponding R-R interval. During the scan, the examiner must

R R
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Fig. 4. The basic principle of the retrospective gating.
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Fig. 5. The principle of cardiac triggering.

monitor changes in the heart cycle and appropriately adapt the
triggering parameters [21], [22].

Retrospective gating allows continuous acquisition of MR
data (see Figure 4). Both the image and the heart/respiratory
signal are captured over several cycles and used to reconstruct
the image by reordering, grouping, or correlating with phase of
the cardiorespiratory cycle. This procedure requires unconven-
tional “real-time” pulse sequence (e.g., for functional imaging)
and acquisition software decisions, because the method of data
acquisition changes as it runs. In this way, retrospective gating
uses complex methods for interference filtering [20], [21].

The main advantage of retrospective acquisition is the ability
to collect data from all heart phases. Like prospective triggering,
retrospective methods may have problems with arrhythmias and
low R-wave amplitudes. The systolic and diastolic periods are
unevenly altered in case of heart rate variability or arrhythmia
events, so retrospective software is unable to compensate by
appropriate data segmentation, resulting in error [21], [22].

The following chapters outline common problems related
to cardiac cycle and respiratory synchronization, summarize
available synchronization techniques commonly used in clinical
practice, as well as introduce several novel synchronization
approaches currently under development. We discuss the ad-
vantages and disadvantages of each approach, especially in the
case of the increasingly popular high field strength MRI.

[I. CARDIAC GATING METHODS

Cardiac gating is critically important for CMRI. In current
practice, cardiac activity is most commonly monitored by ECG
signal. The principle of cardiac triggering (see Figure 5) is
based on the detection of a change in signal of the heart (e.g.,
the R wave of ECG signal, ventricular depolarization). Given
the prominence of the R wave, and its routine use in cardiac
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Fig. 6.
Myocardial-Suppressing Sequence.

physiology to denote the beginning of the cardiac cycle, cardiac
imaging is often triggered by the R wave [23]. Depending on the
imaging being performed, detection of the R wave may initiate
a series of evenly timed acquisitions across the R-to-R interval
in order to reconstruct a cinematic image of cardiac systole and
diastole. Alternatively, the R-wave may be used to define the time
period of a single acquisition (e.g. end-systole or mid-diastole).

The most commonly used heart scan sequences are cine
T1/T2-weighted sequences, fat-suppressing T2-weighted se-
quences, and myocardial-suppressing T1-weighted sequences.
These examinations are usually performed under respiratory
quiescence, with the subjects holding their breath for the entire
measurement period “from 6 to 25 seconds “’to avoid respiratory
movement artifact. Figure 6 shows examples of scans trig-
gered by combination of ECG signal and a breath-holding/free-
breathing. As can be appreciated, combining ECG triggering
with respiratory quiescence improves overall image sharpness
and eliminates motion artifacts.

A. Cardiac Gating Challenges

Artifacts during MRI may originate from both the patient and
the measurement system. Firstly, the electrodes and associated
connectors and cables should be made of non-ferromagnetic ma-
terial to reduce magnetic field distortion, whereas interference
may falsely trigger the scanner and cause loss of synchronization
with the heart [21], [24]. Blood flow in the heart can induce
voltage and generate hydrodynamic artifacts. Since blood is
an electrically conductive liquid whose movement produces an
electrical current added to the heart signal, a magnetohydrody-
namic effect occurs. The electrical signal generated in this way
usually affects the T wave of ECG signal (see Figure 7). If the

ECG triggering
with free-breathing

Without triggering

Comparison of ECG-triggered and non-triggered images using (a) T2-Weighted Fat-Suppressing Sequence, and (b) T1-Weighted

(@

(b)

Time (s)

Fig. 7. Demonstration of magnetohydrodynamic artefact affecting
ECG waveform measured: (a) outside the influence of MR magnetic
field, (b) in the 1.5 T magnetic field, where both the R wave and the
T wave acquire similar amplitudes.

T wave occurs at a time of rapid movement of blood from the
heart, the T wave is distorted [25]. In addition, surface receiver
coils are commonly used in CMRI examinations to amplify and
improve the acquired signal, causing this interference to increase
significantly.

Other problems, such as disorders of cardiac conduction sys-
tem or unrelated physiological processes (e.g., muscle tremor),
are additive to the interference mentioned above. The optimal
image quality requires appropriate electrode placement that
maximizes the amplitude of the R-wave while minimizing these
fundamental artifacts. Extreme changes, such as the noise of a
high-amplitude gradient system or the small electrical currents
caused by a change of magnetic field gradient, are very disrup-
tive. However, due to the large frequency difference between
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Fig. 8. ECG waveform with its triggering signal.

the noise and ECG, high frequencies can often be suppressed by
filtering [21], [26].

In many applications, both prospective and retrospective re-
jection of arrhythmia has been integrated into acquisition and
reconstruction software. In this case, an acceptance window
that allows R-R variability must be specified. This step usually
increases the acquisition time, and the examiner has to decide
whether to reduce the scan time by increasing the number of
segments at the expense of image quality. However, the use of
prospective gating instead of retrospective gating can overcome
extreme deviations of the R-R interval. Typically, the shorter
R-R interval should be used to schedule the acquisition window,
which must be slightly shorter than the shortest R-R interval. The
resulting image will represent an incomplete heart cycle, but a
calculation of ejection fraction (among other outcome measures)
is still possible [21], [24].

The artifacts related to magnetic field are particularly pro-
nounced during measuring at high magnetic field strength. When
using field strengths higher than 3 T, the influence of the mag-
netohydrodynamic effect on the signal increases, and obtain-
ing a clear signal of sufficient quality for faultless triggering
becomes more difficult [27], [28]. As ultra-strong MRI fields
become more widespread, solutions to this sensitivity issue are
increasingly needed. Thus, new methods of triggering CMRI,
discussed in more detail below, have been developed and are
currently being studied.

B. Electrocardiography

Sensing of the ECG signal (see Figure 8) is one of the
best known and most commonly used methods of monitoring
cardiac activity. The ECG measurements consist of placing the
electrodes on the patient’s chest at the specific locations. It is
measured in current leads, usually in 12 leads for standard non-
MR diagnostic measurements with 3 limb electrodes included.
When triggering CMRI, fewer leads are sufficient, because the
signal does not serve as a tool for a diagnose of the heart function
disorders but only of the QRS complexes detection. Thus, the
number of electrodes is commonly reduced to three or four (see
Figure 9) [24].

Although ECG is a means of quick cardiac function recording
from which each phase of the cardiac cycle can be determined
for the purpose of MRI triggering, many problems with the
MRI device itself and its magnetic field, such as artifacts or
complications when measuring with certain materials, arise.
For the best possible prevention of artifacts, it is necessary to

BYE|

ECG ECG
Box Box

(a) (b)

Fig. 9. Typical distribution of ECG electrodes in MR environments:
(a) — parallel distribution advantageous for high magnetic field strengths,
(b) — electrode distribution normally used at 1.5 T field strengths.

(a) (b)

Fig. 10. Example of available ECG-based sensors: (a) Wireless ECG
unit for sensing in MR environment [32]. (b) Quadtrode ECG electrode
for the MR gating [33].

prepare the skin well at the locations of ECG electrodes (most
often floating electrodes) placement, since accurate detection
of low potentials requires minimal skin impedance and optimal
electrode contact with the skin. The added noise that results from
poor electrode contact with the skin then leads to erroneous
triggering during the CMRI examination. Immediately before
the examination, the hair must be shaved, and the skin surface
scrubbed off with a mild abrasive soap or gel before electrodes
are applied; complicating the exam and adding discomfort to the
patient [20], [21].

Furthermore, ECG measurements require some safety pre-
cautions due to the interaction of the ECG system with RF and
gradient systems, since ECG, as a measurement with electrically
active components, brings the risk of superficial heating of the
patient’s skin or even burns resulting from high voltage induction
in ECG hardware [29], [30]. To prevent currents occurring in
the ECG leads due to the rapid switching of gradient fields, the
location of the leads has to comprise no loops, and the wires
should be as short as possible. The possibility of burns due to
interaction with the RF field should be reduced by location of
the wires outside the resonators, and the battery-powered ECG
measuring unit (see Figure 10(a)) should be used to ensure
galvanic separation of the MR system and the patient [31].

All of the major MRI vendors offer ECG gating products,
and several commercially available products are also avail-
able through third party vendors. Modern products include
MR-compatible 3-lead ECG triggering device using a secure
fixed electrode layout (see Figure 10(b)), which restricts cable
length by dictating a tight electrode placement pattern and thus,
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The example of the ECG waveform for cardiac triggering: (a) before (I) and after (ll) sequence start, (b) and (c) during the acquisition with

failed triggering, (d) during the acquisition with successful triggering, (e) with improperly positioned ECG electrodes, (f) with motion artifacts.

provides optimal signal performance and safety due to large
electrode contact area. This new design significantly lowers
resistance using the unique gel, and reduces at least partly
patient preparation time and discomfort thanks to its form of
disposable patch [33]. Several commercially available systems
allow measurements of more vital signs together, such as ECG,
respiratory function and blood pressure, so that provide a de-
tailed information about patient’s condition during examination
[34].

As described above, it is also important to consider the in-
fluence of magnetohydrodynamic effects during ECG synchro-
nization. This effect causes ECG signal distortion and prevents
a proper detection of R wave and subsequent synchronization.
For example, Krug et al. [35] and Snyder et al. [36] have
shown that ECG triggering is not appropriate for high fields. At
field strengths beyond 3 T, the ECG recording is both spatially
and temporally distorted, to the point that the R wave may no
longer be clearly identifiable or overshadowed by the T wave
dominance, exceeding the R wave by 20% of its amplitude.
Indeed, the amplitude of the T wave can even be augmented
at field strengths as low as 1.5T [37], challenging translation
of ECG monitoring/synchronization at higher field strengths.
While the prevalence of this problem remains incompletely
understood, some reports estimate the problem to exist in as
many as 30% of cases [27], [38]. This is particularly troubling,
given the importance of accurate R wave registration for image
acquisition [27], [28], [39].

Figure 11 shows examples of the ECG signal within examina-
tion with various deformations that prevent proper synchroniza-
tion. To clearly demonstrate the effects of the MR environment
on the ECG signal, Figure 11(a) shows the ECG signal prior to
initiating a scan sequence (I), and during acquisition (II). Note
how the ECG signal is distorted by the RF pulse during acquisi-
tion, preventing R wave delineation, similarly to other cases in
Figure 11(b) and Figure 11(c), when only several R waves were
detected. The correct trigger signal obtained from the distorted

ECG during acquisition is only achieved in Figure 11(d). Fig-
ure 11(e) shows an example of low amplitude R-waves lost in the
baseline noise and thus, their failed delineation. It is caused by
poor electrodes cleaning and sticking, insufficient shaving, and
improper positioning of electrodes. Motion artifacts are denoted
in Figure 11(f), when the signal is completely distorted, and R
waves are not detectable.

For all these reasons, more advanced methods of R wave
detection and magnetohydrodynamic artifact suppression have
been developed and used, such as noise cancellation [40], in-
dependent component analysis [41], [42], nonlinear Bayesian
filtering [42], wavelet transform [44] or their combinations. For
example, Abi-Abdallah er al. [45] proposed signal decompo-
sition using wavelet transformation and subsequent adaptive
filtering. For this approach, an off-line wavelet transformation
process is made to eliminate the delay in signal filtering as much
as possible, generating a reference signal that can be used with
an adaptive filter during the real-time calculation phase. The
algorithm also calculates the respiratory synchronization signal
by extracting a breath waveform that modulates the ECG signal.
Then, a combination of both heart and respiratory triggering
signals performs MR synchronization.

More modern approach includes areal-time higher-order QRS
detector based on adaptive thresholding [46]. The threshold uses
a fourth central moment calculation that represents a significant
signal change within the QRS complex compared to other com-
ponents, such as the T or P wave. Stib et al. [47] observed
only rare occasions of false negative, false positive or misplaced
trigger events of ECG triggering at field strength 7 T by including
a learning phase for the R-wave detection. The proposed trigger
algorithm learns the shape of the rising edge of the R-wave
while the subject is lying outside the magnet bore, where the
magnetohydrodynamic effect is negligible. After learning phase
is completed, the algorithm compares different derived entities
of the incoming ECG signal with the corresponding entities of
the learned shape in real time.
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Fig. 12.  Typical placement of VCG electrodes in MR environment.

Although the discussed methods, improving the R wave
delineation, reached very high accuracy in cardiac triggering,
the processing algorithms have unduly high computational re-
quirements and have not been yet suitable for introduction into
the medical practice. The insufficient computing performance
in the past was the main limiting factor for using these com-
plex methods, which remained to be used only in the research
area. However, the increasing performance of microprocessor
technology (multicore processors, programmable gate arrays,
etc.) brings new trends and possibilities in available computer
equipment, signal processing and analysis over the past few
years. On the other hand, although the software improvement of
ECG synchronization does not demand the additional hardware,
the research of other sensing methods (working on another
physical principle) could increase the accuracy of cardiac syn-
chronization right in the lowest sensory layer. Thus, together
with advanced processing algorithms, they could provide higher
image quality for diagnostics.

C. Vectorcardiography

Vectorcardiography (VCG) describes electrical activity of the
heart by three independent loops, each representing individual
phases of the cardiac cycle (P wave, QRS complex, and T wave).
The loops can be displayed in a one-dimensional image, similar
to the conventional ECG, as well as two- and three dimensional
loop reconstructions, represented by the amplitude (mV) of the
electrical signal between leads (i.e. X, Y lead; X, Z lead; Y, Z
lead; or across each of the X, Y, and Z leads). In terms of diag-
nostic information, VCG is more sensitive for the detection of
hypertrophy and ischemic heart disease [48]—-[51]. In the MR en-
vironment, VCG is more resistant to the magnetohydrodynamic
effect, since the heart’s electrical axis is oriented in the opposite
direction of blood flow through the heart. For this reason, some
studies have begun to investigate CMRI synchronization using
the VCG instead of the ECG signal, where the vector model is
used to approximate the ECG signal from any lead. From an
application perspective, the main difference between ECG and
VCG resides in the placement of the electrodes attached to the
patient’s chest (see Figure 12).

As mentioned, VCG has gained in popularity within the MR
community, given its resistance to the magnetohydrodynamic

Light emitting diodes

Phototransistor

(b)
Trigger i i :
(a)
0 04 08 12 16 2 24 28
Time (s)

(©)

Fig. 14. lllustration PPG based system principles and deployment:
(a) Example of finger PPG unit for measurement in MR environ-
ment [32], (b) Principle of PPG signal sensing from finger, (c) PPG
waveform with its trigger signal.

effect (see Figure 13). Indeed, its utility for cardiac synchro-
nization has been recognized for more than two decades, with
a degree of success [24], [26], [52]. Like ECG monitoring,
however, the method lags in cases of severe arrhythmia, when
the triggering system is unable to differentiate the QRS loop
from the loop generated by the ectopic beat. Likewise, VCG
is similarly affected by high strength and complexity of the
magnetohydrodynamic signal in 7 T field strength [35].

D. Pulse Wave

Cardiac synchronization using a peripheral pulse measured
by photoplethysmography (PPG) is not as widespread as a
standard ECG signal measurement but is a suitable alternative,
especially given its resistance to MR artifacts. The PPG signal
(see Figure 14(c)) is most often measured by a light sensor
(see Figure 14(a)), which works by assessing the blood absorp-
tion of light corresponding to changes in blood volume (see
Figure 14(b)). The rise and fall of this measured wave reflect
the systole and diastole process, making it a suitable tool to
trigger CMRI [53]. While pulse wave detection is technically
simpler, involving placement of a device on an easily accessible
finger (as oppose to electrodes placed on the chest), several
major disadvantages have prevented its widespread adoption for
routine MR synchronization. First, the light sensor is susceptible
to movement, especially movement of the finger/hand on which
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Fig. 16.  Self-Gating waveform with its trigger signal.

the sensor is located. Figure 15 illustrates typical movement
artifact, and the associated triggering error that accompanies
such movement. Spicher er al. [53], [54] have attempted to
overcome this limitation by introducing a contactless video-
based PPG system, but have not yet succeeded in widespread
clinical integration of this approach. Second, the delay between
cardiac activity (i.e. mechanical ejection of blood) and detection
of that activity in the periphery creates a sizable time delay (i.e.
several hundred millisecond delay needed for pulse to travel to
the periphery), the extent to which cannot be accurately, nor
reproducibly corrected for [27]. Therefore, in most cases, this
triggering method is only used when other triggering methods
fail. The most notable exception is flow imaging of cerebrospinal
fluid through cerebral ventricles and openings, for which PPG
triggering is superior to ECG gating [55].

E. Self-Gating Methods

Self-gating (S-G) techniques, see [97]-[100], eliminate the
need for extra hardware for CMRI synchronization by receiving
the triggering information directly from MR signals. The method
relies either on acquiring radial (or spiral) k-space data that cover
the k-space center in each readout or on acquiring additional
(non-phase-encoded) navigator readouts through the k-space
center. This major advantage is not without its own drawbacks
however, as such an approach significantly extends the scan time.

The principle of S-G CMRI is based on changes or movement
of volume in the image. That means a series of consecutive
echoes demonstrates peak alterations corresponding to propor-
tional changes in total transverse magnetization due to organ
movement and changes in blood volume. This data is then
processed and segmented to create an ECG compensating signal
(see Figure 16), according to which the image is subsequently

Pulse

Pulse waves with triggering marks (a) signal without artifacts, (b) signal with artifacts caused by the moderate movement of the finger, (c)

reconstructed according to the associated cardiac cycle, repre-
sented by the amplitude and phase of the echo [97]. Due to
its nature, this signal is resistant to artifacts that may affect
triggering signals of other methods (ECG, VCG, etc.). The
S-G method is based on a first-difference detection algorithm;
however, many studies deal with more complex types to increase
the accuracy of cardiac synchronization [99].

Nijm et al. [99] compared the classical method, based on
the first difference calculation (including the signal filtering by
its derivative), with more complex methods, such as the median
template matching technique (with calculation of the correlation
between the original signal and the template, determined by half
the RR median calculated by the first difference method) and
polynomial matching technique (a polynomial with length of
an RR interval median is used as a template here). The cubic
polynomial method achieved the lowest error and the highest
SNR and was deemed “comparable” to ECG synchronization.
It is worth noting however, that none of the S-G methods
outperformed the ECG measurement technique or the original
first difference method.

In order to eliminate efficiency deficits of the previously
introduced S-G methods, the others include using modulation
of MR echo that occurs through: (1) tissue movement itself
(echo-peak method), (2) kymogram (1D gating signal from
the temporally evolving 2D center of mass), and (3) 2D low-
resolution image correlation [101]-[105]. In each case, the set
of views at each cardiac phase was derived using time-stamp
information and complex linear interpolation algorithm. A linear
regression algorithm was used to compute signal components for
individual sampled k-space positions (i.e., spatial-frequency do-
mains) across cardiac phases. Then, the convolutional algorithm
for image reconstruction created an image of each cardiac cycle.
The delay of all obtained S-G signals is 2.5 ms. The echo-peak
method seems to be the most practical of the three methods tested
considering the image quality, values of the time variability of
the triggering signal, and low computational cost. Moreover,
the correlation technique requires an operator’s interaction. All
three methods achieved very similar results of image quality
compared to ECG synchronization [97].

Most central line S-G methods results in a doubling of the
acquisition time, while radial streak artifacts are encountered
with the projection reconstruction method and can interfere
with image interpretation. To overcome these limitations, Crowe
et al. [100] utilized S-G triggering on a double-echo sequence
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where the second gradient echo without phase coding was
used to generate a trigger signal. A sampling of the second
echo provided subjective image quality score between good
and excellent, which means a satisfactory resolution and con-
trast for image interpretation and definition of fine anatomic
structures. Also, no statistically significant differences were ob-
tained between S-G and ECG-gated images and mass parameters
measurements in all volunteers at clinically practical acquisition
times, extended negligibly. This technique is not susceptible to
the radial streak artifacts, but there was no statistically significant
difference in image quality between S-G and ECG synchroniza-
tion.

Most S-G methods have been successfully used for retrospec-
tive gating of CMRI, which is not as sensitive to changes in heart
rate (as in the case of prospective triggering) and provides an
image throughout the heart cycle, which is particularly important
for determining compulsive systolic or diastolic processes [99].
The S-G technique is unsuitable for prospective triggering,
which requires accurate determination of trigger delay in order
to place an acquisition window in the target phase of the cardiac
cycle [28], [97], [99]. Furthermore, these methods are lagging
in very high heart rate and some heart diseases expressing
themselves by very mild myocardial contraction and relaxation
throughout the heart cycle [100]. Hiba et al. [98] overcame this
challenge of scanning at a very fast heart rate (up to 600 bpm)
when testing the S-G echo-peak method during imaging a rat’s
heart. The S-G triggering provided better imaging of papillary
muscles than ECG gating and achieved higher SNR values.

F. Optical Methods

The use of fiber optic sensors brings an innovative approach
to biological signals measurement and is increasingly being
handled by current research. Optical sensors enable sensing a
wide range of signals, such as sound manifestations, pressure
changes, or temperature variations. All these signals are mea-
sured non-invasively simply by attaching the sensor to the sens-
ing location, e.g., a patient’s chest or back. The optical measuring
of vital signs in the MRI environment has the basic advantages
of its harmlessness since the sensor is made only of optical fiber
material and protective elements (cases). Moreover, the sensors
are highly immune to the artifacts arising from magnetic and
high-frequency electromagnetic fields, so no artifacts occur in
the image. Other benefits include the very small dimensions of
the sensors, their low weight, and the minimization of wires.
However, the significant disadvantage of optical methods is the
high cost and size of the interrogation and measuring unit, which
allows the conversion of signals into digital format. On the other
hand, this unit can be used to evaluate the results of multiple
sensors. Thus, the price of the system can be decreased when
comprised to the department with multiple MR scanners, which
is usual in the clinical practice.

Today, the most commonly used types of optical sensors
include sensors based on light interference, so-called interfer-
ometric sensors, and sensors with Fiber Bragg Grating (FBG),
which evaluate changes of light reflected on the grating structure.
The minor but currently evolving part consists of micro- and
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Fig. 17.  Principle of micro-bending optical sensor. The device detects
changes in the input light due to the mechanical action (force) on the
optical fiber.
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Fig. 18. lllustration of PCG based system principles and deployment:
Typical interferometric sensor placement for the cardiac activity mea-
surement in position: (a) “ standing, (b) ” supine; (c) Example of an
Interferometric sensor (d). PCG waveform with its trigger signal.

macro-bending fiber optic sensors, which work on the principle
of evaluating changes in light output caused by optical fiber
bends created through a “sandwich” micro-bender structure (see
Figure 17) [56]-[58].

The principle of measuring heart rate using interferometric
sensors (see Figure 18(c)) is generally based on phonocardio-
graphy (PCG) signal (see Figure 18(d)), generally consisting
of several heart sounds (S1 ’S4). Still, in most cases, only the
first two sounds are evident, of which the first (S1) reflects the
ventricular systole. The mechanical-acoustic activity of the heart
and the mechanical activity of the lungs cause changes in the
refractive index of the core and in the length of the measuring arm
of the sensor placed on the body (see Figure 18(a),(b)). The inter-
ferometric measuring system then evaluates these changes. This
method of cardiac activity monitoring has indeed been described
previously [59]-[67]. The principle of heart rate measurement
using an FBG sensor is based on ballistocardiography (BCG,
see Figure 19(d)) and has been described previously [69]-[76].
Cardiac activity is manifested physiologically in the chest area
by a slight pressure action occurring due to the mechanical
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Fig. 19. lllustration of BCG based system principles and deployment:
Typical FBG sensor placement for heart activity measurement in posi-
tion: (a) “ standing and supine, (b) ” supine. Example of FBG sensor for
the heart activity measurement [77] (c); BCG signal waveform with its
trigger signal (d).

activity of the heart. This phenomenon causes pressure on the
sensor located in the chest (heart) area of the human body (see
Figure 19(a),(b)). A suitably positioned and encapsulated sensor
(see Figure 19(c)) can detect these weak heart signals. The BCG
signal generally consists of three phases: the pre-ejection phase
(FGH complex), the ejection (IJK complex), and the diastolic
part of the heart cycle (LMN complex). J-wave, as a reflection
of rapid ejection of both ventricles and blood acceleration in
the descending and abdominal aorta, is commonly used to de-
tect heart activity [77]. Measurement of vital signs using FBG
sensors within the MR environment has indeed been previously
described [68], [74], [77]-[84], along with synchronization with
the cardiac cycle specifically [82]-[84]. As mentioned, the major
advantage of these sensors, especially FBG and micro-bending
sensors, is the ease at which they can be integrated into clinical
imaging; and the versatility of endpoint measurements that can
be obtained [85]-[92]. For example, De Jonckheere et al. [85]
implemented a measurement system into textile, which is placed
around patient’s chest or abdomen to monitor heart rhythm,
respiratory movements, arterial pulse waves, and oxygen satura-
tion. Chen et al. [93] created a sensing pad using micro-bending
sensors that can be built into a mattress, chair or pillow with
wireless transmission to a computer, showing accurate heart
rate detection (<1% error related to pulse oximetry reference
sensor), even in the 3 T environment.

Nedoma et al. [68] compared interferometric and FBG sensors
atlaboratory conditions with standard ECG measurements. Both
signals were adequately preprocessed by filtration “ PCG signal
by bandpass filter 20 ”* 50 Hz and BCG signal by bandpass filter
5 7 20 Hz. Both heart rate signals were compared to standard
ECG measurement. The accuracy of heart rate detection derived
from Bland-Altman statistical analysis was higher for the in-
terferometric sensor (96.22%) than the FBG sensor (95.23%),
but there was no significant difference between these methods.
The authors also experimentally tested the influence of motion
artifacts on the measured signals. Both optical fiber signals were
relatively resistant to mild motion artifacts (gentle movements
of the legs, hands, rapid breathing, coughing) compared to
ECG, but not to more vigorous motion (whole body dynamic
exercise, like walking). Given the similarity between these two
approaches, consideration should be given to other differenti-
ating factors, including the size of the sensor (interferometric
> FBQG), susceptibility to acoustic interference (interferometric
> FBQG), sensitivity of the sensor (interferometric > FBG), and
susceptibility to environmental influences (FBG > interferomet-
ric). Moreover, the FBG analysis must be performed spectrally,
thereby increasing the cost of the resulting measuring system
and providing lower power and Signal-to-Noise ratio (SNR).

In an effort to simplify the patient’s preparation and to over-
come the motion artifacts described above, Dziuda er al. [74],
[77], [80], placed the FBG sensor beneath the (supine) patient.
They achieved satisfactory results (relative error <6.6% related
to ECG) using 1.5 T MR, when preprocessing the BCG signal
by 2~ 60 Hz bandpass filter to reduce the respiratory waveform
in the signal and thus to detect the heart rate more accurately.
On the other hand, Nedoma et al. [78] implemented more
sophisticated encapsulation of sensor, which provides similarly
accurate measurements but increases the patient’s comfort.

Nedoma et al. [81], also at 1.5 T, used a fiber-glass encapsu-
lated MRI sensor, so created a sensor of minimal size and weight
(2 g) when the same or even higher measurement accuracy is
achieved. In this case, the sensor was placed in the pulmonary
region of the chest as a part of the elastic band. The authors
preprocessed the heart rate signal using bandpass filter at fre-
quencies 2~ 20 Hz. The mean delay in cardiac activity detection
from BCG vs. ECG reached 127 ms. Based on very satisfactory
results (relative error <5% related to ECG), development efforts
are underway to extend this work to the 3 T environment.

The first steps in CMRI triggering using fiber-optic tech-
nology were performed in rodents with a great promise [82],
[83]. In whole-body 3 T scanner, Nedoma et al. [84] proposed
cardiac triggering using FBG sensor located on the patient’s
chest. According to the radiologists, the diagnostic image quality
was comparable to one obtained by ECG. In the FBG-triggered
images, no artifacts occured and the data was acquired in the
desired cardiac phase.

G. Acoustic Methods

Due to the shortcomings of ECG measurements during MRI
acquisition, research has also begun to focus on sensing car-
diac activity using an acoustic signal derived from PCG (see
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Fig. 20. lllustration of acoustic system principles and deployment:

(a) Typical placement of the acoustic sensor for heart rate recording;
(b) Example of acoustic sensor and measuring unit for the heart activity
measurement [96]; (c) Waveform of the acoustic signal with the trigger
signal.

Figure 20(c)). The PCG signal has already been used for both
prospective and retrospective triggering in field strengths up
to 7T [27], [28], [31], [39], [94], [95]. Remarkably, acoustic
triggering is associated with less MR artifacts or other visi-
ble disturbances or magnetohydrodynamic effects across field
strengths (in the range of 0.3 “ 7 T), providing high diagnostic
image quality [31] with <1% mis-triggering rate [39], compared
to ECG monitoring, with an error rate as high as 30% [27]. PCG
monitoring has several other advantages over conventional ECG,
being less “invasive”(no need to shave the chest), and having
fewer cables and sensors applied to the patient, avoiding high
voltage induction potential.

The measurement is performed by an electronic stethoscope,
and the first heart sound determines the trigger pulse. Although
the first sound is delayed beside the R wave, a delay of about
30 ms does not affect CMRI examination by retrospective trig-
gering [27], [28]. For extracting the firstheart sound, Nassenstein
et al. [94] use FIR Hamming low-pass filter and a thresholding
algorithm based on the first sound’s higher loudness (greater
amplitude) in comparison with the second heart sound. Frauen-
rath et al. [31] use a covering window, which allows defining
the delay with which the algorithm receives the trigger signal.
Thus, the trigger is induced only once for a given period of
physiological heart movement, e.g., only the first heart sound is
selected using a 400 ms long delay, while rejecting the second
sound.

The MRI gating acoustic sensor (see Figure 20(b)) is usually
placed on the patient’s chest (see Figure 20(a)) and the PCG
signal is conducted through a suitable medium to the control
room. The patient’s anatomy significantly influences the ideal

location of the sensor as the sensor must be in close contact with
the chest (e.g., the left side of the sternum towards the apex).
Using the elastic band can fix the sensor to prevent its moving
over the patient’s body during the entire examination [94].

Although the PCG signal is resistant to MR artifacts, acoustic
noise due to gradient coil switching, or noise that occurs during
examination along with respiratory triggering by navigation
echoes (see Section III-C) can interfere [31]. Then, the signal
sent through the acoustic waveguide must be appropriately fil-
tered. Frauenrath et al. [39] use a second-order low-pass filter
with a cut-off frequency of 150 Hz to eliminate high-frequency
noise while retaining the desired PCG signal content. This
approach is supplied by an RC high-pass filter to remove very
low frequencies and the signal derivation in [31]. In [27], the
authors preprocess a signal by 3 rd order Chebychev filter with
a cut-off frequency of 105 Hz, since the predominant energy of
cardiac activity lies below 100 Hz.

Signal distortion can also be prevented by using an optoacous-
tic sensor, where the acoustic signal is converted into an optical
signal and conducted to the control unit through an optical fiber.
In this way, no interaction of the measuring device with a static
magnetic, gradient, or RF field occurs. Maderwald er al. [95]
successfully tested this sensor in a 7 T magnetic field, where
acoustic device synchronization was successful in both healthy
subjects and arrhythmia patients. Nassenstein et al. [94] pre-
sented retrospective PCG triggering by an optoacoustic sensor
in clinical practice (at 1.5 T) to assess left ventricular function.
In a few cases (5%), PCG synchronization failed, but image
quality and artifact occurrence were closely correlated with ECG
triggering. In addition, the post-processing algorithm enabled
successful triggering even in the case of pathological murmurs
in the PCG signal.

H. Ultrasound Methods

Using an ultrasound probe in Doppler mode introduces an
interesting alternative to standard ECG triggering. In this ap-
proach, an A-mode ultrasound probe (see Figure 21(b)) mea-
sures cardiac function using a 2.5 MHz, 4 MHz, or 8.1 MHz
frequency, depending on the sequence used and the part of
the cardiovascular system providing the triggering informa-
tion [106]. Such Doppler ultrasound (DUS) recording allows
the measurement of RR intervals similar to ECG or PPG and
provides the image quality comparable to these types of mea-
surements. The DUS signal contains two important points “ A
wave and E wave, which represent the heart cycle. The E wave is
a sign of early left ventricle relaxation (immediately following
mitral valve opening), while the A wave represents flow through
the mitral valve following atrial contraction. By convention, E
wave detection is used to generate the synchronization signal
(see Figure 21(c)) [107], [108]; although, one could argue that
synchronizing to the A wave with an appropriate trigger delay
would more closely align to synchronization with the QRS
complex. Indeed, E wave triggering introduces a significant time
delay, relative to ventricular depolarization measured by ECG.
While some have tried to correct this by using prolonged trigger
delays (in the range of 400 ” 600 ms), this is highly variable and
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Fig. 21. lllustration of Doppler ultrasound system principles and de-
ployment: (a) Principle of Doppler ultrasound measurement for heart
activity recording, (b) Example of ultrasound probe for heart activity
measurement [109], (c) Doppler ultrasound waveform with its trigger
signal.

not entirely predictable [107]. However, studies did not confirm
a significant difference from ECG triggering and the measured
parameters showed comparable results at 1.5 T. This triggering
method has indeed been validated at MR field strengths up to
3 T, see [106]-[108], with great promise even at higher field
strengths due to low impressibility of DUS signal by a magnetic
field. However, the limitation of this method lies in the motion
artifacts of the probe placed on the patient’s body and also in
the inaccuracy of E-wave detection (or A wave detection) in
the case of some disorders, such as mitral valve insufficiency,
myocardial infarction, or tachycardia [108].

A modified, commercially available cardiotocograph (CTG)
can be used to record cardiac activity during retrospective gating
of CMRI by the DUS method. The CTG is housed outside
the scan room, connected to the ultrasound probe, which is
positioned on the chest of the patient, in the apical position
(Figure 21(a)). The probe transmits a signal at a frequency of
1024 MHz with a repetition rate of 3.2 kHz, which is further
processed by CTG and filtered to obtain an envelope ranged at
07 10 Hz. Notably, compared to conventional ECG gating, the
DUS method achieves comparable results in image quality, time
variability of the synchronization signal, and other monitored pa-
rameters (left ventricular volumetry, aortic velocimetry) [108].

. Accelerometric Methods

Cardiac activity can also be measured by means of seismo-
cardiography (SCG), which represents the course of vibration of
the chest surface and acceleration of the thoracic wall resulting
from cardiac contraction and blood ejection into blood vessels.

SCG
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Fig. 22. lllustration of accelerometric system principles and deploy-
ment: (a) Typical placement of accelerometer for cardiac activity mea-
suring, (b) seismocardiogram with its trigger signal.

In diagnostics, this signal has the advantage of interpreting
the infrasound manifestations of heart activity in the frequency
range of 0-30 Hz, which the human ear may not detect during a
common examination of heart sounds.

By default, an accelerometer or a gyroscope located on the
sternum (see Figure 22(a)) senses the SCG signal. Still, some
studies introduced its placement at the apex of the heart and at
the lower-left or upper-right edge of the sternum [110]. Using
a three-axis accelerometer, SCG components are present in all
three axes, each representing a specific pattern. However, the
dorso-ventral component is usually used for analysis [111]. Sev-
eral waveforms characterize the SCG signal, and their marking
represents a specific physiological event of cardiac contraction:
AS “atrial systole, MC ”” mitral valve closure, IM “isovolumetric
contraction, AO " aortic valve opening, RE “ rapid ejection, AC
” aortic valve closure, MO “ mitral valve opening and RF ” rapid
filling (see Figure 22(b)).

The measurement of the SCG signal was used to detect
heart rate in [112]-[117], where this method showed adequate
accuracy compared to a conventional ECG approach, reaching
correlation with ECG heart rate >0.99 or detection error rate
<0,6%. Some researches demonstrated the accuracy of heartrate
determination from the SCG signal by triggering investigations
in computed tomography and nuclear medicine [118], [119].
These studies achieved more accurate detection of cardiac events
and hence higher image quality for diagnostic purposes than
ECG approach.

Within the MRI environment, cardiac activity has been mea-
sured using a piezoelectric accelerometer [120], with good
electromagnetic compatibility. No artifacts due to the magnetic
environment occurred in the measured signal, and the authors
considered the evaluation of wall movement abnormalities to be
a good indicator of coronary ischemia, as it is more sensitive
and specific compared to the ECG method. The disadvantage
of the SCG sensing is its susceptibility to interference due to
gradient coil pulses. However, simple filtration can eliminate
this interference, e.g., using a reference accelerometer sensing
only external noise. The signal is also influenced by the patient’s
respiratory activity, which modulates the signal, but it is not
detectable within one heart cycle.

Martinek et al. [121] proposed an SCG triggering method in
the 3 T MR environment. The authors, however, do not use a
standard accelerometer as in the studies mentioned above, but
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their own sensor “ plastic funnel designed and generated using
a 3D printer. This sensor is placed on the patient’s chest using
an elastic band and senses an SCG signal in one vector perpen-
dicular to the sensor mounting location. Then, the acoustic tube
conducts the signal to the measuring microphone in the control
room. This system excels in its high resistance to external sounds
and vibrations. However, signal processing includes filtration in
the range of 0 ” 40 Hz to ensure the optimal signal quality. The
filtration introduces the delay into the SCG signal, whose total
value is 45 ” 120 ms. Nevertheless, this delay did not affect the
accuracy of acquisition triggering because the SCG triggering
reached sharper image with a higher myocardium/blood contrast
according to experts image assessment. Considering the objec-
tive evaluation, the quality of SCG and ECG triggered images
is comparable.

[ll. RESPIRATORY GATING METHODS

During respiration, the organs move with the chest wall and
diaphragm, changing their physical location within the bore of
the scanner throughout the cardiac cycle. Because images are
prescribed according to specific x, y, z coordinates, imaging is
often performed during a breath-hold; designed to keep the organ
of interest in the same field of view. There are many scenarios
where breath-hold imaging is contraindicated. For example,
many patients struggle to hold their breath beyond 10 seconds.
So, depending on the imaging sequence (which can often last
1-3 minutes, and beyond), it may not be possible to acquire
images during a single breath-hold. Moreover, breath-holding
can be physically challenging for some individuals, limiting
compliance during longer scans. To overcome these challenges,
respiratory gating (see Figure 23) is often performed, whereby
image acquisition is synchronized to a specific period of the res-
piratory cycle (usually end-expiration). Such respiratory gating
also introduces new opportunities to investigate patients under
general anesthesia or small children.

In the past, mechanical bellows and piezoelectric sensors were
used to monitor chest movements. In current clinical practice,
respiratory triggering is typically performed using navigation
echoes. This method is based on the transmission of an additional
radiofrequency (RF) pulse that precedes the acquisition. There
are two types of navigators; first, which monitors the real-time
position of the diaphragm (liver-dome scout, see Figure 25(a))
and second that detects tiny fluctuations of the main magnetic
field induced by liver movement during the breathing cycle
(phase scout, see Figure 25(b)) [1], [24], [122].

Respiratory gating using navigators is the most frequently
used in T2 HASTE (Half-Fourier acquired single-shot turbo-
spin-echo), T1 opposed phase, DWI (Diffusion-Weighted Imag-
ing), and T2 3D hydrographic sequences, which allow a basic as-
sessment of the abdominal organs in the native image. Figure 24
illustrates the effect of navigator gating on these abdominal
imaging sequences. Note the improved boarder delineation,
heightened CNR, and improved differentiation of individual
structures and overall image sharpness when the respiratory
gating is performed.

A. Respiratory Gating Challenges

Respiratory motion compensation is often more preferred
than breath-holding method due to the previously mentioned
challenges in imaging patients who are not able to hold their
breath for the desired time period. Moreover, the heart border
may drift during inspiration before breath-holding and then,
during expiration due to the increase of heart rate toward the
end of the breath-hold. It was found that the diaphragm position
was irregular and unsteady or drifted continuously during breath
holding in 33% of patients [123].

Generic limitations to respiratory triggering and gating arise
from violation of the two basic assumptions, namely periodicity
of the respiratory excursions and stationarity of the imaged
object. For example, breathing may be very irregular in pedi-
atrics, severely limiting the achievable image quality. However,
motion-compensated exams also fail sporadically in adults due
to breathing position drifts and changes in breathing patterns.
Respiratory drift of diaphragm position outside of the acceptance
window can be seen in patients who are initially anxious or
fall asleep during the scanning. Another potential problem is
the artifact generated by structures not moving with the region
of interest. This may be reduced by applying spatial saturation
bands over static structures, such as the chest wall. Besides, the
hysteretic effects of the heart motion are seen between inspi-
ration and expiration, which are being solved by development
of subject-specific prospective respiratory motion models [123],
[124].

As mentioned above, respiratory bellows have been tradi-
tionally used to monitor chest wall expansion. However, this
technique is not consistently reliable because the temporal
relationship between chest wall expansion and intraabdomi-
nal/intrathoracic organ position is not constant. On the contrary,
the use of navigation echoes is more direct technique to monitor
respiratory motion. The crucial issue in this approach is the
placement of the navigator. When using phase scout, the naviga-
tor is located within homogeneous liver tissue (see Figure 25(d)).
In contrast, liver-dome scout requires its position directly on the
diaphragm with a peak of the dome of the right hemidiaphragm
(see Figure 25(c)), allowing easy setup and sharp diaphragm
edge. The diaphragm position is clearly delineated by the liver-
lung interface on the right hemidiaphragm. Subject-specific
parameters are usually determined in a low-resolution prescan
by using either multiple guided breath holds or free breathing.
The multiple images acquired at different respiratory positions
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Fig. 25. lllustration of respiratory triggering system principles and de-
ployment: (a) navigator data showing liver (gray)-lung (dark) interface
with diaphragm motion, (b) navigator data showing respiratory motion
from magnetic field fluctuations. Example of navigator positioning: (c)
liver-dome scout image, (d) phase scout image [122].

are registered to one image defined as a reference to determine
the elements of the transformation matrix [123], [125], [126].

In addition to today’s standard approaches, other respiratory
triggering options have been explored, such as infrared reflec-
tometry [127], spirometry [128], capnometry (a measurement
of exhaled CO2 tension) [129], or ultrasound [130]. Today, the
research focuses mainly on the optimization of navigators, S-G
methods, and measurements using optical fibers.

B. Respiratory Belts

Sensing using respiratory belts, based on the function of
piezoelectric sensors (see Figure 26(b)), is a standard and rela-
tively simple way of measuring respiratory activity. The belt is

(c) (d)

Comparison of respiratory-triggered and non-triggered images using (a) T2-Weighted Hydrographic Sequence, (b) DWI Sequence,
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Fig. 26. lllustration of respiratory triggering system principles and

deployment: (a) Typical placement of respiratory belt, (b) Example of
respiratory belt [34], (c) Respiratory waveform with the localization of
the synchronized acquisition window.

placed around the patient’s chest or abdomen (see Figure 26(a))
to monitor its breathing movements. According to the respiratory
curve obtained by these sensors, a triggered acquisition is in
the process during exhalation when the diaphragm movement is
minimal (see Figure 26(c)). Since the acquisition takes place
only in part of the respiratory cycle, this simple triggering
by respiratory activity can extend the scanning time by 50 to
300% [20]. The main benefit of this measurement lies in a con-
tinuous signal that does not interfere with the imaging and has no
effect on the MR signal (unlike navigators or S-G techniques).
Also, the quality of the respiratory signal is independent of the
magnetic field strength [131]. However, disadvantages include
the fastening of the belt itself, which must enclose the patient’s



214

IEEE REVIEWS IN BIOMEDICAL ENGINEERING, VOL. 15, 2022

body with a certain pressure, and the susceptibility to artifacts
due to the patient’s movement [132].

Santelli et al. [131] evaluated the accuracy of triggering using
respiratory sensors placed on the abdominal and thoracic areas of
the patient and its impact on the quality of coronary MR images.
The respiratory signal had a correlation R = 0.9 £ 0.05 with the
diaphragm position, but the correlation decreased when placing
the belt around the chest. Not surprisingly, the respiratory trig-
gered image was higher in quality (less motion artifact) than the
non-triggered image.

Kandpal et al. [133] investigated the differences between
the 1.5 T DWI sequence examination triggered using respira-
tory belts and breath-hold acquisition. Both healthy subjects
and subjects with renal lesions (malignant and benign) were
examined. None of the images contained motion artifacts, so
image analysis and diagnosis were successful. However, a sta-
tistically significant difference between the CNR of lesions
when triggering (32.9) and breath-holding (16.6) occurred. A
respiratory-gated acquisition also achieved a higher SNR (44.2)
than a breath-hold acquisition (28.1). However, the mean relative
contrast values did not show a statistically significant difference.
Oshinski et al. [134] conducted similar research when the sub-
jectively assessed image quality was higher in triggering than in
breath-holding as well as SNR (14.5 vs. 11.9).

In the CMRI area (1.5 T field strength), the effectiveness of
triggering by respiratory bands has been investigated in [135]
when assessing myocardial infarction, where patients have a
major difficulty holding their breath for the required time (often
longer than 20 s). While the 2D free-breathing sequence was
successful in all cases, two patients failed in 3D triggered exam-
ination due to their inability to hold their breath adequately and
irregular heartbeat. The image quality assessed visually achieved
better results in case of 3D triggered examinations (good or
excellent only) than breath-hold sequence (twice suboptimal,
twice completely unsuccessful). Also, the triggered examination
reached higher CNR (545 vs 327).

C. Navigation Echoes

The method of navigation echoes represents a modern ap-
proach to the respiratory triggering, see [20], [24], [131], [134],
[136]-[140], and is used in clinical practice in imaging of
abdominal area. Such an echo is the response of an additional
RF pulse (about 20 ms long and emitted every 200 ms) that
allows the MR system to detect the position of the diaphragm
and thereby monitor its movement. Once the acceptance window
(placed at a certain level) registers the diaphragm position, it
triggers the acquisition (see Figure 27) [24].

The navigation system brings the increased comfort of the
patient, who does not need to be prepared for MR examination
by application of sensors. Higher accuracy of triggering using
navigators than respiratory belts has been demonstrated in [131],
[134], [136]. However, even if occasionally, navigation pulses
can affect the MR signal itself, which decreases the image
quality. Also, the navigator method is not entirely independent
of magnetic field strength (at 3 T or 7 T), which can result in
artifacts in the image [131].

Diaphragm position ™= Navigator pulse ® Data accepted

Gating window m— Acquisition window ~ ® Data rejected

———————————— !
End inspiration : End expiration : End inspiration
| |
o1 Y |
H |'\
| ! ’
| |
| | HE
H |
I 1
. |
T T T
0 1 2 3 4 5 6 7
Time (s)

Fig. 27.  The principle of navigator triggering.

(a) (b)

Fig. 28. Diaphragm’s position detection using navigators (Siemens
Prisma) ” the example of the (a) insufficient and (b) satisfactory breath
detection.

Figure 28 illustrates an example of this respiratory monitoring
approach, showing ascent and descent of the diaphragm with
each breath (tracked with the green line) and image acquisition
performed at end-expiration (denoted by the yellow box). Fig-
ure 28(b) shows satisfactory respiratory monitoring with regular
breathing excursions, resulting in sharp and diagnostically ac-
curate image. In contrary, degradation of the image quality can
be caused by inferior respiratory recognition, when the scanner
detects irregular breath waves, as in Figure 28(a).

Klessen et al. [137] compared the abdominal examination
using navigators, and breath-hold approaches at a field strength
of 1.5 T. Triggered sequences achieved higher liver-spleen
contrast values (up to 131%), as well as improved visibility
and sharpness of intrahepatic vessels. In [138], no significant
difference between the breath-hold sequence and the triggered
sequence was obtained. However, when using navigator syn-
chronization, images were judged to be of better quality with
fewer artifacts and greater sharpness. Triggered and breath-hold
DWI sequences were compared in [140] at a field strength of
1.5 T, with the use of navigation echoes significantly enhancing
both image quality and SNR scores (almost twice) and achieving
higher kidney-lesion contrast (1.7 vs. 2.6).

Triggering by navigators in CMRI allows acquisition during
a short sample window in each heart cycle (see Figure 29). The
navigation echo is obtained immediately after the acquisition
window, which means that a short time period elapses between
the acquisition of the navigation echo and the acquisition of
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Fig. 29.  The principle of navigator triggering in CMRI.

image data. However, data needs to be acquired throughout the
heart cycle in CMRI, so triggering by one navigation echo within
one cycle is insufficient for this purpose [141].

Peters et al. [139] used two navigation echoes within one
heart cycle for CMRI respiratory triggering ~ just before the
QRS complex occurred and 500 ms after that. Data is received
when both navigator positions fall into the acceptance window.
There was no significant difference between the image quality or
the values of the observed parameters (left ventricular function
and volume) by triggering and breath-holding, but the CNR of
these images showed differences on behalf of the breath-hold
method (47 =+ 14 vs. 21 4 10). However, the navigation echoes
provided sufficient image quality for diagnosis and increased
the efficiency and speed of the examination (total time for
breath-holding was 10 minutes, including pauses, for triggering
3.7 minutes), which brings benefits to patients under stress or
completely incapable of cooperation in breathing.

D. Self-Gating Methods

Like cardiac synchronization, S-G techniques (see
Section II-E) also deal with respiratory triggering, because
the afore-mentioned methods of monitoring respiratory activity
may lag if the position of the chest wall changes with respect
to the heart’s position during several respiratory cycles. The
S-G technique often allows triggering by both vital functions
in CMRI examinations, where obtaining the individual signals
by proper filtration (each signal has a different frequency
response), see [98], [141]-[143].

The method is based on calculating the correlation between
the trigger image and the target image obtained in the same
heart phase and the desired position of the breath cycle. Larson
et al. [141] filter the breath curve obtained by S-G signals and
correlation using low-pass FIR filter and specify a respiratory
threshold (see Figure 30), which defines the data further used
to reconstruct the image at each phase of the heart cycle. This
procedure increased the sharpness and contrast of the image
compared to the free-breathing image without triggering, but
the difference in image quality compared to the breath-hold

Acquisition
window

Acquisition
window

Threshold

Self-gating signal

0 2 4 6
Time (s)

Fig. 30.
principle.

////%// 7 — ////;//%//////

Respiratory Self-Gating waveform with illustration of gating

Transceiver

DSP algorithm

Fig. 31.
mat [162].

Example of the micro-bend sensor implementation into

technique was no significant, similarly to [142], [143]. Nev-
ertheless, cardiac and respiratory S-G signals correlate strongly
with externally measured signals using ECG (R = 1.00 £ 0)
and respiratory belts (R = 0.82 & 0.1) [143].

Other successful applications of the retrospective respiratory
S-G methods were carried out in lung UTE (ultra-short echo
time) imaging in [165]-[168]]. The lung investigation is partic-
ularly challenging not only because of respiratory and cardiac
motion limiting the image quality, but also intrinsically low MR
signal caused by the low water concentration, multiple air”’tissue
interfaces, or low proton density of the lung parenchyma. Since
navigator sequence causes a concomitant saturation of lung
parts, S-G method represents less complicated way of free-
breathing lung imaging [166], [169]

Real-time S-G triggering has been demonstrated in [144],
[145]. This approach promises to significantly reduce acqui-
sition time while maintaining image quality similar to the ret-
rospective method but requires more sophisticated software for
signal detection and processing.

E. Optical Methods

The field of optical sensors and fibers also investigates the
respiratory synchronization of MR, similar to the cardiac (see
Section II-F), when both vital signs are often combined for the
measurement of the patient’s status during MRI. For measure-
ment of breathing activity by optical sensors, researchers use
interferometric sensors [61]-[66], [146]-[149], FBG sensors
placed under the patient’s back [70]-[73], [75], as well as
micro/macro-bending fibers [90], [93], [150]-[154], which are
often part of so-called smart textiles [155]-[161]. Example of
the micro-bend sensor implementation into mat is shown in Fig-
ure 31. The difference in measurement of respiration compared
to cardiac activity is the signal filtering in a different frequency
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band to maintain only the desired breath curve, i.e., within the
range of 0.05-2 Hz.

Yoo et al. [163] presented an option of measuring only
respiratory activity, which responds to changes in air temper-
ature during inhalation and exhalation, acquired by a special
sensor. The authors designed two different types of optical
sensors for monitoring the respiratory rate ” nasal and ab-
dominal. A sensor attached to the nasal cavity measures the
airflow using a thermochromic pigment that changes color de-
pending on the temperature variations within the breath cycle
(inhalation/exhalation). The second type of sensor is located
on the patient’s abdomen and measures breathing activity as
the circumference variance. The authors verified the use of the
proposed sensors without deteriorating the MR image, which
promises a suitability of the fiber-optic respiration sensors for
respiratory monitoring during surgical procedures performed
inside an MRI system.

Measurement of respiratory rate by FBG sensors in MR envi-
ronment was performed in [68], [74],[77],[78], [80], [81], [164].
All these studies reached the Bland-Altman derived accuracy of
the respiratory rate greater than 95% related to conventional
respiratory sensors, so the optical method appears to be a good
alternative to MRI respiratory triggering. In connection with
heart rate monitoring, this technique becomes very interesting
for MRI examinations since one sensor would be able to measure
the overall vital signs of the patient, moreover continuously, as
described in [83].

Fajkus et al. [132] tested respiratory triggering at a 3 T
field strength using an FBG sensor applied to the nasal oxygen
capsule. They filtered the obtained signal in the band of 0.1 ”
0.5 Hz and compared the calculated respiratory activity with
the conventional measurement by respiratory belts, where the
measurement by optical sensor reached an accuracy based on
the Bland-Altman analysis of over 95%. According to experts,
the images from both triggering methods were diagnostically
beneficial, but higher contrast and sharpness of the contours
were achieved when using the optical sensor. Also, according to
quantitative image analysis, images triggered by FBG achieved
better results than respiratory reference.

Respiratory triggering using a micro-bend sensor was tested
at a field strength of 1.5 T in [162]. The optical signal reached
a very high correlation R = 0.971 with measurements by stan-
dard respiratory sensors. No movement artifacts or blurry parts
occurred in the image. The difference between the optical and
navigator methods in assessing the SNR of the kidney and
the CNR kidney-spleen was not significant, but the navigator
method gained a significantly better diagnostic quality of the
images.

IV. DISCUSSION

The review of CMRI synchronization methods shows that
today’s research focuses more on the novel ones than improving
the techniques most widely used in clinical practice. It is due to
relatively complicated patient preparation in case of ECG/VCG
and especially due to the increasing complications of high field
strength examination. Also, relatively patient-friendly PPG is

not suitable because of motion artifact susceptibility and long
physiological delay. The contemporary research focuses on two
major milestones: (1) advancement of software that can achieve
adequate accuracy in the detection of synchronization points in
the signal or suppress magnetic field artifacts, and (2) develop-
ment of new methods of measuring vital signs that could replace
standard ECG measurements in future.

Thanks to the extreme increase in computing performance
in the recent years, it is possible to significantly improve the
signal/image quality by using advanced processing techniques.
However, relying only on software algorithms can result in a
number of computer errors, which can lead to the distortion of
some image segments and thus, suppress important diagnostic
information. Therefore, it is undoubtedly important to pay atten-
tion to the basic entity of the entire measuring chain (sensors),
which could provide a desirable accuracy already on the lowest
layer and thus, together with using software algorithms, even
better overall results.

Currently, acoustic and accelerometric triggering methods are
most suitable to introduce into practice, providing safety and
comfort for the patients and high resistance to artifacts caused by
magnetic fields; efficiency of acoustic sensors has already been
successfully tested at 7 T. The only drawback is susceptibility
of the PCG and SCG to interference caused by gradient coil
switching, and accordingly, the delay in signal transmission to
the MR unit due to filtration. Other investigations, which are still
in their infancy, such as optical or DUS measurements, show
high-quality heart rate calculations, but some limitations have
not yet proven their usability in medical practice: the optical
method requires a very expensive evaluation unit, which could
become more accessible over time, and inaccuracy in DUS
measurements of patients with cardiac disorders means a major
complication in cardiac examinations.

The research methods have several common disadvantages:

® Non-standardized sensor placement in contrast with ECG
or VCG. The sensor location highly depends on the spe-
cific patient and his body structure; some signals show
very different waveforms when placed at diverse points of
the chest (e.g. SCG). Therefore, research should handle
the possibilities of measurement without the complicated
attachment of the sensor to the patient’s body, such as
sensors implemented in textiles or mats.

® Signal delay compared to ECG signal which is given
by several attributes: (1) a physiological delay between
the R wave and the alternative trigger point (first heart
sound, J-wave etc., see Figure 32), and (2) other delays
superimposed caused by the transmission medium, elec-
tronics ensuring signal state and conversion to a digital
signal, or filtration used to remove undesirable compo-
nents. Such a delayed trigger signal may lag behind the
ECG trigger for hundreds of milliseconds, collecting data
from the wrong phase of the cardiac cycle. Therefore,
the image may lose its diagnostic value, and the acqui-
sition needs to be repeated, extending the examination
time. Thus, suppression of the signal delay in some way,
such as software customization of triggering, should be
used.
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TABLE |
THE CLASSIFICATION OF THE PRESENTED SYNCHRONIZATION METHODS

Type Accuracy Resistance  Complexity Limitations
ECG Cardiac High Low Medium Measures against high voltages
VCG Cardiac High Medium Medium Measures against high voltages
Pulse Wave Cardiac Low High Low Motion artifacts, long physiological delay
Acoustic Cardiac High Medium Medium Long delay due to conduction and processing
Accelerometry Cardiac High Medium Low Long delay due to conduction and processing
Optic Cardiac, respiratory High High High Long physiological delay of FBG sensors
Doppler Ultrasound  Cardiac, respiratory Medium High High Long delay, difficult contact with the patient, heart abnormalities
Self-Gating Cardiac, respiratory Medium High High Mild myocardial contractions, high heart rate, prospective triggering
Navigation Echoes Respiratory Medium Medium Medium Short impulse in one heart cycle
Respiratory Belts Respiratory Medium High Low Motion artifacts, correct positioning
R However, shortcomings of S-G techniques lie in the realiza-
/P\—_\/ T tion of synchronization itself. In general, these methods have
ECG Vilg low hardware requirements at the expense of the complexity of
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Fig. 32.  Physiological delay of the individual heart signals compared
to the ECG with marked peaks (trigger).

The presented S-G methods could solve the problems of sen-
sor placement and signal delay versus ECG. Another advantage
of S-G methods is the possibility of respiratory and cardiac
gating altogether. Although this double triggering prolongs the
required scan time significantly, the total examination time is
shortened in cooperating patients. In case of patients unable to
assist in breathing, respiratory synchronization is a necessity
for a successful examination. Because respiratory compensation
using navigation echoes lags due to the very small acquisition
window triggered by only one navigation echo per heart cycle,
a single breath-hold examination still prevails, which can cause
problems for many patients.

software, which processes MR data to generate a trigger signal.
Therefore, methods of measuring vital functions, which enable
to distinguish a respiratory function from the heart signal by
appropriate filtration (BCG, SCG), become preferred. Consid-
ering the unavailability of optical methods, acoustic and SCG
methods are currently considered as most promising methods for
combining cardiac and respiratory synchronization and should
remain to be the subject of further research in this area.

Table I subjectively summarizes methods for cardiac and
respiratory MRI synchronization with the classification of their
accuracy and artifact resistance:

e Accuracy refers to the success of correct detection of
cardiac function with sequence initiation in the desired
phase of the heart/respiratory cycle, which enhances image
quality. It is evaluated with respect to cases of some
abnormalities (e.g., disease, arrhythmia) or technical lim-
itations, not to the origin of MR artifacts. Accuracy is
classified as follows:

® High” method provides very accurate heart/respiratory
phase detection and is minimally affected by abnormal-
ities, patient’s physiology or movements.
® Medium ” method provides accuracy suitable for MR
gating but is limited by some of the above-mentioned
problems.
e Low ” method is not recommended for MR gating due
to large range of limitations.
Resistance to MR artifacts indicates the resistance to ef-
fects of the MR environment on a given signal (influence
of electromagnetic field, magnetohydrodynamic effect or
acoustic disturbance) and degree of independence from
magnetic field strength, classified as:
® High” method is completely resistant to MR artifacts
and independent from magnetic field strength.
® Medium” method is affected only by one of the above-
mentioned MR influences.
* Low ” method is susceptible to all effects of the MR
environment.
Complexity includes computational requirements, avail-
ability, and the price of sensors or measuring unit. Com-
putational cost is a crucial factor in implementation of the
measuring system since it determines a function of the
system in real-time. Price is also a key point of method
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feasibility for clinical practice. A method eligible for
introducing into practice should accomplish a compromise
between its complexity and performance/accuracy.
Specific limitations closely relate to the previous parame-
ters but include detailed knowledge of the disadvantages of
each method, which must be eliminated or reduced as best
as possible in order to introduce the method into practice
successfully.

V. CONCLUSION

Synchronization of the cardiac cycle and respiratory excur-
sions is necessary for cardiovascular and abdominal MRI for
optimal representation and image quality. The paper summarizes
techniques currently available and/or under development that fo-
cus on increasing problems with measurement in high magnetic
fields, nowadays reaching up to 7 T. With an extreme increase in
computing performance in recent years, software-based meth-
ods, such as S-G and navigators, are the center of attention, and
they underwent a huge expansion. However, they still have some
disadvantages (computer errors, disturbing steady-state), which
could be solved using the hardware-assisted methods based on
the non-electrical measurements. From such these techniques,
acoustic and accelerometric ones are the most promising not
only due to the high accuracy but also thanks to their low price
and easy implementation. Moreover, they would provide the
possibility of monitoring the respiratory signal together with car-
diac function and thus, would enable a “double” MR triggering
approach, important in cardiovascular examinations, especially
in non-cooperating patients. With this foundation in place, the
future of MR synchronization is encouraging; however, more
work is needed in order to maximize the technology available
and develop new approaches not yet imagined.
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