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ARTICLE INFO ABSTRACT
Keywords: Prospective motion corrections in brain imaging for MRI are fairly challenging. Monitoring
Real-time motion tracking involuntary head movement inside MR scanner is crucial for prospective motion correction.
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This initial study delves into utilizing simulations to track the head’s movements within an
MRI scanner, achieved by measuring induced voltage changes from time-varying magnetic
field gradients in head-mounted coils. The ultimate aim is to create an inventive approach for
prospective motion corrections. The voltage induced in a circular coil of wire that is exposed
to time-varying x-, y- and z-magnetic field gradients, is calculated for varying positions and
orientations (POSE) of the coils. Similar steps are taken for a system of five coils confined to
faces of a cube and it is established whether the voltage changes due to gradient pulses applied
along three directions can be used to calculate the change in POSE of the set of coils. This induced
voltage led to form a system of linear equations and then find a calibration matrix. Inverting the
calibration matrix enables the estimation of movement parameters from the calculated voltage
in the coils. Our software gives robust measurement of the six degrees of freedoms to monitor
head movement accurately so far ~ 0.3 mm and =~ 0.05°. By using this standard method one
can identify the POSE of the coils as well head within an MR scanner. Even after, addition
of noise voltage (up to 20 uV) estimated parameters does not blow up. This electromagnetic
field based real-time tracking is highly accurate, non-invasive and compatible with standard MRI
hardware.

1. Introduction

MRI technology has advanced significantly over the last half century, but one of the greatest causes of dissatisfaction in the
research community is that movement on the patient’s during the procedure obscures the results, and typically results in the MRI
needing to be redone. Approximately one in every five MRI scans needs to be repeated due to image quality degradation caused
by patient movement, as highlighted in research by Godenschweger [1]. The resulting motion artifacts incur a substantial financial
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burden on the healthcare sector, amounting to over $1 billion annually, as indicated by Pierre [2]. Challenges related to patient
motion are particularly pronounced when dealing with non-cooperative patient groups like children or infants [3,4], cases involving
trauma or stroke patients [5], individuals affected by agitation due to anxiety or pain, and those with movement disorders such
as Parkinson’s disease [6], as well as conditions like Alzheimer’s disease [7], Huntington’s disease [8], and multiple sclerosis [9].
Consequently, there exists a pressing need to develop effective methods for motion correction in clinical MRI.

Motion artefacts are a serious problem in many MRI applications. Small head movements during image acquisition produce
artefacts in magnetic resonance images. In functional MRI (fMRI) time series, movement between consecutive acquisitions of the
same slice lead to image misregistration which can produce spurious activation in fMRI data. In anatomical MRI, movement between
acquisitions of different data segments in k-space (the Fourier domain) generates image artefacts [10]. With additional information
about the movement, it is possible to improve the re-alignment of images in fMRI time series and potentially to eliminate the artefacts
in anatomical images by re-aligning the k-space data (known as “retrospective” correction). If movement information is recorded and
processed during the image acquisition it is possible to adjust the image acquisition geometry [10] in “real time” so that the artefacts
are eliminated. This is known as “prospective” motion correction.

Various methods [11-19] have been developed for prospective and retrospective motion correction, and a lot of research has
been carried out on this topic in the last two decades. Motion sensitivity is still however an unsolved (have partial solution) problem
in MRI, as well as in fMRI. There can be some problems with implementing this method which still need to be solved. For instance,
it becomes problematic when any shifting of the object creates changes in the magnetic field leading to changes in image distortion
[10]. Several alternative approaches have been devised to monitor head movement within the MRI scanner, as detailed in the studies
by Andersen, Lei and colleagues, Wildey, Maclaren and partners, Tobias and others, and Rasmus [20-25]. These methodologies
encompass various techniques, including employing optical detection through the line of sight and utilizing compact NMR coils.
Furthermore, additional investigations have concentrated on implementing prospective motion correction strategies to address head
movements. For instance, one notable approach is the real-time intra-volume motion correction in EPI (Echo Planar Imaging) using
active markers, as described by M.B. Ooi et al. [26]. Additionally, there is research by J. Maclaren et al. that focuses on predicting
head positions during rapid subject motion in EPI [27]. Another advancement involves real-time slice-by-slice motion correction
tailored for fMRI studies involving subjects in unconstrained motion, discussed in the work by O. Speck and colleagues [28]. Notably,
Rainer et al. have contributed by introducing a technique that combines both prospective motion correction and distortion correction
for EPI [29].

Bhuiyan et al. extensively analyzed the background theory and feasibility of this experimental work using a generalized linear
model [30]. Several studies have demonstrated the effectiveness of EMF-based motion tracking in reducing motion artifacts in MRI
images. For example, a study by Thesen et al. [31] found that EMF-based motion tracking significantly reduced motion artifacts in
functional MRI (fMRI) scans, leading to more accurate data. Another study by Liu et al. [32] showed that EMF-based motion tracking
improved the quality of diffusion-weighted MRI (DWI) images, which are sensitive to motion artifacts. Additionally, advancements
in deep learning algorithms have also been explored to further enhance the accuracy of motion tracking. For example, a recent study
by Heye et al. [33] suggested a deep learning-based motion correction technique that significantly improved the accuracy of fMRI
data. Overall, the development of novel and improved motion tracking techniques remains a vibrant area of investigation in the MRI
community, with the goal of enabling more accurate and reliable imaging data. Roth and Nevo et al. [35], in their study, showcased
a tracking system that harnessed the gradient fields of MRI scanners using a bespoke sequence. This approach was implemented
without making any modifications to the scanner’s hardware or operational mode, as detailed in their research [35].

Frost and colleagues investigated the application of high-frequency motion correction within imaging echo trains, merging mark-
erless head motion tracking with a neuroanatomical MRI sequence that underwent prospective correction [36]. In a similar vein,
Laustsen and associates leveraged electroencephalography (EEG) hardware to monitor head movement. This was achieved by cap-
turing signals induced by inherent imaging gradients and subsequently deducing motion based on the recorded gradient switching
patterns [34]. Motion correction in EEG systems is an active area of research to improve the accuracy and reliability of EEG signals,
particularly for applications such as brain-computer interfaces and neurofeedback training. Several methods have been developed,
including using motion sensors and optical cameras to track head movement, as well as developing algorithms for real-time motion
correction. Recent research has also explored the use of deep learning-based techniques for motion correction in EEG systems. As
an illustration, Lin et al. [37] conducted research that introduced a method rooted in deep learning. This technique aimed at both
eliminating artifacts and rectifying motion-related issues present in EEG signals, resulting in a notable enhancement in the precision
of the captured data. Another study by Chen et al. [38] investigated the use of convolutional neural networks for real-time motion
correction in EEG signals, demonstrating improved performance compared to existing methods. Overall, motion correction in EEG
systems remains an active area of investigation with the objective of enhancing the precision and dependability of EEG signals
across various applications. Afacan O. et al. modified the MPRAGE sequence to quantify motion utilizing the EM tracking system at
intervals of one repetition time [39]. Other techniques included the use of NMR probes [40], sensors [41], and stripe structure light
[42].

All these techniques have some advantages and disadvantages that listed in the Table 1.

This preliminary study proposes using a set of inductive coils woven into a cap placed on the scalp to measure motion. This
objective will be achieved through the surveillance of voltages induced within the coils, induced by the dynamic magnetic field
gradients administered in the MRI sequence. The alterations in these induced voltages will be linked to shifts in the positioning
and alignment of the head. Recording these voltages can be achieved by integrating a Brain Products EEG system with the coils.
To evaluate the plausibility of the simulation, a preliminary trial was carried out. The intent behind this trial was to ascertain the
simulation’s capacity to faithfully emulate the system’s responses within distinct conditions.
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Comparison among the motion tracking techniques.
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Technique

Description

Advantages

Disadvantages

Gradient-based

EEG-based

EM tracking

Markerless

NMR probes

Sensor-based

Stripe structure light

Utilizes the gradient fields of MRI
scanners through a custom
sequence

Utilizes electroencephalography
(EEG) hardware to record signals
induced by native imaging
gradients

Utilizes an electromagnetic (EM)
tracking system to measure motion
using the MPRAGE sequence

Utilizes high-frequency movement
correction during imaging echo
trains to combine markerless head
motion with neuroanatomical MRI
sequences

Utilizes nuclear magnetic resonance
(NMR) probes to measure motion

Utilizes sensors to measure head
motion

Utilizes stripe structure light to
track head motion

Does not require additional
hardware or modification of the
scanner

Can accurately detect head
motion in real-time

Can provide accurate
measurements of head motion

Can accurately detect head
motion without the need for
markers or additional hardware

Can provide accurate
measurements of head motion

Can provide accurate
measurements of head motion

Can accurately detect head
motion in real-time

Limited to small movements
and prone to inaccuracies

Limited to small movements
and may have interference
from other signals

Requires additional hardware
and may be prone to
electromagnetic interference

Limited to small movements
and may be prone to
inaccuracies

Requires additional hardware
and may be limited in terms
of applicability

Requires additional hardware
and may be limited in terms
of applicability

Requires additional hardware
and may be limited in terms
of applicability

2. Theory underlying the simulations

The simulations rely on the utilization of Faraday’s electromagnetic induction principle. Yet, directly applying this law to compute
alterations in induced voltages is not always straightforward, particularly when dealing with conductive materials where defining
the pertinent area for flux change can pose challenges. Nevertheless, the induced voltage can be directly determined from the rate
of flux change linked through the wire loop, employing the subsequent equation (Eq. (1)) as described in the work by Jackson
[44].

y=9 /B-.dS: A
o1 o

Ky (@)
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where, the vector potential A is connected to the magnetic field, B, by B =V X A, and the application of Stokes’ theorem has been
employed to transform the surface integral into a closed-line integral.

Subsequent (Egs. (2)-(4)) vector potentials [45-48] for the different gradients are used in these simulations.
Longitudinal (z) gradient:

Az=—%GZyzf+%Gszf. @
Transverse (x) gradient:

A= —%Gxxyf+ ti(xz -] + G yzk. 3)
Transverse (y) gradient:

Ay = iGy(x2 )i+ %nyyf— nyzl}, (€)]
where G is an amplitude of a gradient and the rest of the symbols are conventional.

3. Simulations

This investigation employs simulations to explore the potential of tracking human head movements within an MRI scanner. This is
achieved by evaluating alterations in voltages induced within coils mounted on the head, influenced by the inherent gradients of the
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MRI scanner. Initially, circular coils are generated within the xy-, yz-, and zx-planes, and the consequential voltage fluctuations are
computed as a result of translations and rotations during the application of magnetic field gradients. A similar process is undertaken
for a configuration of five coils positioned on the faces of a cube, aimed at determining whether voltage changes resulting from
gradient pulses along three directions can be harnessed for deducing alterations in the coils’ POSE. Subsequently, a calibration
matrix is constructed by fitting the computed coil voltages through a system of linear equations (Ax = V), where A signifies the
calibration matrix, x denotes the POSE, and V represents the voltage variations. This established calibration matrix, along with the
variations in induced voltage, is then utilized for inferring the parameters associated with movement.

The electromotive force (EMF) generated within a coil due to alterations in its magnetic flux environment can be computed by
employing Faraday’s law of electromagnetic induction [43]

d fda=-34 .
}{E-dl_—a/Bmda_ & /B ds|, (5)

s

where B represents the magnetic field and E is the electric field. By delineating the magnetic flux through a surface to be

¢B=/B-dS (6)

and considering the case where the surface is bounded by a wire loop, the (emf) or voltage induced across the ends of the wire is
given by

V=}{E-dl. %

When Eq. (6) and Eq. (7) are substituted into Eq. (5), a more familiar form of Faraday’s law (Eq. (8)) is found:

__9%s
V= dt -~ ®

Faraday’s principle establishes that when there is a fluctuating magnetic flux passing through a loop of wire or any circuit, it
gives rise to a voltage whose magnitude is directly proportional to the rate at which the flux changes. The concept of flux can be
likened to the quantity of field lines that traverse the effective area encompassed by the loops forming the coils.

In this study, the voltage induced in the circular coils and the change in voltage induced within the coils is calculated due to
positional changes. By analyzing the data and comparing the pattern of voltage changes across coils, it is possible to characterize the
positional changes and associate the pattern of voltage changes with particular movements.

4. Results

Circular coils are generated in the planes, and the change in induced voltages is calculated due to translation and rotation of the
coils during the execution of x-, y-, and z-gradients. Using the calculated induced voltage and their linear fitting, a system of linear
equations (Ax=V) is formed. A calibration matrix A is generated from the slopes of the linear fittings. POSE can be estimated by
taking the inversion of the calibration matrix vV=A"1x).

4.1. The change in induced EMF in a circular coil

Circular coils are generated in the xy-, yz-, and zx-planes as shown in Fig. 1(a), (c) and (e), respectively. The variation in EMFs
induced in the coils due to time-varying x-, y-, and z-gradients is calculated for consecutive translations along the x-, y-, and z-axes.
Fig. 1(b), (d) and (f) show the linear changes in induced voltage in the coils.

In Fig. 1(a), (c) and (e) C, stands for centers, L, stands for the coil wire path before translation and R denotes the radius of the
coil. On the other hand, Cy,, Cr, and Cr, stands for centers, Ly, Ly, and Ly, stands for the coil wire path after 10 mm translation
along the x-, y- and z-axes. Fig. 1(b), (d) and (f) shows the gradient induced EMFs changes linearly with consecutive shifts of a coil
along the x-, y- and z-axes during the application of x-, y- and z-gradients. After analyzing all the calculated data, it can be concluded
that within the range of gradient linearity, the induced voltage in a circular coil varies linearly with position during the execution of
X-, y-, and z-gradients for any translation.

Circular coils in the xy-, yz-, and zx-planes are generated and its rotation about the x-, y- and z-axes is shown in Fig. 2(a), (c)
and (e). The corresponding change in induced voltage in a coil is linear with respect to rotation about the x-, y- and z-axes during
execution of y-, x- and z-gradient for these small angles of rotation as shown in Fig. 2(b), (d) and ().

In Fig. 2(a), (c) and (e) Cg,, Cg, and Cg, stand for centers, Lg,, Lg, and Ly, stand for the coil wire path after 5° rotation about
the x-, y- and z-axes. The voltage changes linearly with respect to rotation angles for these small angles of rotation. The change in
induced voltage due to the three types of rotation is thoroughly calculated while implementing gradients along the x-, y-, and z-axes
when the coils are in different planes. Due to x- and y-rotation during execution of z-gradient the voltage change is quadratic in a coil
for some special orientation even for small angles of rotation. This issue is addressed in detail in sub-subsection 4.4. It is worth noting
that linear changes when present dominate over quadratic changes. According to theory and simulation [49] there is no change in
the voltage induced in the coils due to rotation about the z-axis.
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Fig. 1. Translation along the x-, y- and z-axes. (a) A circular coil in the xy-plane having 10 turns shifted 10 mm along the x-axis. (b) Linear changes in induced voltage
due to an x-translation during execution of an x-gradient. (¢) A circular coil in the yz-plane and shifted 10 mm along the y-axis. (d) Linear changes in induced voltage
due to y-translation during execution of a z-gradient. (e) A circular coil in zx-plane and shifted 10 mm along the z-axis. (f) Linear changes in induced voltage due to
z-translation during execution of a z-gradient. The change in induced voltage in the coil is linear due to translation along any direction from the magnetic isocenter
during the execution of x-, y-, and z-gradients.

4.2. A system of five coils

Exactly the same simulation parameters and 10 turns are used for a single coil, but as the MATLAB code was generalized and
restructured for a system of five coils. The coils are located on the faces of a cubic box of side 2r, which is shown in Fig. 3, where
L;C,(0,0,r,), L,C,(r,,0,0), L3C5(0,-1,,0), L,C4(0,r,,0), and L;C5(0,-r.,0) are the centers of the respective coils and O is the origin.

The system having five coils in the xy-, yz- and zx-planes is translated 10 mm along the x- y- and z-axes, during execution of x-,
y- and z-gradient are shown in Fig. 4(a-c) respectively. The orientation of the coils remains unchanged in this case.

Rotation of the system of five coils about the x-, y- and z-axes is shown in Fig. 5. In this case the coils C;, C4 and C5 change their
orientation due to x-rotation as shown in Fig. 5(a), but the coils C, and C; remain unchanged. Similarly, due to rotation about the
y-axis the coils C;, C4 and C5 change their orientation but the coils C, and C; remain unchanged which is shown in Fig. 5(b). On the
other hand, due to rotation about the z-axis the coils C,, C3, C, and Cs all change their orientation but coil C; remains unchanged
as shown in Fig. 5(c).

4.3. The change in induced EMF due to translation

The change in induced emfs is calculated for the application of a gradient strength of 96 — 4 Tm=!s~!. The change in voltage
induced within the coils due to a 10 mm shift along the x-axis is shown in Fig. 6(a). For translations along the x-axis, the change
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Fig. 2. Rotation about the x-, y- and z-axis. (a) A circular coil in the xy-plane and 5° rotation about the x-axis. (b) The change in induced voltage in a coil placed in
the xy-plane due to rotation about the x-axis during execution of a y-gradient. (c) A circular coil in the yz-plane and its rotation (5°) about the y-axis. (d) The change
in induced voltage in a coil placed in the xy-plane during execution of an x-gradient. (e) A circular coil in the zx plane and its rotation (5°) about the z-axis. (f) The
change in induced voltage in a coil due to rotation about the z-axis during execution of x-, y- and z-gradients. The change in induced voltage in the coil is linear up
to a rotation of 5°. However, there are no voltage changes in the coil due to translation along the z-direction during the execution of the z-gradient.

in induced voltage due to the application of an x-gradient occurs in coil C; only; for a y-gradient there are no changes; but for
a z-gradient, changes occur in coils C, and C;. The change in induced voltage in coil C; due to execution of an x-gradient is
6V, =502.65 nV. The change in induced voltage in the coil C; due to a shift along the x-axis is given by the Eq. (9):

8V, =—g, XS, X8x. 9
Where g, = dthx and area of the circular coil having 10 turns is .S,. In simulation g, =4 T/m-s, area of the circular coil S, =

10 x zR? = z(20)> mm? and §x = 10 mm, that gives us §V; = 502.65 uV which is exactly what is obtained from simulation shown in
Fig. 6(a). For the z-gradient, the change in voltage induced within the coils C, and C; is as follows (Eq. (10)):

6V2=%gZXSx><6x, 6V3=%gZXS_x><6x, (10)

which gives us 6V, = V3 = 251.33 uV. Calculation gives us the same result as shown in Fig. 6(a).

The change in induced voltage due a to 10 mm shift along the y-axis is shown in Fig. 6(b). In translation along the y-axis, the
induced voltage due to the x-gradient changes in coil C; only, for the y-gradient there is no change, but for the z-gradient changes
occur in coil C; and Cs. A change in induced voltage is observed in coil C; for execution of the x-gradient and in the coils C,
and Cs (Eq. (11)) for the z-gradient. There are no voltage change observed in the rest of the coils. In simulation g = 4 T/m-s,
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S, =10 x 7R? = 10 x 7(20)> mm? and 6y = 10 mm, that gives us 6¥; = —502.65 uV which is exactly what is obtained from the
simulation shown in Fig. 6(b).

1 1
61/4:_5gzxsy><5yv 61/5:_Egzxs—y><5yv 11

which gives us 6V, = 6V5 =251.33 uV. Calculation therefore gives us the same result as are shown in Fig. 6(b).

The change in induced voltage due to a 10 mm shift along the z-axis is shown in Fig. 6(c). In translation along the z-axis, the
induced voltage due to the z-gradient changes in coil C; only, for the x-gradient changes occur in the coils C, and C;, but for the
y-gradient changes occurs in coil C, and coil C5. Data shown in Fig. 6(c) also agree well with numerical calculations based on theory
[49].

The change in induced voltage due to consecutive shifts along the x-axis during the application of the x- and z-gradients is shown
in Fig. 7(a-c). The changes occur in coil C; during execution of an x-gradient and in the coils C, and C; during execution of a
z-gradient, whereas no changes occur in the rest of the coils. In this case, there is no change in the induced voltage in any of the coils
during execution of a y-gradient.

Induced voltage changes in the coils due to consecutive shifts along the y-axis for the application of the y- and z-gradients are
shown in Fig. 7(d-f). The voltage changes occur in coil C; for a y-gradient and in the coils C, and Cs for a z-gradient. No change is
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Fig. 6. The change in voltage induced (V) in the coils by the execution of x-, y- and z-gradients. C,g, denotes the change in induced voltage in coil » (n=1, 2, 3,
4 and 5; coil number) due to the gradient applied along the « (¢ =x-, y-, and z-gradient). (a) The voltage changes occurred in coil C, during the application of the
x-gradient, and in coils C, and C; during the application of the z-gradient due to x-translation. (b) The voltage changes occurred in coil C; during the application of
the y-gradient, and in coils C; and Cs during the application of the z-gradient due to y-translation. (c) The voltage changes occurred in coil C; during the application
of the z-gradient, and in coils C, and C; during the application of the x-gradient, and in coils C; and Cs during the application of the y-gradient due to z-translation.
The coils and the gradients are distinguished by color.
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Fig. 7. The change in voltage induced (uV) in the coils due to consecutive translation along the x-, y- and z-axes by the execution of x-, y- and z-gradients. C, and g,
denote the change in induced voltage in coil n due to the gradient applied along the a direction respectively (a) translation along the x-axis for coil C; exposed to an
x-gradient (b) translation along the x-axis for coil C, exposed to an z-gradient (c) translation along the x-axis for coil C; exposed to an z-gradient (d) translation along
the y-axis for coil C; exposed to an y-gradient (e) translation along the y-axis for coil C, exposed to an z-gradient (f) translation along the x-axis for coil C5 exposed
to an z-gradient (g) translation along the z-axis for coil C, exposed to an x-gradient (h) translation along the z-axis for coil C; exposed to an x-gradient (i) translation
along the z-axis for coil C, exposed to an y-gradient (j) translation along the x-axis for coil Cs exposed to an y-gradient (k) translation along the z-axis for coil C;
exposed to an z-gradient.

observed in other coils for both of the gradients. The change in induced voltage due to a consecutive shift in the z-axis during the
application of the x- and y-gradients is shown in Fig. 7(g-k). The voltage changes occur in the coils C, and C; for an x-gradient and
in the coils C4 and Cs for a y-gradient. In this case there is no change in induced voltage in the rest of the coils for the both of the
gradients. The change in induced voltage due to a consecutive shift in the z-axis because of the application of z-gradient occurs in
coil C;.

By shifting the whole system in the y-axis consecutively linear changes in induced voltages in the coils are observed. According
to the theory [49], the change in induced voltage in the coil C; due to shift in the y-axis is given by the Eq. (12):

oV =—g, XS, Xy 12)

Linear changes in induced voltage are observed due to consecutive shifts along the z-axis. One can conclude that change in
induced voltage due to translation is always linear with change in position along x-, y- and z-axes. According to the theory [49],
change in induced voltages in the coils due to shift in the z-axis is given by the Egs. (13):

V) =—g, xS, X6z, V,=—g XS, Xbz
0V3=—g, XS  Xbz, 6Vy=+g, xS, Xdz (13)
OVs =+g, X S_, X 6z.

In simulation g, =g, =g, =4 T/m-s, S, =5, =S5_, =5, =5_, = Number of turns xzR? = 10 X 7(20)> mm? and 6z = 10 mm, that
gives us 6V =6V, = 6V3 = —502.65 uV and 6V, = 6V5 = —502.65 pV which is exactly what is obtained from the simulation shown in
Fig. 7.

The change in induced voltage observed in the coils C;, C, and C; due to the application of the x-, y- and z-gradients is shown
in Fig. 7(a-c) for the case where the whole system is consecutively shifted along the x-axis. When the whole system is consecutively
shifted along the y-axis the change in induced voltage occurs in the coils C;, C, and Cs due to the application of the x-, y- and
z-gradients as shown in Fig. 7(d-f). The changes in induced voltage are linear and quantitatively agree with theoretical predictions.
The whole system is now consecutively shifted along the z-axis and the change in induced voltage observed in the coils C,, C5, Cy4,
Cs and C; due to the application of the x-, y- and z-gradients, is shown in Fig. 7(g-k).
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Fig. 8. The change in voltage induced (uV) in the coils by the execution of x-, y- and z-gradients. C,g, denotes the change in induced voltage in coil n (n=1, 2, 3, 4
and 5; coil number) due to the gradient applied along the « (a =x-, y- and z-gradient). (a) The voltage changes occurred in coil C,, C, and Cs during the application
of the y-gradient, and in coils C,, C, and Cs during the application of the z-gradient due to rotation about the x-axis. (b) The voltage changes occurred in coil C,, C,
and C; during the application of the x-gradient, and in coils C;, C, and C; during the application of the z-gradient due to rotation about the y-axis. The coils and the
gradients are distinguished by color.

4.4. The change in induced voltage due to rotation

The change in voltage induced within the coils due to rotations (of less than 5°) about the x- and y-axes is shown in Fig. 8.
According to the theory [49], changes in the induced voltages occur in the coils C;, C; and Cs due to the application of the y-
gradient because of the rotation about the x-axis is as follows (Egs. (14)):

V) =428, X2 XS, X6y, o0Vy=-2g,XyX S, X6¢,,
14
oVs =-2g, Xy XS, X 6¢,.

Where g, =4 T/m-s, z=y=r, =80 mm = coil offset, S, =.S_, =5, = Number of turns (N) x7R? = 10 X 7(20)2 mm? and
6¢, = 0.0873 radians, gives 6V, = —702.11 pV, 6V, =702.11 pV and 6V5 = —702.11 uV which is exactly what is obtained from
simulation as shown in Fig. 8(a).

In this case for the z-gradient changes occur in the same coils and are given by the following Egs. (15):

3 3
24 =—Egz><z><SZ><5¢i, 8Vy =38 Xyx S, X 6%, a5
3
8Vs = EgZnySyxwi.

Since g, =4 T/m-s, z=y=r, =80 mm = coil offset, .5, =.5, = Number of turns (N) x7R? =10 X 7(20)2 mm and 5¢)2( =7.61x10°
radians?, this gives us 6V, = —45.90 uV 6V, = 45.90 uV and §V5 = —45.90 uV which is exactly what I get from simulation that is
shown in Fig. 8(a).

On the other hand, the change in induced voltages occurs in the coils C;, C, and C; due to rotation about the y-axis because of
the application of the x-gradient as follows (Egs. (16)):

oV =2, Xz2X S, X5¢,, 0V, =28, Xx X5, X3¢,
(16)
V3 =28, Xx XS, X3¢,
where g, =4 T/m-s, z=x=r, =80 mm = coil offset, S, =5, = Number of turns (N) x7R? = 7(20)2 mm? and o, = 0.0873
radians, all these gives us 6V = =702.11 pV 6V, = =702.11 pV and 6V = 702.11 pV volts which is exactly what is obtained from the
simulations, as shown in Fig. 8(b).
In this case for the z-gradient changes occur in the same coils and are given by the following Egs. (17):

5V, =—§gzxz><sz><5¢2, 5V, = EgzxxxSxx5¢>2,

2 ' 2 ’ a”

3 P

oV3 = EgZXxxSanqby,
where g, =4 T/m-s, z=x =r, =80 mm = coil offset, S, = .5, =Number of turns (N)xz R? = 10 x #(20)> mm? and 64)3 =7.61x1073
radians~>, these gives us 8V} = —45.90 pV 8§V, = —45.90 pV and 6V; = 45.90 uV which is exactly what is obtained from simulation
that is shown in Fig. 8(b). The theory and simulation [49] agree well that there is no change in the voltage induced in the coils due

to rotation about the z-axis.
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Fig. 9. The change in voltage induced (uV) in the coils due to consecutive rotation by the execution of x-, y- and z-gradients. C, and g, denote the change in induced
voltage in coil n due to the gradient applied along the a (a) in coil C; due to rotation about the x-axis by the execution of y-gradient. (b) in coil C, due to rotation
about the x-axis by the execution of y-gradient. (c) in coil C5 due to rotation about the x-axis by the execution of y-gradient. (d) in coil C,; due to rotation about the
x-axis by the execution of z-gradient. (e) in coil C, due to rotation about the x-axis by the execution of z-gradient. (f) in coil C5 due to rotation about the x-axis by the
execution of z-gradient. (g) in coil C, due to rotation about the y-axis by the execution of x-gradient. (h) in coil C, due to rotation about the y-axis by the execution
of x-gradient. (i) in coil C; due to rotation about the y-axis by the execution of z-gradient. (j) in coil C; due to rotation about the y-axis by the execution of z-gradient.
(k) in coil C, due to rotation about the y-axis by the execution of z-gradient. (1) in coil C; due to rotation about the y-axis by the execution of z-gradient.

The changes in induced voltage in the coils due to consecutive rotation about the x-, y- and z-axes are shown in Fig. 9(a-1).

The changes in induced voltage are observed in coils C;, C,, and Cs (Fig. 9(a-c)) when rotating about the x-axis during the
execution of the y-gradient. Conversely, during rotation about the x-axis while executing the z-gradient, these changes occur in coils
Cy, Cy4, and Cs (Fig. 9(d-f)). When examining rotation, the induced voltage changes caused by the x- and z-gradients exhibit a linear
relationship with the rotation angle, whereas for the z-gradient, the change in induced voltage with respect to rotation angle follows
a quadratic pattern. Similarly, changes in induced voltage are noted in coils C;, C,, and C3 (Fig. 9(g-1)) during rotation about the
y-axis, attributed to the execution of the x-gradient. Conversely, during rotation about the x-axis, these changes occur in coils C;,
C,, and Cj (Fig. 9(j-)), and this change is due to the execution of the z-gradient. Again, when considering rotation, the induced
voltage changes due to the x- and z-gradients show a linear correlation with the rotation angle, while for the z-gradient, the change
in induced voltage with respect to rotation angle follows a quadratic pattern.

While the voltage alteration induced within the coils due to rotation around the x and y-axes as a result of applying the z-gradient
follows a quadratic pattern with respect to the rotation angle, the changes are small for small rotation angles (¢ < 5°). Analyzing
the induced voltage data obtained from simulation and by using basic linear fittings one can obtain the corresponding equations.
A system of linear equations is developed by basic linear fittings. The change in positions and orientations of the coils can then be
found by solving this system of linear equations.

4.5. Estimated movement parameters

The fluctuations in induced voltages within the set of 5-coils while executing the 3-gradients, resulting from both rotations and
translations, are computed. Through the utilization of a system of linear equations and a calibration matrix, we derive estimations for
the five motion parameters. Comparison between the actual movements and the movements calculated from simulation by inverting
the matrix equation is shown in Fig. 10. Fig. 10(a) shows the 7 sets of estimated parameters where there are no zero terms in the
actual movements in any direction. On the other hand, in Fig. 10(b) a few zero terms in the actual movements in translation or
rotation are included. In both cases, actual and estimated movement parameters have a reasonably good agreement.

Without adding any noise voltage to the changes in induced voltage, the estimated movements parameters have maximum errors
in translations (~ 0.3 mm) and in rotations (~ 0.05°), as shown in Fig. 11(a). In this case the actual translation is 10 mm and rotation
is 5°.
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Fig. 10. The real motion parameters compared to the parameters obtained through numerical simulation by assessing alterations in the voltage induced within the
coils as a result of the coils’ translation and rotation while the x-, y-, and z-gradients are applied. (a) Data shows the actual and estimated movement parameters where
there is no zero terms in the actual movements. Rows A and E represent actual and estimated movements, respectively. Columns 1 and 2 are for rotation about the
x- and y-axes, respectively, while columns 3, 4, and 5 represent translation along the x-, y-, and z-axes. There are five sets of movement parameters, each consisting
of five parameters (two for rotation and three for translation). (b) Data represents actual (black) and estimated (red) movement parameters where there is a few zero
terms in the actual movements. There are five sets of movement parameters, each consisting of five parameters (two for rotation and three for translation). The unit
of the error bar is degrees (for rotation) or mm (for translation).
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Fig. 11. In the illustration, Rx and Ry stand for rotation, while Tx, Ty, and Tz stand for translation. (a) Errors in the calculated motion parameters derived from
induced voltages in the coils caused by translation and rotation in the absence of added noise voltages. Estimated inaccuracies in the Position and Orientation in Space
Estimation (POSE) resulting from calculated induced voltages due to translation and rotation with incremental noise levels ranging from (0-20 pV) in (b). (b) and
reducing noise level (0-10 pV) in (c). The unit of error bar is degree (rotation) or mm (translation).

A random noise voltage ranging from 0-20 puV is introduced into the computed voltage, as a result errors are observed in the esti-
mated parameters that are shown in Fig. 11(b). A reduced random voltage, 0-10 nV is added and the errors in estimated parameters
are calculated and represented in Fig. 11(c). In spite of the addition of a random noise voltage (0-10 uV), the voltage data gives us a
good estimation of the change in POSE of the coils. Even after, addition of noise voltage (0-20 uV) estimated parameters do not blow
up.

For planar coils, there is no voltage induced in the coils 4 and 5 during execution of an x-gradient and in the coils 1 and 3 during
execution of an y-gradient due to translation along the x-, y- and z-axes and rotation about the x-, y- and z-axes. Moreover, no voltage
is induced in any coils due to z-rotation.
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Fig. 12. (a) A circular loop centered at the origin in the xy-plane. (b) A closed circular loop with a location vector r and a sensitivity vector S, with a perimeter of
length / and an infinitesimal element of length d/ (zoomed-in portion). d/ (d,, dl, and d!,) resolved in three mutually perpendicular directions.

To evaluate the feasibility of the simulation, a pilot experiment was conducted. The system performed well, as demonstrated
by an example of the gradient pre-pulse obtained from coil C1 during the execution of x-gradients, shown in Fig. 13. To assess the
presence of any distortion or artifacts in the signal picked up by the coils, we also tested the system using the EPI sequence. Fig. 14
shows a representative EPI signal obtained from coil C1.

5. Discussion

Electromagnetic tracking, often referred to as EMF-based motion tracking, is a method that employs electromagnetic fields for
monitoring the movement of a solid object, such as the human head, within an MR scanner. This technique has several advantages
over other motion tracking methods, such as optical tracking or accelerometer-based tracking, including the ability to track motion
in real-time, without the need for line-of-sight, and without interfering with the MR image acquisition process.

Several studies have investigated the use of EMF-based motion tracking in MRI, and have shown promising results. For example,
a study by Kober et al. [24] compared the accuracy of EMF-based tracking with optical tracking in a group of healthy volunteers
performing head movements inside an MR scanner. They found that the EMF-based tracking was highly accurate, with a mean error
of less than 0.5 mm for translation and less than 0.5 degrees for rotation.

Another study by Zaitsev et al. [16] evaluated the feasibility of using EMF-based tracking for real-time motion correction in
functional MRI (fMRI). They found that the EMF-based tracking was able to detect head motion with high accuracy and could be
used to implement real-time motion correction during fMRI scans, which led to improved image quality and reduced artifacts.

Despite these promising results, there are some limitations to EMF-based tracking, including sensitivity to metallic objects, poten-
tial for interference with other devices, and the need for careful calibration to ensure accuracy. However, ongoing research is aimed
at addressing these limitations and improving the performance of EMF-based motion tracking in MRI.

In this preliminary study, circular coils were generated in a specific plane as shown in Fig. 12(a). Additionally, circular loops
were generated in the xy, yz, and zx planes. The change in voltage induced within the coils was calculated due to translation and
rotation caused by the application of x-, y-, and z-gradients.

A system of five coils was generated in the planes of a cubic box, as shown in Fig. 3. Coils C;, C,, and C; are sensitive to
x-translation, while coils C;, C4, and Cs are sensitive to y-translation, and all five coils are sensitive to z-translation during the
execution of x-, y-, and z-gradients. Additionally, coils C;, C4, and Cs are sensitive to x-rotations during the execution of y- and
z-gradients, while coils C;, C,, and C; are sensitive to y-rotation during the execution of x- and z-gradients. None of the coils is
sensitive to z-rotations during the execution of any gradient. The sensitivity of the coils to translation along the three axes and
rotation about the three axes during the execution of x-, y-, and z-gradients is summarized in Table 2.
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Fig. 13. Data represents the change in induced voltage during execution of gradient pre-pulses along/about RL, AP and FH axes. The change in induced voltage
recorded on coil C; due to translation along the RL.
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Fig. 14. The EPI signal from coil C; was acquired during the execution of an RL-gradient pre-pulse, which induced translation along the x-axis.

Table 2
Sensitivity of the planar coils with respect to the movements and the applied gradients.

x-translation  y-translation z-translation x-rotation y-rotation z-rotation

x-gradient  C,; 0 G, Gy Cy, Gy, Cs 0 0
y-gradient C, C,, Cs 0 C;, Gy, Gy 0
z-gradient  C,, Cy Cy, Cs C C,ChG  C,G, G 0

Linear fitting was performed to relate The change in voltage induced within the coils with the change in POSE of the coils,
yielding a system of linear equations (Ax=V) with a calibration matrix A. The slopes of the graphs were used to form the calibra-
tion/coefficient matrix, which was then pseudo-inverted (‘pinv’) to estimate the changes in movement parameters. While z-rotations
cannot be estimated accurately using this method, the other five movement parameters can be estimated with reasonable accuracy.
Although noise voltages can affect the estimated parameters, experiments have shown that random noise voltage ranging from O to
20 pV produces acceptable errors in the measured voltages.

Voltage fluctuations within the coils are computed to gauge alterations in position (POSE). To gauge how noise voltage affects
the estimated motion parameters, we introduce random noise voltage into the calculated voltage, then re-estimate the parameters.
It’s worth noting that when the z-gradient is applied, the change in coil-induced voltage due to rotation around the x and y axes
is quadratic but relatively insignificant compared to other translation and rotation alterations. In this scenario, the voltage change
resulting from x and y-axis rotation is much smaller than the voltage change due to translation. Furthermore, the change in induced
voltage closely approximates the noise voltage, making the linear voltage change more prominent than the quadratic change.

Even when there’s substantial translation (a few centimeters), the fluctuations in coil-induced voltage exhibit a linear relationship.
Likewise, when rotating around the x and y axes, the changes in coil-induced voltage while applying x and y gradients follow
a linear pattern in relation to the rotation angle. However, when executing the z-gradient, the changes in coil-induced voltage
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become quadratic. This linear behavior of voltage changes caused by translation and rotation enables accurate calibration of these
movements. In cases of significant rotation (>5°), the linearity diminishes, but it’s still possible to reasonably estimate motion
parameters for rotations up to 10° using any of the methods available. Within the bounds of linearity, precise estimation of changes
in POSE (Position and Orientation in Space) of the coils is feasible. Nevertheless, there are certain constraints, such as dealing with
substantial rotations and the attachment of coils to the head. It is assumed that extensive rotations within head coils are unlikely,
which may limit the applicability of these results in extreme scenarios. Ongoing experimental research is being conducted on this
methodology [49,50].

While there is no universally accepted gold standard method for motion tracking techniques, several established methods have
been developed that offer partial solutions to the problem. Among these methods, optical motion capture systems are considered to
be one of the best. Although they can provide accurate estimates up to 1 mm, they require the line of sight of the marker, which may
limit their application in some settings.

This simulation relies on intrinsic gradients and necessitates only MR-compatible EEG equipment as supplementary hardware.
It operates without the need for a direct line of sight or sequence adjustments and can provide POSE estimations of comparable
precision to well-established methods.

To verify the precision and dependability of our simulation approach of EMF-based motion tracking, we used predetermined data
consisting of specific movements along the six degrees of freedom, including translation along x, y, z and rotation about x, y, z.
We evaluated the accuracy of our approach by testing whether a generalized linear model (Ax=V) could accurately estimate the
POSE of the head for a variety of data sets. Since this is a preliminary study, we have assessed the accuracy of our approach using
the root-mean-square error (RMSE) metric. The uncertainty associated with our estimates has also been quantified using the RMSE
metric [30].

Another limitation is the effect of noise voltage on the accuracy of the induced voltage measurements in the coils. To test this, we
added random noise voltage to the induced voltage signals and found that even with the addition of 20 uV of noise, the model was
still able to accurately estimate the movement parameters.

We utilized predetermined datasets consisting of specific movements along the six degrees of freedom and estimated the move-
ments using the calibration matrix A from the Ax=V system of linear equations to verify the precision and dependability of our
simulation approach. In addition, we conducted experiments (unpublished) to assess the impact of noise voltage on the accuracy of
the induced voltage measurements in the coils. Although these methods indirectly demonstrate the stability and consistency of our
simulation approach for head motion tracking inside an MR scanner, further testing and evaluation may be necessary to fully assess
its robustness and sensitivity. However, coil sensitivity was studied in theory [30].

The results obtained from the pilot experiment are promising, as no artifacts, distortion, or phase shift were observed in either
the gradient pre-pulse or EPI sequence.

Overall, Our method (EMF-based motion tracking without sequence modification) is a promising technique for improving the
accuracy and reproducibility of MRI scans, particularly in studies involving motion-sensitive imaging techniques such as fMRI.

6. Methods

In this study, the simulation was conducted using a 3T MR scanner, which is a commonly used field strength for clinical imaging.
The native gradients of the MR scanner were considered in the simulation, which are responsible for producing the magnetic field
gradients necessary for spatial encoding of the MR signal. Additionally, gradient pre-pulses were also taken into account in the
simulation. The POSE of the subject within the MR scanner and the comfort of the patient were taken into consideration during the
simulation.

A circular coil in the specific plane is generated to calculate the variation in induced EMF in the coils during translations along
the x-, y- and z-axes during time varying x-, y- and z-gradients. A system of five coils confined to four of the surfaces of a cube is
generated and the same calculations are done for the five coils. A linear model is used to estimate the change in POSE of the coils
from the calculated induced voltage changes.

The graphs and figures were generated using MATLAB version 9.2 (R2017a) by The MathWorks Inc., located in Natick, Mas-
sachusetts. The errors in the estimated parameters were calculated using predetermined parameters as well as the root-mean-square
error (RMSE).

6.1. Simulation parameters

A few parameters are used for simulations of the voltage induced in a loop. These are: the number of turns in each loop n; the
radius of the loop R, the amplitudes of the x-, y- and z-gradients G,, G, and G, the frequency (w) at which the gradient changes
in time, the number of points around the loop N. The translations along the x-, y- and z-axes are 6x, 6y and 6z respectively, the
rotations about the x-, y- and z-axes are 6¢,, 6¢, and 6¢, respectively. In this study the number of turns are taken n=10, radius R
= 20 mm; the gradient amplitudes G, = G, =G, =G =0.636 %1073 T/m, frequency w = (27 x 1000) Hz, (% =4 T/m-s), number
points around the loop N = 200, maximum translation along the x-, y- and z-axes 6x = §y = 6z = 10 mm and maximum rotation
about the x-, y- and z-axes §¢, = 6¢, = ¢, = 5°.
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6.2. EMF in a circular coil

A circular loop is formed from a small set of line elements in a given radius, as shown in Fig. 12 (a), where O is the center of
the loop. One can obtain the alteration in induced EMF in the loop during translation, rotation and change in size of the loop in a
time-varying magnetic-field gradient.

To describe rigid body movement completely one has to handle six movement parameters, three are for translation and three are
for rotational motion.

The voltage is calculated by numerical integration of the vector potential, A, over a closed circular loop shown in Eq. (1). Let us
consider a closed circular loop of circumference I and an infinitesimal length of the circumference is dl, where dl = idl, + fdly + kdl,,
as shown in Fig. 12(b).

In Fig. 12(b), C is the center of the loop, r is the location vector, S is the sensitivity vector, i.e. a vector normal to the surface of
the loop and M is the mid-point of the infinitesimal length of the loop. For simulation, N points are taken round the circumference
that gives us N infinitesimal elements. The vector potential is determined or computed at the halfway point of every element. By
summing up the contributions from all the elements the total induced voltage in the loop is calculated due to the execution of the
time-varying magnetic field gradients along the x-, y- and z-directions. The general equation for change in induced voltage in a coil
due to the applications of the magnetic field gradients is given as follows (Eq. (18)):

V:ZI/gx+ng+ng, (18)

where subscripts g,, g, and g, indicate the x, y and z-gradients respectively.
6.3. Movement parameters

A calibration matrix is formed by using the slopes obtained from the linear fittings of the system of linear equations. To estimate
the movement parameters, both cued and random movements of the coils are performed, and the changes in the induced voltage in
the coils are calculated. The pseudoinverse (using the ‘pinv’ function built-in to MATLAB 2017a) is used to estimate the movement
parameters from the calculated changes in induced voltage. To evaluate the robustness of the method, random noise voltages of
magnitudes 0-10 uV and 0-20 pV are added, and the estimated movement parameters are compared to the known values.”

6.4. Viability of simulation and modeling

We conducted evaluations on our system to ascertain its capability to measure induced voltage in the coils without disruptions
caused by artifacts, distortions, or changes in phase. To assess this, we performed a preliminary experiment where we measured
alterations in induced voltage in a coil resulting from translation or rotation along the x-, y-, and z-axes while executing three
gradient pre-pulses. Additionally, we assessed our system’s performance using the EPI sequence.

7. Conclusion

A new method has been developed in this initial study to track the movement of a rigid object (the head) within an MRI scanner
by detecting alterations in EMF induced in coils mounted on the head, when they are in a specific spatial plane. This approach is
quick and compatible with the MR system, relying on the coils’ geometry and the magnetic field gradients that vary over time. The
software is relatively easy to use and can accurately measure position with an error of approximately ~ 0.3 mm and orientation
with an error of around ~ 0.05°. While it was designed with EPI pulse sequence and fMRI in mind, in principle it can be adapted
to any MRI application where rigid body motion is visible. There is no need to modify clinical MR sequences to use this EMF-based
tracking system. By transmitting six rigid-body motion parameters to the pulse programmer, prospective motion correction could be
implemented by monitoring head movement inside the MR scanner.

Overall, EMF base head movement tracking inside MR scanner shows promise as a technology that can greatly improve the
accuracy and reproducibility of MRI scans. However, the system’s accuracy and reliability depend on various factors such as coil
design, calibration procedures, and experimental controls to ensure the results’ validity. Further research is necessary to optimize
the EMF base head movement tracking technology and assess its effectiveness in different clinical settings. Nonetheless, the potential
benefits of this technology make it an encouraging research area for enhancing MRI scan quality and efficiency.

Abbreviation

+ DWL diffusion-weighted imaging

« EEG: electroencephalography

« EM: electromagnetic

« EMF: electromagnetic field

« EPI: echo planar imaging

+ fMRI: functional magnetic resonance imaging
+ MR: magnetic resonance
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« MRI: magnetic resonance imaging

+ MPRAGE: magnetization prepared rapid gradient echo
+ NMR: nuclear magnetic resonance

» POSE: position and orientation

+ RL: right-left
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