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Abstract

Complex engineered systems are often equipped with suites of sensors and ancillary devices

that monitor their performance and maintenance needs. MRI scanners are no different in this
regard. Some of the ancillary devices available to support MRI equipment, the ones of particular
interest here, have the distinction of actually participating in the image acquisition process itself.
Most commonly, such devices are used to monitor physiological motion or variations in the
scanner’s imaging fields, allowing the imaging and/or reconstruction process to adapt as imaging
conditions change. ‘Classic’ examples include electrocardiography (ECG) leads and respiratory
bellows to monitor cardiac and respiratory motion, which have been standard equipment in scan
rooms since the early days of MRI. Since then, many additional sensors and devices have been
proposed to support MRI acquisitions. The main physical properties that they measure may be
primarily ‘mechanical’ (e.g., acceleration, speed, torque), ‘acoustic’ (sound, ultrasound), ‘optical’
(light, infrared) or ‘electromagnetic’ in nature. A review of these ancillary devices, as currently
available in clinical and research settings, is presented here. In our opinion, these devices are

not in competition with each other: as long as they provide useful and unique information, do

not interfere with each other and are not prohibitively cumbersome to use, they might find their
proper place in future suites of sensors. In time, MRI acquisitions will likely include a plurality of
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complementary signals. A little like the microbiome that provides genetic diversity to organisms,
these devices can provide signal diversity to MRI acquisitions and enrich measurements. Machine-
learning (ML) algorithms are well suited at combining diverse input signals toward coherent
outputs, and they could make use of all such information toward improved MRI capabilities.
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Sensors; ancillary devices; motion detection; motion compensation; hybrid imaging

Introduction

Complex modern engineering creations are commonly equipped with suites of sensors that
sample physical parameters such as temperature, luminosity, torque, or acceleration. Such
information can be used to help improve the safety, performance and/or durability of the
overall assembly. Similarly, MRI scanners are equipped with ancillary hardware that keeps
track of their performance and maintenance requirements, for example by measuring helium
filling, temperature, or reflected RF power. But sensors can also be part of the image
acquisition process itself, as described here.

While classic devices such as respiratory bellows and electrocardiography (ECG) leads
have been available since the early days of MRI, other devices have been introduced

more recently. These sensors may monitor physiological motion or electromagnetic fields,
allowing the MRI acquisition and/or reconstruction process to adapt to non-ideal situations
as they occur to alleviate their impact on image quality. In the present paper, we

review the various types of sensors currently available to supplement MRI acquisitions

in clinical practice and/or research settings. These sensors are grouped below according

to the main physical properties they measure, which may be primarily ‘mechanical’ (e.g.,
acceleration, speed, torque), ‘acoustic’ (sound and ultrasound), ‘optical’ (light, infrared) or
‘electromagnetic’ in nature. ‘Classic devices’, which have been staples of MRI suites for a
long time, are presented separately. But first, we will review the various ways that sensor
signals, irrespective of sensor type, may be employed to influence the MRI acquisition and
reconstruction process.

Materials and Methods

A. How sensor information gets used

A.1 Background—MRI pulse sequences may run their course in pre-determined
fashion, or adapt in real-time to developing situations. The latter case is typically referred
to as a ‘prospective’ acquisition, whereby information from sensors and/or from the MRI
signals guide real-time decisions such as what k-space locations should be sampled next,
and/or where the imaging plane/volume should be moved to. Sensor-based information can
also be recorded and employed retrospectively, at the image reconstruction stage, to help
improve image quality. Most of the sensors/devices discussed here provide information
about patient motion.

J Magn Reson Imaging. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Madore et al.

Page 3

People move faster than an MRI scanner measures images, be this gross motion, breathing
or the beating heart. Motion artifacts remain a major problem in clinical MRI: in neuro
MRI, for example, motion may cause 2 to 4% of scans to be non-diagnostic (1,2). For

all applications combined, nearly 20% of MRI exams were reported to include scan(s)
repeated due to motion (3). These numbers suggest there might be considerable economic
value in hardware and external sensors that could help better capture, resolve and/or
compensate for patient motion. The text below will differentiate between cyclic motion, such
as breathing and heartbeats, and random events such as gross motion. In general, artifacts
can be suppressed effectively if the underlying motion is known with sufficient precision
and accuracy (4-6). External devices that function independently from the MRI scanner
have the advantage that they do not affect the MRI contrast, do not take time away from
the MRI acquisition, and may prove easier to implement. Besides motion compensation,
other devices may be geared toward monitoring scanner-related rather than patient-related
parameters, for example the performance of the imaging gradients. The information they
provide can be used retrospectively, to improve image quality.

A.2 Cyclic motion — triggering and binning—Cyclic motion can typically be
handled even if it involves elaborate organ deformations, and even if sensor signals only
capture the motion indirectly and/or qualitatively. For example, respiration or cardiac cycles
can be monitored using 1D signals from respiratory cushions and belts (7,8) or ECG

leads (9,10). This information can be used prospectively to trigger the MRI acquisition,

or retrospectively to create images at one or more specific phase(s) of the cyclic motion
(Fig. 1a) (9). When several phases are reconstructed, the resulting images can capture the
underlying motion, typically the respiratory cycle and/or the beating motion of the heart
(11,12). Triggers may also be provided by the volunteer her/himself, in voluntary fashion,
as sometimes done in functional MRI (fMRI) using handheld devices with button(s)/lever(s)
(13); in this case, the temporal changes to be resolved are associated with brain function, as
opposed to physiological motion.

A.3 Random motion events — prospective correction—When the imaged
anatomy gets displaced/rotated due to gross patient motion, the position and orientation of
the imaging plane/volume can be changed in real time to track it (4,14-16). Such real-time
tracking works best when the imaged anatomy undergoes ‘rigid-body’ motion, which can
be described with three parameters for translation and another three for rotation, for a total
of six degrees-of-freedom (6DOF), see Fig. 1b. The sensor(s) must provide quantitative
information about six of these DOFs, to track the anatomy as it moves. Because the head is a
prime example of a ‘rigid body’, such real-time adaptive motion-compensation schemes
are most often encountered in neuro applications. Besides correction of gross motion,
prospective motion correction can greatly reduce so-called spin-history effects whereby
different spatial locations in the anatomy see different histories of spin excitations and
magnetization relaxation (17), see Fig. 1c. In general, motion information can be used
beyond the correction of image data. For example, in diffusion MRI one can use motion
information to preserve the alignment of subject anatomy and diffusion gradient orientation
(18). Sensor information can also be used to detect which data/images are most likely to be
corrupted by motion so they can be reacquired (19-21), at the cost of prolonged scan times.
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Requirements on tracking accuracy tend to be relatively high: for example, Maclaren et al
(22) concluded that precision should be below 1/5 of the voxel size. While having accurate/
precise motion estimates is important, having them quickly and often is also key, especially
in the presence of fast motion. Time delays in generating motion estimates is typically
referred to as the ‘latency’, and how often these estimates are generated as their “frequency’.
Unlike image-based solutions, where motion updates are available only when a new image is
acquired (17), external devices may achieve much higher frequency (15). Methods have been
developed to feed motion information back to scanners, to alter the position/orientation of
imaging planes/volumes (23-26).

A.4 Retrospective corrections—A considerable advantage of retrospective
corrections is that they do not need to be causal, i.e., both past and future information can
be employed when handling any given time point. For example, requirements on tracking
precision might be relaxed by as much as 5- or 10-fold as filters involving both past and
future motion estimates may help obtain cleaner estimates (27). Retrospective methods (Fig.
1d) may apply to cyclic motion and/or random motion events. Especially in the presence of
large mation, these methods tend to work better in 3D imaging as the imaged anatomy may
remain within the imaged volume at all times, as opposed to 2D imaging where the anatomy
might wander outside the slice leading to irrecoverable losses of information. Provided

that sensor signals are quantitative, well synchronized with the MR acquisition and have
sufficient information content, k-space data can be manipulated at the reconstruction stage
to account for translations, rotations and even non-rigid deformations (5). Given that motion
estimates are obtained with sufficient frequency, motion correction can be applied at the
level of individual k-space readout (28); however, when handling rotations, motion-based
alterations to the k-space data may lead to k-space regions being undersampled, which in
turn may lead to image artifacts.

Beyond the reconstruction of MRI images, motion information can also take its place within
more elaborate algorithms, for example in fMRI postprocessing (29). Beyond motion, other
relevant parameters such as measurements of MRI-related fields can also be utilized during

the image reconstruction process.

A.5 Clocks, reference systems, and scaling—While external devices add relevant
information to the image acquisition scheme, they operate mostly independently from the
MRI system, making synchronization a possibly difficult task. In prospective applications,
‘synchronization’ may become synonymous with ‘low latency’, meaning that ‘now’ should
have essentially the same meaning for all devices. In contrast, in retrospective applications,
synchronization may take the form of a common clock that places time tags on incoming
data of all types. The community has been active in providing hardware solutions to
synchronization issues (30), as well as standardized formats and interfaces (31,32).

In addition to common clocks, common axes may also be needed. Ideally, a transformation
matrix may be found between the scanner coordinate system and the coordinate system that
most naturally describes the sensor data (4,33). The accuracy of such transformation may
play a key role in determining the quality of the overall motion correction process (34).
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Furthermore, proper scaling/conversion may be needed to convert raw sensor signals into
quantitative motion estimates. To do so, separate calibration test(s) may be required. For
some of the devices presented here, no such calibration steps could be devised; as such,
these devices can provide an observation of change but not quantify they underlying motion.
Such qualitative waveforms will typically be used to enable gating/triggering strategies
(above), allowing images to be reconstructed at specific phases of a cyclic motion.

A.6 Particular challenges—Motion types that are non-repetitive and non-rigid, for
example peristalsis, tend to be the most difficult to handle. But even for simpler motion
types, such as that of a head, interactions between the moving anatomy and the scanner’s
fields can affect MRI signals in ways that are difficult to model and account for. For
example, even in a perfect scenario where motion would be accurately measured and
instantaneously adapted by the system, changes in the position of the subject inside the
MRI scanner will inevitably affect the coil loading, the coil sensitivity, and the BO field
through susceptibility effects (35,36).

B. ‘Classic’ devices

B.1 Respiratory bellows, pulse oximeters and ECG leads — Strengths and
limitations—Ever since the early days of MRI, imaging suites have been equipped with
respiratory bellows, pulse oximeters and ECG leads. Respiratory bellows generate breathing
waveforms that enable respiratory gating and/or binning (section A). They are stretchable
devices that wrap around the torso; as the patient breathes, their torso inflates/deflates
causing the bellows to expand/contract. These changes in the length of the bellows are
converted into changes in the voltage output, creating a voltage waveform that clearly
captures the patient’s breathing pattern. However, bellows involve much fabric and Velcro
liable to move in various ways, making them difficult to use and uncomfortable to be in.
Their signals only indirectly and qualitatively capture breathing motion, in oversimplified
fashion. For all of these reasons, respiratory bellows have largely fallen out of favor over the
years.

Using either a pulse oximeter or an ECG system, a cardiac waveform can be obtained that
enables cardiac gating/triggering (section A). Pulse oximeters are easy to use, as they simply
clip onto a finger to detect heartbeat-related changes in the blood content/oxygenation of

the underlying tissues. However, there is a patient-dependent delay between the moment the
heart contracts and the moment that an influx of blood arrives to the finger. Furthermore, the
increase in oxygenation tends to be a somewhat broad peak in time, as opposed to a sharp
event. For both of these reasons, the time delay and the lack of a sharp event to trigger on,
pulse oximeters may lead to cardiac images that do not precisely represent given cardiac
phases, and where some unresolved cardiac motion may manifest as blurring.

In contrast, ECG signals come directly from the heart muscle (minimal delay) and provide
sharp peaks for triggering purposes (usually, the R wave). However, properly installing/

removing ECG leads requires some time and some degree of expertise and there is always
a finite risk of confusing MRI compatible vs. non-compatible leads, potentially leading to
skin burns. At a technical level, an important limitation of ECG leads in MRI comes from
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the magnetohydrodynamic effect (37), as positive and negative ions in blood get physically
separated to some degree as blood flows through the B, field. Electric fields caused by the
magnetohydrodynamic effect increase with By, making ECG leads mostly unusable at high
field. As a rule of thumbs, at 1.5 T or below ECG leads tend to work very well, at 3 T

they were made to work in a mostly-reliable fashion at 3T through considerable ingenuity
and advanced vector-based algorithms, while at 7 T they may require considerable operator
expertise and effort.

As explained in the following sections, devices based on mechanical, acoustic, optical
and/or electromagnetic principles have been developed to complete or improve upon the
classic devices presented here. These newer devices may be aimed at different types of
motion (e.g., gross patient motion), at monitoring breathing/cardiac motion more thoroughly,
quantitatively, conveniently and/or at higher B, fields than the classic devices described
here.

C. Mechanicall/inertial sensors

C.1 Background—The advent of smartphones, that can aid navigation and have features
like screen tilt detection, has driven down the cost of inertial sensors in the form of
micro-electromechanical systems (MEMS). MEMS sensors are built using a combination of
semiconductor manufacturing techniques and micro machining to enable the construction of
tiny mechanical structures as part of an integrated circuit (1C) (38). Inertial sensors rely on
detecting the forces acting on a mass. This mass is suspended using a mechanical structure
so that it is partially or completely decoupled from the sensor frame. The motion of the
mass/inertia relative to the frame can be used to detect the acceleration and/or angular rate of
the frame.

C.2 Acceleration—A vehicle is an example of an accelerating frame of reference.

The passenger experiences forces from objects fixed to the vehicle - the seat - that keep
them stationary with respect to the vehicle. By measuring the force that the seat exerts

on their body, one can determine the acceleration of the vehicle. Accelerometers achieve
this by suspending a proof mass using a flexure (directional spring) and then detecting

the displacement of the mass (Fig. 2a). The larger the displacement, the larger the force
the flexure is applying to the mass to keep it moving with the sensor frame. The ratio of
the force over the mass is the acceleration. More pliant flexures, and/or heavier masses,
would lead to greater relative displacements between mass and frame and to more precise
measurements. But on the other hand, the mechanical resonance frequency of such system,
which is proportional to the square root of the flexure stiffness over the mass, would be
lower, leading to a more limited usable bandwidth for the sensor. This tradeoff between
sensitivity and bandwidth must be considered when selecting an accelerometer for MRI
applications, as the mechanical resonances of the scanner are of a similar order of magnitude
as those of some commercially available accelerometers. Optical accelerometers have also
been proposed (39), however their availability is still limited.

In MR motion detection the range of accelerations are typically quite small, less than one
g, where gis the apparent acceleration caused by the Earth’s gravitational field. Gravitation
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is a “real” force acting on the proof mass, and it can therefore be measured even when no
acceleration is present. The ability to detect the direction of the Earth’s gravitational field

is particularly helpful in MR applications because - as with many construction projects - a
gravity level is used to align the x, yand zgradient coils during the scanner installation.

The gravity vector would therefore, typically, align closely with one of the principal gradient
axes that define the imaging coordinate system. As a result, measuring the direction of the
gravitation field provides useful information about the orientation of the sensor relative to
the gradient coils.

C.3 Angular rate—For measuring the angular rate, one can first consider a Foucault
pendulum as an example. The coordinate frame of an observer on Earth watching the
pendulum is rotating with the planet; as a result, the pendulum path as observed from
above appears to rotate. From the observer’s viewpoint, this deviation in the bob’s path can
be interpreted as proof that she/he is in a rotating frame of reference. Because the Earth
turns at a constant angular rate, Foucault’s pendulum also rotates at a constant rate (equal
to 159 x sin(latitude) degrees/hour), but more generally, in a system where the angular rate
might keep changing, one could keep monitoring the pendulum to dynamically evaluate
these changes. It is important to note that the mass needs to be moving for the deviation to
be observed (Fig. 2b), and that it is the rate of change in the orientation of the sensor frame
that is being measured, a quantity that can take on values much beyond that of the Earth’s
angular rate of change.

C.4 Measurement considerations—When using rate sensors to track the orientation
or position of an object it is important to consider the integration steps. In the case of

an accelerometer, converting acceleration into displacement requires two integration steps:
the first to obtain velocity, and then another to obtain displacement. Each acceleration
measurement has some uncertainty, and as such, the variance in estimating velocity
increases proportionally with the number of samples being integrated. After a second
integration, the variance scales to the third power of the integration period, meaning

that displacement values may become increasingly unreliable with time. In addition to

this drift, the orientation of the accelerometer frame at each instant is required for

correct interpretation of the acceleration vector. Accelerometers are therefore best suited
as complements to displacement measurement techniques that can track these drifts over
short periods. The combination of an angular rate sensor and an accelerometer represents

a good example of sensor fusion, whereby the direction of the gravity vector, measured

by the accelerometer, is used to track the drift caused by noise and biases that accumulate
when integrating the angular rate sensor (40). For gating applications where quantitative
measurements are not necessary, rate sensors are particularly sensitive to small impulses and
can be used for cardiac and respiratory gating (41).

When using MEMS devices in an MR scanner it is important to consider how the
displacement of the proof mass is sensed. Perhaps the most widespread method is by
building overlapping combs between the proof mass and the frame to form a variable
capacitor, where the change in capacitance is proportional to the displacement of the mass
(Fig. 2c). While sensing displacements using electric fields is compatible with MRI, the
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mass will carry an electrical charge. In the case of an angular rate sensor the proof mass is
oscillating (Fig. 2b), resulting in a Lorentz force that will bias the angular rate measurement.
This additional bias is dependent on the orientation of the rate sensor and would need to be
tracked using some form of sensor fusion algorithm.

D. Acoustic devices — sound and ultrasound

D.1 Background—Sounds from the human body often have considerable diagnostic
value, and as such, it may not be surprising that the typical, almost caricatural representation
of a physician is someone with a stethoscope around her/his neck. While auscultation has
been used for time immemorial, the stethoscope itself was first invented only in 1816 by

a French physician, Dr. René Laennec, as a way to avoid the awkwardness of having to
place his ear directly in contact with patients (42). Auscultation may involve more than

just passive listening, as the physician can further use percussion to create sounds through
small impacts. Similarly, some of the devices considered below both create sound/ultrasound
disturbances as well as record the tissues’ response to these disturbances.

Unlike electromagnetic waves, and waves on a pond, which are both examples of ‘transverse
waves’, pressure waves such as sound and ultrasound are ‘longitudinal waves’. This is
because the oscillatory motion of the molecules in the medium produced by pressure waves
occurs along the same direction that the wave propagates in. The motion of the molecules
creates areas of compression (higher density and relative pressure) and areas of rarefaction
(lower density and relative pressure). These spatial variations in pressure further vary in time
as the wave propagates.

Pressure waves, like all waves, are described by their wavelength, A, their period, z, their
frequency, 7, and their speed, ¢. The wavelength is the distance between consecutive pressure
peaks, the period is the time delay between two consecutive pressure peaks passing through
a same point, the frequency is the inverse of the period, and the speed is given by:

c=fXA. [1]

The speed of a pressure wave depends only on the medium it propagates in, not on the
device that creates it: for example, the speed of sound is about 330 m/s in air and 1540 m/s
in biological soft tissues (43). In contrast, the frequency of a pressure wave depends only
on the device that creates it, not on the medium that it propagates in. Meanwhile, A can be
thought of as the flexible parameter that will take whichever value is needed for Eg. 1 to be
fulfilled.

D.2 Elastography, digital stethoscopes—Perhaps not surprisingly, large collections
of molecules bound by electric forces will bounce and shake in a three-dimensional manner
when hit with a mechanical disturbance. The generation and propagation of pressure waves,
as described above, represent one way for energy to be channeled in, but it is not the only
one. Much-slower shear waves involve particle motion in a direction perpendicular to the
direction of wave propagation; the speed and phase of shear waves, and how these vary
with frequency, can reveal much about the elastic properties of the tissues they traverse (44).
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Shear Wave Elastography (SWE) is a technique that involves generating and characterizing
shear waves in materials and tissues. MR Elastography (MRE) (45) is a particular example
of SWE that uses vibrational actuators, typically operating at about 50 or 60 Hz, pressed
against tissues to ‘shake’ them. Not unlike what is done in respiratory or cardiac gating,
triggers are sent to the scanner to keep the MRI acquisition “in sync’ with this actuator-
induced motion. In this case, rapid motion can be resolved by MRI thanks to the measurable
and reliably periodic nature of this motion.

While actuators create mechanical disturbances and do not receive signals, in contrast
electronic stethoscopes only receive signals and do not create disturbances. These devices
are very similar to conventional stethoscopes except that the ‘listening’ is done by electronic
components that digitize the incoming sounds. Digital stethoscopes have been used to
monitor patients during MRI (46) and to provide triggers for cardiac MRI (47,48). Sound-
based cardiac triggers are especially useful at high field, where ECG signals prove unreliable
due to magnetohydrodynamic effects (37). Careful processing may be required, however, to
discriminate faint cardiac-related sounds from the background cacophony of an MRI scanner
in action.

D.3 Ultrasound scanners and sensors—Modern ultrasound transducers typically
consist of a linear arrangement of separate piezoelectric elements, often made of lead
zirconate titanate (PZT) crystals. While a linear arrangement enables 2D imaging, crystals
may be arrayed in a 2D matrix instead to enable 3D imaging. Acquisition rates of 20 frames
per second (fps) or more, which are difficult to achieve with MRI, are common in ultrasound
imaging. As MRI offers superior tissue contrasts and ultrasound imaging offers superior
temporal resolution, hybrid approaches combining both of these strengths have been sought.
To this end, hardware components associated with both imaging modalities need to be
combined. While the piezoelectric crystals themselves tend to be readily MRI-compatible,
their associated electronics, wirings and frames, in the probe head, may not be. Anecdotally,
older ultrasound probes, which tend to have simpler designs and less processing power
directly in the probe head, may often prove more readily MR-compatible than newer ones.

Starting in the early 2000’s (49), a few different groups successfully brought various
commercial ultrasound probes within the MRI environment, for hybrid MRI-ultrasound
acquisitions (50-53). More recently, a remarkable MR-compatible 3D-imaging probe was
developed at the University of Wisconsin and General Electric (54). Ultrasound (B-mode)
images, whether 2D or 3D, can be used to resolve and characterize breathing motion (49—
51,54), and Doppler imaging can help detect the beating motion of the heart for MRI
triggering purposes (52). In all of these experiments, the actual probe was brought inside

the MRI scan room while the ultrasound scanner itself was kept safely away, connected to
the probe by extra-long cables. In contrast, an impressive MR-compatible ultrasound scanner
was built at Fraunhofer MEVIS together with Fraunhofer IBMT (55) that can be rolled right
next to an MRI scanner: in this case, not only the probe but the entire scanner can be brought
within the MRI environment (Fig. 3a).

The usefulness of ultrasound imaging, as a modality, comes to a large degree from the
training and the experienced hand of the technologist holding the probe; however, such a
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hand is generally unavailable within the confines of an MRI bore. Typical solutions to this
problem have involved mechanical devices that can hold and press the probe against the
skin, and/or imaging probes that are flat in shape and thus can be held in place against

the body, for example using bands of fabric. Alternatively, small ultrasound sensors were
developed that can easily attach/detach onto/from the skin (56), Fig. 3b—c. Even though
signals from such sensors cannot be reconstructed into images, they can still detect internal
motion with high temporal resolution (56-58). They can therefore act as a supplement to
other imaging modalities such as MRI or PET (59). Compared to full-blown ultrasound
scanners, these ultrasound sensors trade imaging functionality for greater ease-of-use, as
they are small, easy to apply to the skin and can even be made wireless (60).

Overall, pressure waves and ultrasound devices can be used in a complementary fashion
with MRI. These devices are well suited to monitoring physiological motion, mostly because
of the high temporal resolution of their signals. In the future, the intrinsic tissue contrast of
ultrasound devices, which is different from that of MRI, might be better exploited as part of
the image reconstruction process, to help improve contrast and better characterize tissues.

E.1 Background—~Patient motion can be monitored using cameras that operate in the
visible and/or infrared range of the optical spectrum (4,61). Even though cameras can only
sense the surface of objects, they can track the movement of rigid bodies such as the

head. Applying ‘markers’ of known designs and patterns onto the skin may ease the image
interpretation step, where images are converted into quantitative motion measurements.
Markers are typically fixed to rigid parts of the body, such as bones or teeth, with

possible impact on patient comfort and imaging workflow. The use of multiple cameras,

for ‘stereoscopic’ vision, simplifies the mathematical problem of ‘depth restoration’ but also
requires additional optical paths, which often prove a rare commodity within the confines of
an MRI bore. In addition to rigid body motion, changes in the outline of the thorax can be
employed as a surrogate for breathing, and the timing of heartbeats can be assessed through
changes in surface temperature caused by an influx of blood, as detected in the red and/or
infrared frequency range.

E.2 Detecting rigid-body motion—Motion of the head can be approximated using
the rigid-body model, whereby the spatial location of the object is completely defined by a
combination of position and orientation, referred to as a ‘pose’ in computer vision. Optical
tracking is an established technology, and a range of different optical tracking approaches
compatible with MRI are described below.

Stereoscopic motion tracking mimics the visual perception of the 3D world by human
eyes, and typically involves two or more cameras delivering independent views of the
scene. The use of on-axis lighting and retro-reflecting spheres or other high-contrast optical
markers enables fast automated detection of landmarks and assignment of correspondence
between images. 3D positions of every landmark are determined independently through the
intersection of rays from multiple viewpoints. To track orientation, the positions of three

or more landmarks on a rigid body are combined and fitted to a corresponding model.
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The “structured light method’ is a variation of the stereovision approach, where one of the
cameras is replaced by a projector that displays landmarks onto the surface of the object
being tracked.

3D tracking with a single camera is also feasible if the 3D geometry of the marker is
precisely known and provides sufficient information based on the detectable landmarks.
When a landmark is located in a camera image it provides two pieces of data: its X and Y
coordinates on the camera sensor chip. As the pose of a rigid marker with several landmarks
provides at least 6 DOF, from 3 or more landmarks, the 6DOF pose of the marker relative to
the camera may in principle be determined. The accuracy of the determination depends on
the imaging geometry, with low accuracy arising when large rotations produce only a small
apparent shift of the landmarks in the image. The sensitivity of the method is improved
when the marker is located close to the camera and the camera uses wide-angle optics.

E.3 Marker-based vs. markerless, and sources of errors—Optical markers of
known design and pattern can be mounted externally, e.g., on the subject’s face. In
markerless methods the surface of the face itself, typically a small patch close to the

nose, is tracked in 3D instead. In either case, with or without marker(s), the head coil may
considerably limit how well the tracked features can be seen. Additionally, there is always
some distance between the tracked features and the organ of interest, which is typically the
brain. For this reason, errors in rotation measurements manifest themselves as an apparent
decrease of the position accuracy at the distant parts of the imaging FOV, due to the
phenomenon known as lever effect. Therefore, the rotation tracking accuracy and precision
can prove particularly important. In addition to the inaccuracies of the pose determination
introduced by the measurement process, the mobility of the skin, and further limitations of
the chosen marker fixation strategy, further contribute to tracking errors.

E.4 Examples of implementations of 6DOF optical motion tracking in the
MRI environment—The MRI environment poses numerous challenges to optical motion
tracking technologies. Magnetic field safety, eddy currents, vibrations caused by gradient
switching, RF interferences and equipment (e.g., the receiver coil and the bore itself)
blocking lines of view combine to render most off-the-shelf solutions unusable. Current
MR-compatible optical tracking systems can be categorized by the number of optical paths
they require and whether tracking markers need to be affixed to the subject, see Fig. 4. Table
1 summarizes some of the main systems developed to date (4,62—-65).

E.5 Detection of respiration and/or cardiac waveforms—Not all applications
require 6DOF tracking. Optical cameras can also be utilized to extract physiological
information such as breathing or cardiac waveforms in a ‘contact-free’ manner. Such
waveforms can enable triggering/binning applications (Section A). For example, Maclaren
et al. used a single optical camera mounted on the head coil, with visible light illumination,
to extract respiratory and cardiac waveforms by calculating differences between consecutive
images (66). Infrared cameras can also be used for similar purposes (67,68). Blood pulsation
and respiration can affect both the temperature and light spectra at the skin, allowing
physiological waveforms to be generated from these optical observations. Philips presented
a camera product option called VitalEye, mounted on the back service end of the MRI bore
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(69), which relies on infrared illumination to detect breathing waveforms. Gross subject
motion may be the main confounder to guard against with these approaches, as it may
negatively affect the detected waveforms (70).

F. Electromagnetic

F.1 Background—Two types of electromagnetism-based devices are described below:
those that mainly probe scanner properties, and those that mainly probe tissue properties.
MRI scanners utilize various magnetic fields to create and spatially localize MRI signals,
and one can exploit/probe these fields to help locate devices in the MRI bore. By attaching
these devices to the patient, and by tracking their position/orientation, one can detect patient
motion. Alternatively, one can probe the electric properties of the human tissues themselves
and how they change in time, to monitor patient motion.

F.2 Hall effect sensors - orientation with respect to Bo—The Hall effect stems
from the Lorentz force that curves the path of electric charges as they move through

a magnetic field. Because positive and negative charges curve in different directions,

a charge separation (i.e., a voltage) is created. This is similar in principle to the
magnetohydrodynamic effect in liquids as discussed in Section B. If three Hall effect
sensors are placed along the three orthogonal axes of a cube, it is possible to construct a
“3-axis Hall effect magnetometer”. In an MRI environment, such magnetometer allows the
relative orientation of the device vs. By to be measured. For example, Schell et al. (71) used
magnetometers in combination with G, G, G, activation blips to estimate the position of a
magnetometer by mapping the gradient fields before a scan.

F.3 Tiny MRI coils — position/orientation in space—Another way to track the
position of a subject is by using tiny RF coils (72). These coils only detect signals from
spins in close proximity to the coil. By applying gradient pulses along the axes of the
imaging system, it is possible to encode the position of the coil along the applied gradient
direction. Such tiny coils typically operate at the same frequency as the MRI scanner and
may enclose their own water-based sample, although samples of a different composition
along with coils operating at a different Larmor frequency can also be employed. Methods
that use an additional gradient echo with Hadamard encoding (73) and phase-field dithering
(74) to suppress By and B; field inhomogeneities have been suggested. Like all MRI signals,
however, magnetic field inhomogeneities can interfere with spatial encoding and affect
position measurements.

Instead of solving for the position of the coils (assuming known gradient fields) one can
solve instead for the gradient fields (assuming a known position for the coils). Field cameras
involve especially-small MRI coils that enclose their own chemical sample. Eddy currents
can affect the imaging gradients in ways that vary both spatially and temporally, and

field cameras can help map these fields and the resulting k-space trajectories (75-77).
Furthermore, motion information can be captured by such devices by using multiple probes
and either gradient tones (78) or even the native pulse-sequence gradients (79).
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F.4 Pickup coils and short-wave trackers — position/orientation in space—
One can use inductors, i.e., pick-up coils, to measure the magnetic flux as a function of time
t The voltage Vdetected by the pick-up coils is given by:
do

V=-N_- 2]
where Vis the generated voltage, NV is the number of loops in the coil, @ is the magnetic flux
and ¢zis time. Every time an imaging gradient is ramped up or down in the course of MRI
scanning, the magnetic flux @ in the pickup coil changes and a voltage V'is generated (Eq.
2).

Because the field changes faster the further one is from isocenter, the size of \Vdepends

on the position of the device in the bore. This effect was leveraged by Nevo et al. (80)

to measure the position of catheters and subjects during MRI scans (81,82). A device was
developed with two sets of three orthogonal pickup coils, i.e., six coils in total, see Fig. 5.
During system calibration, signal levels are measured at different locations and orientations
throughout the operating volume of the tracking system. During the scan, the position and
orientation of the device are calculated by fitting the measured signals to the calibration data.

Alternatively, short wave trackers can be used that leverage the 1-5 MHz range (83), a
frequency band where human tissues appear mostly transparent. Therefore, a sensor can be
placed on the teeth of a subject, thus avoiding any problems associated with skin movement
(83). The marker is a wireless RF reflector that scatters an applied RF field towards a
detector array. In the most recent implementation three different frequencies (2.3, 3.1 and
4.2 MHz) were transmitted by a loop to the reflector, where each loop is only selectively
sensitive to one of the frequencies. The reflected field can be measured by multiple MR
compatible antennas, resulting in an overdetermined system for the marker position and
orientation. The system currently requires calibration data and a neural network that matches
position and orientation to the measured signals.

F.5 Probing the electrical properties of tissues—Different organs have different
electrical properties, and these properties may change as a result of physiological motion.
For example, the volume of blood in the heart varies by about twofold during the cardiac
cycle; because blood and muscle have different tissue conductivities, about 0.66 and 0.39
S/m respectively, the overall conductivity of the heart changes as the blood/muscle ratio
changes. Electric properties tend to vary with frequency: while tissue conductivity increases,
tissue permittivity decreases with frequency (84). A cross section through a human model is
shown in Figure 6a, which demonstrates spatial variations in conductivity.

E5.1 Impedance, inductance and coupling: Suppose for a moment that two electrodes
were placed on the body, with a voltage V/causing a current /to flow between them. One
could easily calculate the resistance (inverse of conductivity):

%
R= T

(3]
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However, the current could have taken a multitude of different paths between the electrodes,
and as such it is unclear which tissues contributed to what degree to the measured resistance.
To take all possible paths into account, one must sum all contributions from all tissues on

all paths using a volume integral. This integral relates a(?, z), the conductivity at all points

* in the tissues at a given time ¢ the current field of the source and detector (TS(?, t)
and Td(7, t), respectively), and the measured impedance between the source and detector,

Zs,d(’):

z,.40= [Jf ﬁﬂ@ )T 1) dx dy dz. "

The current fields are illustrated in Figure 6¢,d and the inner part of the integral is illustrated
in 6e. In general, the source and detector could be electrodes or RF antennas (85), and
voltages as well as currents may be variable in time, e.g., in the RF range. In a way, the
situation described in Eq. 4 is very complicated: as one monitors how the impedance Z;_4(7)

varies in time, observed values depend on several multi-dimensional quantities. But on the
other hand, as long as one is only concerned with detecting changes in conductivity, Eq. 4
shows that changes in a(?, r) at any location within the current field will likely be detected

through changes in Z; 4(r). This impedance, Z; g4, is typically referred to as the mutual
inductance or coupling between RF coils.

F5.2 Devicesto measure changesin tissue properties. Devices that employ lower
frequencies achieve greater tissue penetration, but low frequencies have more diffuse
current fields resulting in more uniform energy losses through the body. In contrast, higher
frequencies have lower penetration but better spatial localisation of changes in tissues
electrical properties. In 1988, Buikman et a/. used the MRI coil itself to measure changes in
electrical properties (86), as the Q-factor of a birdcage RF coil was shown to change with
both respiration and cardiac motion, reflecting changes in impedance in human tissues. A
directional coupler was added to the RF chain to measure the reflected power, and for a
constant forward power any change in impedance altered the absorbed and reflected power.
Using the MRI coils as Buikman did (86), as opposed to additional hardware, can simplify
workflows and synchronization between motion-related and MRI-related data acquisitions.
One can employ multi transmit RF coils (87), or receive RF coils (88) for this purpose.
Using arrays of RF coils may facilitate the separation of motions of different types, for
example cardiac pulsation, respiratory motion and head motion (88-90).

The Pilot Tone uses MRI hardware for detection but separate hardware for the source.

A constant low power single frequency reference signal outside of the imaging frequency
band but within that of the MRI system is used. Using the MRI receiver coil for detection
provides multiple detectors (coil elements) in close proximity to the organ of interest. The
Pilot tone device has been used to monitor cardiac, respiratory and head motion, during free
breathing cardiac cine (91) and 5D (respiratory and cardiac resolved) flow measurements
(90), with results comparable to ECG. The Pilot Tone technology is available on some
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Siemens scanners under the denomination ‘BioMatrix’ and/or ‘Beat Sensor’ when used for
respiration and cardiac gating, respectively.

More generally, when multiple sources and detectors are present, e.g., when using parallel
transmit RF coils, the ‘scattering matrix’ formalism can be employed. Measuring a
scattering matrix is done using directional couplers mounted on each of the transmit lines, to
measure both the transmitted and reflected complex RF waveforms. In order to distinguish
signal paths for each transmitter, time, space, or frequency multiplexing can be used (89).
For example, cardiac triggers can be detected robustly (15 ms accuracy) within 20 ms of

the ECG R-wave (92) and diaphragm position can be estimated robustly (1.4 mm accuracy)
(87). Figure 7 shows what raw scattering data looks like, part ¢ shows what the cardiac
independent component trace looks like relative to the ECG signal and where automatic
prospective triggers are detected. In another example, using EEG leads rather than MRI coil,
data from an EEG cap was used to track head motion in 6DOF (93).

F5.3 Radar: Not unlike other types of waves, RF waves may be partly reflected when
crossing boundaries between different materials. Especially at frequencies higher than

those routinely involved in MRI, these reflections can be detected/mapped in an approach
generally referred to as ‘radar’. The degree of reflection depends on the angle of incidence,
the difference between the electromagnetic properties of the two tissues (94), and how large
the wave is in relation to the surface (95). Figure 6f illustrates sources and magnitude of
reflections at 300 MHz in the human body. Ultra-wide band radar measures reflections
across a wide range of frequencies, often from DC up to 5 GHz (96). Given the change

in dielectric properties across frequencies this enables deep penetration (using the low
frequencies) along with identification of specific tissue interface signatures (from higher
frequencies). Ultrawide band radar has been used in MRI (8,10), here the frequency range
must be selected to prevent interference with the MR RF system. These have been developed
for 300 MHz to 300 GHz using a low power pseudo random sequence (M-sequence) (94).
This device has been demonstrated for monitoring respiration, cardiac (97) and head motion.

F.6 Qualitative waveforms, and quantitative calibration—Devices mentioned

here typically provide waveforms that only indirectly relate to quantitative motion
parameters. Qualitative cardiac waveforms can be generated from multiple observations
using independent component analysis and then selecting the component near 1 Hz. The
timing of cardiac-related events such as the atrial systole, the start/end of ventricular systole
or the start of diastasis may be detected from these waveforms (92). Alternatively, breathing
waveforms akin to that of respiratory bellows, of 1D diaphragm motion estimates (87) or of
2D heart motion estimates (98) can be extracted. Similar principles can be applied to detect
head mation. To convert such qualitative waveforms into quantitative motion estimates, a
patient-specific calibration scan, for example 30 s of MRI measurements of the diaphragm
position, would be needed.

Overall, the main strength of RF based sensors may be their speed, as complete
measurements take no longer than the duration of an excitation RF pulse, and in the case of
radar and pilot-tone measurements can even be continuous.
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G. Hybrid devices

For the most part, we do not see the various sensors and devices presented here as competing
with each other: as long as each one brings its own type of information, that they do not
interfere with each other and do not prove too cumbersome to use, they all may in principle
find their role within future sensor suites. As these various devices gain in maturity and
adoption, combinations are expected to become more common. For example, 3-axis hall
effect magnetometers were combined with 3-axis pick-up coils (99) and with accelerometers
(100) to obtain position and orientation estimates, see Fig. 8.

Discussion and Conclusion

MRI signals are rich and versatile. In addition to soft tissue contrasts, they can capture
temperature changes, field variations and physiological motion, for example. But MRI is not
fast, and trying to do too much with its signals, all at the same time, detracts from its main
purpose of capturing soft tissue contrasts. Ancillary devices often prove faster and better
suited at measuring some of these parameters than MRI could ever be. For these reasons,
traditional imaging modalities augmented by suites of sensors might represent the future of
medical imaging in general, and of MRI in particular.

Sensors and ancillary devices are currently used in MRI primarily for timing purposes,

i.e., to sync the acquisition/reconstruction process to physiological motion. Less frequently,
they may be used to monitor variations in the scanner’s fields caused by eddy currents or
susceptibility effects, for example. But to this day, sensor signals do not typically contribute
directly to the MR images themselves: these images are reconstructed solely from k-space
signals, as detected by the MRI equipment. We may, however, be on the cusp of important
changes to this paradigm, as increasingly-present machine learning (ML) techniques are
quite apt at combining different signal types in elaborate ways toward a coherent result. It is
tempting to envision a future when signals from a variety of origins and hardware types may
contribute much more directly, through ML-based algorithms, to the actual image contrasts
and pixel values generated by MRI.

Currently, a main challenge to broader adoption remains the lack of availability for many
of the sensors discussed here, which are often employed only in the labs where they were
developed, and which were often adapted only to given scanners from given vendors.
While this lack of broad availability and compatibility unavoidably slows down research
developments, the ‘open-source hardware’ movement may, in time, offer solutions to this
problem. The emergence of startup companies dedicated to the commercialization of some
of these technologies, along with integration by major MRI vendors into some of their
products, can also ensure broader availability and adoption.

As a limitation of the present work, new devices and variations on older ones continue to
appear; we described here only the main types of devices that we were aware of, and we can
only apologize for any we might have left out. Furthermore, only relatively small, adjunct
devices were considered, as opposed to full-fledge imagers as in PET-MRI hybrid scanners
for example.
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In conclusion, sensors and ancillary devices have been staples of imaging suites ever since
the early days of MRI. Since then, many new MRI-compatible devices have emerged that
exploit a variety of physical principles to sense the imaged object and the imaging fields.
Given the emergence of ML-based approaches for image reconstruction, and their aptitude
at combining eclectic inputs into coherent outputs, the importance of sensors and ancillary
devices is expected to grow.
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Fig. 1:

a)?Acquisition periods in prospective triggering and retrospective gating of cardiac data. b)
Visualization of the six degrees of freedom which are used for rigid body motion correction
(3x translation, 3x rotation). c) Severe banding artifacts caused by spin-history effects

that can be largely suppressed when using prospective motion correction. d) Principles of
prospective and retrospective motion correction when using an external motion tracking
device.
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C) Area-variation capacitive sensing
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Fig. 2:

a) The inertia of the proof mass results in a deformation of the flexure proportional to the
acceleration of the frame. b) A mass is driven (left-right) using an actuator. When the sensor
frame rotates the mass begins to oscillate in the vertical axis with an amplitude proportional
to the angular rate. ¢) An example variable capacitor used to sense displacement of the proof

mass in MEMS inertial sensors.
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Fig. 3:

a)?An ultrasound scanner developed at Fraunhofer MEVIS can be rolled right next to an
MRI scanner (image from (55)). b) MR-compatible ultrasound-based sensors can be placed
on the abdomen and/or chest. c) Example signals from such sensors are shown (sensor
placed on the abdomen, during free breathing).
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Fig. 4:

Classification and examples of optical tracking systems. a) Single-camera system
(HobbitView, San Jose CA, USA) that can be mounted on the head coil viewing a

Time-of-flight

large marker with a pattern, which is affixed to the forehead of the subject (image from
private correspondence with Drs. Julian McLaran and Murat Aksay). b) Single-camera
system (Metria Innovation Inc, Milwaukee, WI, USA) which can be mounted to the bore,
tracking a moiré phase marker fixed to a mouthpiece (image from (63)). c) 4-camera
system (KinetiCor inc, San Diego, CA, USA), which is installed in the bore and acquires
images of a disposable paper-printed marker affixed to the subject head. The head position
can be calculated as long as at least 2 cameras can image the marker (image from the
website of KinetiCor Inc, https://kineticor.com/). d) Historical attempts at using modified
commercial camera systems (AR-Tracking, Weilheim, Germany) capable of tracking
markers consisting of a 3D arrangement of retro-reflective spheres. e) Structured-light
system (Trac Innovations, Ballerup, Denmark) with a source and a camera to acquire the
3D surface of the face for calculating the position of the head. The system is placed behind
the bore with a fiber-optic cable reaching into the bore and an arm affixed on the head coil

(image from (65)).
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Fig. 5:
Sample cube sensor with a total of six coils, one at each side of the cube.
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Fig. 6:

a,l?) Tissue conductivity at (a) low frequencies < 1 MHz, and (b) at 300 MHz (cross section
through the IT’IS foundation Duke showing heart and lungs). c-e) The current density fields
for two MRI coils placed over the human body are shown in (c,d) while (e) shows the tissue
contribution to the mutual inductance between these two RF coils (Eq. 4). f) Reflection from
tissue boundaries received back at the radar coil ‘/ are displayed. Simulations were carried
out in Sim4L.ife for a dipole antenna at 300 MHz, and were normalized to an input power of
1.0W.
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Fig. 7:

An example of a scattering matrix measurement showing () the real, (b) the imaginary
components of the signal and (c) showing a linear combination of a and b that produces a
cardiac trace that can be used for prospective cardiac gating as per ref (89).
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Hybrid device example

3D Pickup coil
MEMS sensor
Resonant coil
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2.4 GHz Radio
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Fig. 8:

Ag example of a battery-powered hybrid device is shown here: While the 3D pickup

coil senses the changing gradient fields through induction (Section F), the MEMS sensor
incorporates a 3D accelerometer as well as a 3D angular rate sensor (Section C), and

the Hall effect sensor (Section F) measures the magnitude and direction of the magnetic
field, which is dominated by the static magnetic field. The resonant coil is used to

detect the envelope of the RF pulses, for synchronization with the MRI acquisition. The
microcontroller combines the various signals for motion estimation. A radiofrequency
band near 2.4 GHz (far from the Larmor frequency) is used for wireless communication/
operation.

J Magn Reson Imaging. Author manuscript; available in PMC 2024 March 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Madore et al.

Page 31

Table 1.

List of some of the main MRI-compatible optical tracking systems developed to date.

System

Markersand optical
path(s)?

Comments

Fig. 4a, reference (62)
(HobbitView, San Jose, CA,
USA).

Uses markers and a single
optical path (one camera).

Head-coil mounted camera, along with a large structured checkerboard marker
affixed to the subject’s forehead. Mentioned frequently in recent literature.

Fig. 4b (Metria Innovation
Inc., Milwaukee, WI, USA).

Uses markers and a single
optical path (one camera).

In-bore camera mounted on the inner cover of the bore, close to isocenter,
along with a moiré phase tracking (MPT) marker based on a miniature glass
plate with patterns on both sides that encodes orientation into interference
fringes. Probably the most widely used 6DOF tracking system to date.

Fig. 4c (KinetiCor, San
Diego, CA, USA).

Uses markers, and up to
four optical paths (up to
four cameras)

A paraglider-wing shaped four-camera system attaches to the inner cover of
the bore, along with disposable flat markers printed on paper. The position
of the four cameras was optimized to view the markers on the subject’s face
through the openings of most commonly-available head coils. This device
relies on stereovision and at least two cameras need to view the same marker
to allow for tracking in 6DOF.

Fig. 4d, early example of a
two-camera system (4).

Uses markers and two
optical paths (two cameras).

Uses retro-reflective markers attached to a mouthpiece, one of the first optical
tracking systems used for MR motion correction.

Fig. 4e, reference (64)
(Traclnnovations (Ballerup,
Denmark).

Markerless, uses at least
two optical paths (one
camera and one projector).

Electronics for this system are placed outside of the bore while a fiber-optic
cable with a mounting arm reaches inside, above the head coil. Two offset
optical paths are required: one to project a pattern to the subject’s face, and a
second for a camera to view the pattern and track it.

J Magn Reson Imaging. Author manuscript; available in PMC 2024 March 01.




	Abstract
	Introduction
	Materials and Methods
	How sensor information gets used
	Background
	Cyclic motion – triggering and binning
	Random motion events – prospective correction
	Retrospective corrections
	Clocks, reference systems, and scaling
	Particular challenges

	‘Classic’ devices
	Respiratory bellows, pulse oximeters and ECG leads – Strengths and limitations

	Mechanical/inertial sensors
	Background
	Acceleration
	Angular rate
	Measurement considerations

	Acoustic devices – sound and ultrasound
	Background
	Elastography, digital stethoscopes
	Ultrasound scanners and sensors

	Optical
	Background
	Detecting rigid-body motion
	Marker-based vs. markerless, and sources of errors
	Examples of implementations of 6DOF optical motion tracking in the MRI environment
	Detection of respiration and/or cardiac waveforms

	Electromagnetic
	Background
	Hall effect sensors - orientation with respect to B0
	Tiny MRI coils – position/orientation in space
	Pickup coils and short-wave trackers – position/orientation in space
	Probing the electrical properties of tissues
	Impedance, inductance and coupling
	Devices to measure changes in tissue properties
	Radar

	F.6 Qualitative waveforms, and quantitative calibration

	Hybrid devices

	Discussion and Conclusion
	References
	Fig. 1:
	Fig. 2:
	Fig. 3:
	Fig. 4:
	Fig. 5:
	Fig. 6:
	Fig. 7:
	Fig. 8:
	Table 1.

