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ABSTRACT To determine head pose within an MR scanner using measurements of gradient-induced
voltage from a multiple coil. A practical implementation of this approach would involve measuring the
position-sensitive voltages induced by the imaging gradients rather than additional gradient pulses. This
would speed up the model formation phase and increase the temporal resolution of position monitoring.
We propose a novel method to measure the gradient-induced voltages in a set of five coils to estimate the
position and orientations (POS) into MR scanner. A training set of measurements was first made and then
Principal Component Analysis (PCA) was applied to the POS data estimated by using Statistical Parametric
Mapping (SPMS8), and the principal components were collected into a design matrix. Experimental data
were collected and then the coefficients derived from the training set were used to estimate the POS changes
and the results compared to movement parameters found using image co-registration. The changes in POS
estimated from SPM8 co-registration and from the measured voltages for the phantom and the subject.
The differences in the positions were estimated by using SPM8 and the model relating the change in
induced voltages to position. The range and root-mean-square (RMS) amplitude of these differences for
the phantom/subject data. The results suggest that it is possible to estimate the position and orientation with
0.22mm and 0.24° root-mean-square error using this set-up. The new approach could be used for prospective
or retrospective motion correction.

INDEX TERMS Head motion, gradient pre-pulse, coils array, time-varying gradient, multivariate analysis,
general linear model, motion tracking.

I. INTRODUCTION

Despite MRI advancements, patient movements during scans
remain a challenge. About one in five MRI scans needs
repeating due to motion, increasing healthcare costs by nearly
$1 billion [1] [2]. The issue is common in non-compliant
patient groups: children, infants [3], [4], trauma/stroke
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patients [5], those with anxiety, pain, or movement disor-
ders like Parkinson’s [6], and patients with Alzheimer’s [7],
Huntington’s [8], and multiple sclerosis [9]. Using motion
correction techniques could cut costs, making MRI more
accessible, and benefiting more people.

In functional MRI (fMRI) time series, movement between
consecutive acquisitions of the same slice leads to image
mis-registration which can produce spurious activation
in fMRI data. In anatomical MRI, movement between
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acquisitions of different data segments in k-space (the
Fourier domain) generates image artefacts [10]. If move-
ment information is recorded and processed during the
image acquisition it is possible to adjust the image acquisi-
tion geometry [10] in “real time” so that the artefacts are
eliminated.

Several techniques [11], [12], [13], [14], [15] have been
developed to monitor head motion during MRI scans, includ-
ing optical tracking, small NMR coils, real-time intra-volume
motion correction with active markers [16], head position
prediction during rapid subject motion [17], real-time slice-
by-slice motion correction for fMRI in freely moving subjects
[18], and combining prospective motion and distortion cor-
rection for EPI [19].

Optical methods include laser systems [20], [21], opti-
cal fibers [22], and camera systems. Optical tracking work
began with the use of out of-bore camera systems by
Zaitsev et al. [23], but it has now moved to in-bore camera
systems. Methods successfully used for motion correction
include out-of-bore stereo camera systems [18], [23], out-
of-bore single camera systems [24], in-bore single camera
systems [11], [25], and in-bore systems with multiple cam-
eras [26], [27]. Schulz et al. [28] used a novel home-built
optical embedded tracking system for motion-corrected mag-
netic resonance imaging at 7T. On the other hand, Formana
et al. [29] used a novel self-encoded marker to overcome
the limited tracking range of the head position inside the
camera’s narrow field of view (FOV). Almost all optical
systems require a marker, which must be rigidly attached to
the head. Researchers are now trying to develop markerless
optical tracking [30], [31] systems, since this will form an
ideal technique from a patient handling perspective.

Field detection methods have a long history in MRI.
Although Dumoulin et al. [32] pioneered developments
in this area; this method was first introduced by
Ackerman et al. [33]. A study of slice-by-slice prospective
motion correction using such a system was published by
Derbyshire et al. [34]. Recent implementations, such as that
of Ooi et al. [35], [36] characterize the RF coil/material
combination as ‘“‘active markers.” Active markers have been
used for prospective motion correction in structural brain
scans [35] and in echo-planar imaging (EPI) [36]. A similar
technique recently applied to measure gradient waveforms
by Barmet et al. [37], [38], who decouple tracking from MR
imaging by using RF-shielded probes and separate trans-
mit or receive chains. Micro radio frequency coil ‘“‘active
markers” have also been used by [38] for real-time slice-
by-slice prospective correction. Recently Melvyn et al. [39]
used inductively coupled wireless radio frequency (RF) coils
(wireless markers) for position tracking. Lei et al. [40] used
an array of intra-cavity imaging coils for prospective motion
correction. In Refs. [35], [36], marker fixation was achieved
by attaching the coils to a headband worn by the subject has
a slight disadvantage over optical methods here, as the active
markers (and hence the subject) are connected to the scanner
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by wires, which makes patient handling more difficult and
could perhaps increase the patient’s anxiety levels.

Navigator methods are a more traditional way of obtaining
object position information during MRI. Recent examples
include navigators operating in k-space, such as cloverleaf
navigators [41], orbital navigators [42]. Cloverleaf navigators
[41] can be used to measure and correct rigid body motion
and associated first-order shim changes in real time. Spherical
navigator echoes [43] use a 3D spherical navigator (SNAV)
echo technique that can measure rigid body motion in all six
degrees of freedom simultaneously by sampling a spherical
shell in k-space. None of the existing methods is perfect,
and the best choice of method will depend on the relative
importance of the three criteria: high accuracy and precision,
no patient interaction, and sequence independence [17].

Besides these methods, there are image-based tracking
methods, such as PROMO [44] or EPI navigators [45], [46],
Sparsity and Kalman Filtering [47] and PROPELLER [48].
These require longer acquisitions than k-space navigators but
allow the user to define the region of interest for motion quan-
tification, thus avoiding non-rigid regions (e.g., the neck).
Alternatively, it is possible to detect, but not quantify, motion
by comparing the relative intensity of a free induction decay
signal between multiple receive coils [14].

Although difierent techniques have been developed for
preventing motion artefacts, in the case of clinical scanning
none of the methods work adequately at present. All these
methods have advantages and disadvantages. Optical tracking
is accurate and fast, but costly and requires line of sight
access to the head, whereas the navigator methods are fast,
but require imaging sequence modification. On the other
hand, image-based tracking is accurate, but slow. Some of
the methods require additional hardware. The challenge is
to track involuntary movements of the patient’s head in an
MR scanner. In this study, we aim to track involuntary head
movement by measuring the voltages induced by gradient
switching in a set of coils attached to the head. By considering
the human head as a rigid body this will allow us to apply
prospective motion correction in MRI.

This study proposes using a set of inductive coils woven
into a cap placed on the scalp to measure motion. This will
be accomplished by monitoring the voltages induced in the
coils by the time-varying magnetic field gradients applied in
the MRI sequence and relating the changes in the induced
voltages to changes in head position and orientation. The
voltages can be recorded by connecting an EEG amplifier to
the coils.

Previous work has suggested that head movement can
be monitored by using measurements of the change with
respect to position of the voltages induced in a set of coils by
time-varying magnetic field gradients [49], [50], [51], [52].
Particularly, in high field MRI the image resolution can be a
less than a millimeter and even such a very small movement
can cause substantial artefacts [28]. In recent years many
motion correction techniques have been suggested, but none
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of the devices or methods proposed so far produces a work-
able solution for clinical use. The use of gradient-induced
voltages in coils attached to the subject has potential advan-
tages over other motion monitoring techniques [10], [35],
[50], as it does not require line-of-sight access to the subject
or significant modification of the imaging sequence.

This study firstly focuses on optimization of gradient
pre-pulses for position monitoring. A drift is observed in the
voltages recorded from the EPI pre-pulses using the coils.
It is found to depend mainly on the time delay between
pulses. This study also checked the TR dependency of the
voltages due to EPI pre-pulses. This was done by measuring
the voltage induced in the coils by three gradient pre-pulses
successively applied on the RL, AP and FH axes with varying
delays between the pulses.

Secondly, this study evaluates the use of principal compo-
nent analysis (PCA) for simplifying the process of fitting the
measured voltages to the head movement. PCA is probably
the most popular multivariate statistical technique, which
uses sophisticated underlying mathematical principles and
is used in almost all scientific disciplines. It analyses a
data table in which observations are described by several
inter-correlated, dependent variables. Its goal is to extract
important information from the data, to represent it using a
new set of orthogonal variables, called the principal compo-
nents. In general terms, principal component analysis uses a
vector space transform to reduce the dimensionality of large
data sets. Using mathematical projection, the original data set,
which may have involved many variables, can often be inter-
preted using just a few variables (the principal components)
[53], [54].

The approach described here, which could be used for
prospective or retrospective motion correction, involves char-
acterizing the relationship between head pose and the induced
voltages in an initial set of imaging experiments, and subse-
quently using this relationship to calculate changes in head
position and orientation from the measured voltages. This
approach was tested by attaching five coils to a structured,
spherical agar phantom, which was then placed in a gimbal
system that allowed controlled rotation about the right-left
(RL = x) and foot-head (FH = z) directions, as well as trans-
lation in the z-direction. The approach was then evaluated
in experiments on a human subject, in which the coils were
attached to the head.

The background theory and the feasibility [55] of this
experimental work were thoroughly studied using a general-
ized linear model by Bhuiyan et al. Roth et al. [56] disclosed
a tracking system based on the gradient fields of magnetic
resonance imaging (MRI) scanners by using custom sequence
without any change of the scanner’s hardware or mode of
operation. Recently, Frost et al. [57] explored high-frequency
movement correction during imaging echo trains to com-
bine markerless head motion with prospectively corrected
neuroanatomical MRI sequence. Lauesten et al. [58] used
electroencephalography (EEG) hardware for recording sig-
nals induced by native imaging gradients for tracking head
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FIGURE 1. Set of five coils attached to (A) a spherical agar phantom (all
coils had ~ 4 cm diameter and 2 turns) and (B) a healthy human subject
(Coils 1-3 coils had ~4 cm diameter and 2 turns, while Coils 4 and 5 had
~ 3 cm diameter and 3 turns). Coils were connected to the ExG bipolar
amplifier (Brain Products GmbH) using star quad cable (Van Damme)
minimizing the induced voltage contribution from the cables. Coils are
connected to the ExG amplifier through 100k<2 resistors.

movement and estimated motion from recordings of gradient
switching. Afacan O. et al. [59] modified MPRAGE sequence
to measure motion using the EM tracking system once per
repetition time. There are some other techniques used NMR
probes [60], sensor [61] and stripe structure light [62].

Il. METERIALS AND METHODS

A spherical head phantom, a gimbal to hold the phantom and
the coils (2-turns in each) mounted onto an EEG-like cap were
used to perform the experiments. The gimbal is clamped on
to the patient’s bed and the coils are mounted onto a cap fitted
on the spherical head phantom, as shown in Figure 1(A). For
the experiments on the human subject the coils were mounted
onto a thin face mask, as shown in Figure 1(B).

In both cases, the coils are made up of copper wire of
0.224mm diameter coated with heat shrink to avoid deforma-
tion. The coils are connected to 5-channels of a 16-channel
bipolar amplifier using star quad cable (Van Damme). The
use of star quad cable reduces the magnitude of any voltages
induced in the cables by gradient switching or movement
in the BO -field. There are four cores of wires very tightly
twisted with each other and rotate over a relatively short
length. This arrangement ensures a magnetically coaxial
structure and offers significantly enhanced rejection of elec-
tromagnetic interference relative to standard two core mic
cables. The body RF coil was used for experiments on the
phantom, while a 32-channel head Rx coil was used for
experiments on the human subject. The coils were attached
to the cap/mask by sewing using thread and needle. The
coil voltages were recorded using a BrainAmp MR plus
EEG amplifier and Brain Vision Recorder software (Brain
Products, Gilching, Germany). The EEG system allowed
recording of signals in the frequency range 0.016-250 Hz
with a sampling rate of 5 kHz. The MR scanning and EEG
sampling were synchronized by driving the EEG amplifier
clock using a 5 kHz signal derived from a 10 MHz reference
signal from the MR scanner [63].
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For the initial experiments, we used an EPI sequence which
included three additional gradient pulses successively applied
along the right-left (RL), anterior-posterior (AP) and foot-
head (FH) directions, applied in the quiet periods between
slice acquisitions. Each pulse ramped-up/down over 5Sms at
4T/m-s inducing voltages of several hundreds of uV in the
coils, as shown in Figure 2.

This sequence was run with a long TR (48s) to allow
large temporal separation of pre-pulses thus limiting any
effect of vibration. In later experiments, we changed the
sequence so that a single gradient pre-pulse was applied with
each EPI slice acquisition for the gradient direction cycling
RL—AP—FH across successive volume or slice acquisi-
tions. This allowed us to reduce the TR to a more realistic
value of 2s.

The voltage changes in the coils and their linear fittings
in case of translation along the z-axis for the x-gradient pre-
pulse is shown in Figure 3. Slopes are obtained from linear
fits. Again, the change in induced voltage in the coils due
to sequential rotation about the z-axis for a range of —10
to 4+10° is linear with respect to rotational angle. Linearity
does not break for a wide range of rotations about the x-
and z-axis. On the other hand, linearity persists for any range
of translation along the z-axis. Figure 3 shows the voltage
change in the coils and their linear fits. It is interesting that
linearity persists for a wide range of rotations ranging from
—10 to 4-10°.

From image realignment using SPMS, the movement
parameters are obtained for three movements (head-nod,
headshake, and z-translation). The change in induced volt-
age in the coils versus movement parameters obtained from
image realignment is plotted and the corresponding slopes
are determined from linear fittings of the voltage. By using
these slopes, a 9 x 3 matrix is formed which is known as A.
A system of linear equations is formed in the matrix form as
8V = Aér, where §r = [6z, 66, §¢] and §V = [§Vz, §V6,
SVl

In the case of EPI pre-pulses applied in conjunction with
a long TR period (TR = 48s), the position (x, y and z) and
orientation (6, ¢ and v) of the phantom was also measured by
using SPM8 to co-register gradient echo (GE) images [(1.5 x
1.5 x 1.5) mm? resolution; FOV = (240 x 240 x 96) mm?;
144s acquisition time for 2 dynamics]. For the human subject,
the poses were also measured by using GE-EPI images of
(3.0 x 3.0 x 3.0) mm? resolution; FOV = (240 x 240 x
96) mm?; 624s acquisition time for 12 dynamics.

For the repetition of pre-pulses in each dynamic and with
a short TR period (TR = 2s), the positions (X, y, and z) and
orientations (6, ¢, and 1) of the phantom were also measured
by co-registering images acquired during the experiments
using the Statistical Parametric Mapping toolbox (SPM&). 3D
gradient echo images with resolution (3.0 x 3.0 x 3.0) mm?3
resolution; FOV = (240 x 240x 60) mm?3; scan duration 366 s
were used for the phantom, whereas the EPI images of (3.0 x
3.0 x 3.0) mm?; FOV = (240 x 240x78) mm?; 26 slices in
each dynamic were used for the subject.
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Before performing the experiment on phantom or on
human subjects, the volunteers were given instructions
regarding the nature of the movements during the model for-
mation period (cued movement) and the experimental period
(random movement).

A. MULTIVARIATE ANALYSIS

Multivariate analysis is used here to avoid the risk of
over fitting and reduced the dimensionality of the move-
ment parameters obtained from image co-registration by
using SPMS. For this purpose, a training set of measure-
ments was first made while the phantom/head was translated
along the z-axis and then rotated about the x- and z-axes.
Principal Component Analysis was applied to the position
data estimated using SPM8 to identify the combination of
parameter changes that best characterized the movements,
and three (three movements are dominating: axial transla-
tion, headshake, and head-nod) principal components were
then collected together into a design matrix along with a
baseline term. A general linear model (GLM) is used to
form the design matrix. The design matrix was fitted to the
measured voltages (voltages were measured from 5 coils
for three gradient pre-pulses, yielding 15 independent volt-
age measurements) using a pseudo-inverse to determine the
coefficients relating the co-ordinate changes and induced
voltages. Experimental data were then collected while the
subject/phantom underwent random changes in position.
The coefficients derived from the training set were used to
estimate the position changes and the results compared to
movement parameters found using image co-registration. The
whole process is summarized in the flow diagram shown in
Figure 4.

Ill. RESULTS

In initial experiments, we found that vibration produced by
early pre-pulses affects the recording of voltages from later
pre-pulses because any coil rotation in the strong Bo-field
produces additional induced voltages. By varying the time
delay between pulses as well as the TR one can optimize the
pre-pulses.

Time delays between the pre-pulses of 100ms, 200ms,
400 ms and 500ms were tested. It is tested for TR values of
7.5s and 10s by taking 10 slices per TR period. From analyz-
ing the voltages induced by the pre-pulses one can conclude
that the drift observed in the voltages due to the pre-pulses
mainly depends on the time delays between pre-pulses rather
than on the TR. One can reduce the drift in the expected
recorded voltage pulse shapes by tuning the time delays
between pulses. In this work, we found that an inter-pulse
delay of 400ms gave acceptable results.

A. MODEL FORMATION

Here, twelve measurements were made with the phantom
first rotated about the x-axis and then about the z-axis,
before being translated to different z-positions. Principal
Component Analysis was applied to these data to identify
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FIGURE 3. Experimental data indicates induced voltage change in the coils and their linear fittings. (A) The change in induced voltage in the coils due
to x-translation during the execution of x-gradient and their linear fittings. (B) The change in induced voltage in the coils due to z-rotation during the

execution of x-gradient and their linear fittings.

the combination of parameter changes that best character-
ized the movements, and three principal components were
then collected into a general linear model that was fitted
to the measured voltage changes. Three measurements were
subsequently left out of the model formation phase and the
resulting model used to identify the phantom position from
the voltage measurements. The results were then compared
to parameters identified using the SPM8 registration.

In Figure 5(A), a graphical representation illustrates a
dataset composed of 12 data points, with each category
of movement parameters (head-nod, headshake, and axial-
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translation) contributing 4 data points. The focus is on three
principal component analysis (PCA) components. Notably,
three points (specifically the 3rd, 7th, and 11th) have been
excluded from this presentation.

In Figure 5(B), the emphasis shifts to showcasing the
disparities or errors that arise when comparing parameters
estimated using coils versus those obtained using SPMS. This
figure captures the intricacies of the differences between the
two methodologies.

Figure 5 shows important observation. The initial quar-
tet of data points in this figure represents the influence of
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FIGURE 4. Flow diagram for multivariate analysis.

x-rotation, while the subsequent set of four points delves into
the impact of z-rotation. The final set of points within this
visualization pertains to the z-translation effects observed in
the context of the spherical head phantom. This visualization
allows for a comprehensive understanding of the dynamics
and discrepancies between the methods employed, offering
insights into the study’s findings.

B. RECORDINGS FOR LONG TR PERIOD

1) PHANTOM

The construction of the model involves the incorporation of
data collected at twelve distinct time-points throughout the
model formation phase, during which controlled movements
are executed. Subsequently, during the experimental phase,
a total of fourteen data points is captured, corresponding
to fourteen random movements of the phantom. The data
from the model formation phase are meticulously analyzed to
enable the prediction of the positions of the fourteen points
recorded during the experimental phase. The outcomes of
this prediction process are depicted in Figure 6(A), which
offers a visual representation of the achieved results. Addi-
tionally, Figure 6(B) provides a comprehensive visualization
of the errors associated with the estimated parameters, offer-
ing valuable insights into the accuracy and robustness of the
model’s predictions.

2) SUBJECT
In this particular scenario, the model is developed with a
comprehensive structure comprising seven distinct points.
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y

X, Y, Z, yaw, pitch, roll

Among these, one point represents the initial position,
while the remaining six correspond to controlled movements
encompassing axial-translation, headshake, and head-nod.
Specifically, there are two points allocated to each of these
controlled movements during the model formation phase.
Subsequently, during the experimental phase, five points are
sampled to correspond to five random movements executed
by the subject’s head.

In a manner analogous to the approach used during
the model formation phase, a comparable methodology is
employed to predict the five points associated with the exper-
imental phase, but exclusively for the three PCA directions.
This predictive process is visually presented in Figure 7(A).
Conversely, Figure 7(B) visually illustrates the discrepancies
or errors observed in the estimated parameters.

Notably, when focusing on the model formation phase
(depicted solely in Figure 5), the model demonstrates excep-
tional precision in fitting the excluded points. Furthermore,
the differences noted between the estimated parameters
are exceptionally small, with translation discrepancies not
exceeding 0.4 mm and rotational discrepancies remaining
under 0.3 degrees. This model’s remarkable capabilities are
further highlighted by its successful utilization in accurately
estimating both the position and orientation of an object
within the MRI scanner. This estimation is achieved with a
high degree of accuracy, ensuring that the achieved precision
remains within 0.7 mm and 0.3 degrees.

To summarize, the findings indicate a robust agreement
between the estimated parameters derived from SPM8 and
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FIGURE 5. Data represents the movements parameters estimated by measuring the changes in induced voltage in the coils by time varying
gradient magnetic field. Parameters estimated by using the induced voltages (°) and SPM8 (x). 12 data points are estimated for 4 consecutive
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form the model, which is then applied to find position for the 12 data points are shown in (A) for the phantom. The difference (x) between
the parameters estimated with the coils (°) and using SPM8 (x) is shown in (B) for the phantom.

those obtained from induced voltages, highlighting a strong
linear relationship between the amplitudes of induced volt-
ages and their respective positions and orientations. During
the model formation phase, the model’s predictive capa-
bilities are demonstrated by accurately forecasting object
positions at excluded time-points. Notably, the disparities in
estimated parameters remain minimal, with translation dis-
crepancies not exceeding 0.4mm and rotational variations not
exceeding 0.3 degrees. This model is effectively harnessed to
precisely determine the position and orientation of an object
within the MRI scanner, achieving an impressive accuracy of
0.7mm and 0.7 degrees.

The standard errors in estimated positions for both the
phantom and the human subject are consolidated in Table 1.
The data underscores the remarkable precision of this
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approach, with errors in translation for the phantom being
within 0.66mm and rotational errors within 0.67 degrees.
Similarly, for the human subject, translation errors remain
under 0.99mm, and rotational errors are contained within
0.89 degrees. Specifically, the results from the phantom
demonstrate the potential to achieve estimates of position
and orientation with a root mean square (RMS) error of less
than 0.21mm and 0.23 degrees. Likewise, for the human
subject, the model showcases its capacity to provide esti-
mates of position and orientation with an RMS error of
less than 0.22mm and 0.24 degrees, even for head move-
ments within the range of +4mm/degrees (as detailed in
Table 1). These outcomes underscore the effectiveness of
the proposed approach in accurately determining object posi-
tions and orientations within the MRI environment, fostering
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FIGURE 6. Change in position and orientation for phantom (A). Data collection was split into a model-forming period during which positions were
successively adjusted along/about a particular axis and an experimental period during which positions were randomly varied. The changes in
voltages with position were characterized using data from the model-forming period. This characterization was used to estimate the position
change from the voltage recordings collected during the whole experiment. The differences (x) between the position estimated with the coils (°)

and using SPM8 (x) is shown in (B) for the phantom.

confidence in its applicability for diverse experimental
scenarios.

C. RECORDINGS FOR SHORT TR PERIOD
For these experiments, we used an EPI sequence which
included one gradient pre-pulse which was cycled across the
image volume or slice acquisition along the right-left (RL),
anterior-posterior (AP) and foot-head (FH) directions. Each
pulse ramped-up/down over 2ms at 4Tm~! s~! inducing
voltages of several 100V in the coils.

The positions (x, y, and z) and orientations (6, ¢, and
) of the head/phantom were estimated by measuring the
induced voltages in the coils and measured by co-registering
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images acquired during the experiments using the Statistical
Parametric Mapping toolbox (SPM8). The EPI data (3 x 3 x
3) mm?> resolution, FOV = (240 x 240x60) mm? for the
phantom and FOV = (240 x 240x76) mm? for the subject
was used for image registration in this case.

Voltage measurements were made due to cued axial-
translation, headshake, and head-nod and for a set of random
movements. Data recorded during movement instances were
excluded due to artefacts caused by induced voltage in the
coils resulting from rotation in the strong BO field. 2 axial-
translations; 2 head-shake rotations and 2 head-nod rotations
were used to form a model and then 5 random movements
were made, and the position changes due to the random
movements were predicted from the model.
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FIGURE 7. Change in position and orientation for subject (A). Data collection was split into a model-forming period during which positions were
successively adjusted along/about a particular axis and an experimental period during which positions were randomly varied. The changes in
voltages with position were characterized using data from the model-forming period. This characterization was used to estimate the position change
from the voltage recordings collected during the whole experiment. The differences (x) between the position estimated with the coils (°) and using

SPM8 (x) is shown in (B) for the subject.

Phantom: Single Pre-pulses per Slice Acquisition
Cycled over Volume Acquisition

The recordings were obtained using imaging parameters
including a repetition time (TR) of 2000 ms, consisting of
180 volumes and 20 slices in each dynamic acquisition.
Among these volumes, those corresponding to instances of
movement were isolated from the acquisition. Averaging
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was performed across three consecutive RL (Right to Left),
AP (Anterior to Posterior), and FH (Foot to Head) gradients.
This preprocessing resulted in a refined dataset of 49 vol-
umes, a reduction from the initial 60 volumes, as illustrated
in Figure 8. Notably, data points were specifically selected to
account for axial translation, head shake, head nod, as well as
five distinct random movements.

VOLUME 11, 2023



E. H. Bhuiyan et al.: Novel Approach to Monitor Head Movement Inside an MR Scanner

IEEE Access

)
i
g
S
=
E
&
8
@
= i
o
1]
o a
e
a8
m -
E
g -10 Model Experiment—————— Yool
R
-12 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55
N Image Number
- | | 1 I 1 1 | I I
g B
o
S 05 .
E
E
3
3z O &
E
&
g
B-05 6
© Ay
E Az
@ =AY
= | Model ¥ EXPErime N t—1- A
B \-/ -’I:'H.'.‘
ut-l 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55

Image Number

FIGURE 8. Measurements were made with short TR (TR = 2s) during scanning of the spherical agar phantom with a single pre-pulse applied per slice
acquisition and the direction of the pre-pulse gradient cycled across volume acquisition. Changes in position and orientation for phantom (A). Data
collection was split into a model-forming period during which positions were successively adjusted along/about a particular axis and an experimental
period during which positions were randomly varied. The changes in voltages with position were characterized using data from the model-forming period.
This characterization was used to estimate the position change from the voltage recordings collected during the whole experiment. The differences (x)
between the position estimated with the coils (°) and using SPM8 (x) is shown in (B) for the phantom.

In Figure 8, a set of 30 data points was employed
to establish the model. This model was subsequently uti-
lized to predict positions for all data points. The outcomes
revealed that the maximum translation observed was approx-
imately 9 mm, whereas the maximum rotation reached around
12 degrees. Importantly, the analysis indicated a high level
of accuracy in the results. The maximum error in translation
was found to be less than 0.4 mm, while in the case of rota-
tion, it was less than 1.3 degrees. These findings underscore
the effectiveness of the proposed methodology in accurately
assessing movements and rotations in the acquired data.
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Subject: Single Pre-pulses per Slice Acquisition Cycled
over Volume Acquisition

The gradients are applied in a cyclical manner, with a
volume-by-volume approach, where the repetition time (TR)
is set at 2000ms, and 26 slices are acquired within each
of the 180 volumes. Subsequently, 11 volumes containing
motion artifacts are excluded from the acquired data, and
the remaining data points are averaged for consecutive RL
(right-to-left), AP (anterior-to-posterior), and FH (foot-to-
head) gradients. This process culminates in 49 data points,
with the initial 30 data points utilized to establish a model.
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FIGURE 9. Measurements were made with short TR (TR = 2s) during scanning of the healthy subjects with a single pre-pulse applied per slice
acquisition and the direction of the pre-pulse gradient cycled across volume acquisition. Change in position and orientation for subject (A). Data
collection was split into a model-forming period during which positions were successively adjusted along/about a particular axis and an experimental
period during which positions were randomly varied. The changes in voltages with position were characterized using data from the model-forming
period. This characterization was used to estimate the position change from the voltage recordings collected during the whole experiment. The
differences (x) between the position estimated with the coils (°) and using SPM8 () is shown in (B) for the subject.

Using these 30 data points, a model is constructed to
estimate positions for all time points. The results of this
process are depicted in Figure 9. Interestingly, in this sce-
nario, the observed error is slightly higher than what was
observed with the phantom. Particularly, the maximum errors,
which measure 1.2 mm, are identified along the y-translation.
However, in other dimensions, the errors remain within a
range of +0.5 mm for y- and z-translations, and within
+0.5 degrees for x-, y-, and z-rotations. This outcome
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signifies a relatively accurate estimation, although certain
translational movements exhibit more pronounced errors,
especially in comparison to the less dynamic phantom-based
results.

Nonetheless, this study demonstrates the feasibility of
the methodology and its application in estimating positions
during dynamic magnetic resonance imaging, even in the
presence of motion artifacts, thereby contributing to the ongo-
ing development of reliable imaging techniques.
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FIGURE 10. Change in position and orientation for subject (A). Measurements were made with short TR (TR = 2s) during scanning of the healthy
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was split into a model-forming period during which positions were successively adjusted along/about a particular axis and an experimental period
during which positions were randomly varied. The changes in voltages with position were characterized using data from the model-forming period. This
characterization was used to estimate the position change from the voltage recordings collected during the whole experiment. The differences (x)
between the position estimated with the coils (°) and using SPM8 (+) is shown in (B) for the subject.

TABLE 1. Table showing the range and RMSE amplitude of the differences
between the SPM8, and the induced voltage estimates of position for the
phantom (calculated from 14 measurements) and the subject
(determined from 5 measurements) over the experimental periods.

Subject Phantom

Range | RMSE | Range | RMSE
X (mm) 0.66 0.15 0.99 0.20
Y (mm) 0.54 0.15 0.53 0.14
Z (mm) 0.52 0.22 0.78 0.22
Pitch (6°) 0.66 0.21 0.73 0.20
Roll (¢°) 0.18 0.02 0.75 0.10
Yaw (1¥°) 0.67 0.23 0.89 0.24

Error

Subject: Single Pre-pulses per Slice Acquisition Cycled
over Slice Acquisition

To make the approach more practical, we modified the
sequence so as to cycle the gradient pre-pulse axis across slice
acquisitions. EPI data are again co-registered by using SPMS.
We took 180 volumes and took out 15 volumes where move-
ments occurred leaving 165 points. The first 100 volumes
are used to form a model which is then applied to estimate
the position during the remaining 165 volume acquisitions.
The results are shown in Figure 10. Figure 10(A) shows
estimated parameters by measuring the changes in induced
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voltage in the coils and the parameters obtained from image
co-registration by using SPMS, whereas Figure 10(B) shows
the difference between the two sets of parameters.

IV. DISCUSSION

Various motion tracking techniques [11], [14], [20], [21],
(22], [23], [24], [25], [26], [27], (28], [29], [301], [31],
[32], [331, [34], [35], [36], [37], [38], [39], [40], [41], [42],
[43], [44], [45], [46], [47], [48], [49], [57], [58], [59] were
introduced within the last decades. Still, there is no com-
plete solution for involuntary head motion. Marker fixation,
sequence modification, line of sight (optical tracking), arte-
facts (other than motion artefact) reduction is absolutely
challenging. In this study, we are exploring experimental
results of a model-based tracking system. The relevant the-
ories and models are studied by Bhuiyan et al. [55].

The results of the experiments confirm that the amplitudes
of the gradient-induced voltages vary linearly with changes
in the coils’ translational positions and with small changes
in their orientations (Figure 6) and that the pattern of varia-
tion across coils is different for different types of movement
(Figures 6 and 7). This allows movement information to be
derived from coil measurements (Figure 7) by using a linear
model incorporating coefficients calculated from a training
data set for which complementary information about move-
ment is available (e.g., from image co-registration, as used
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here, or from optical or navigator-based position measure-
ments). The results from the human subject show that this
approach can provide estimates of position and orientation
with less than 0.22mm and 0.24° RMS error for head move-
ments in the range of £4mm/degrees (Figures. 6 & 7 and
in Table 1). These results were obtained by applying three
pre-pulses per slice acquisition with a 400ms delay between
pre-pulses, which necessitated the use of a long TR of
48s. To ensure the comfort and cooperation of the subjects,
we made the decision to collect a limited number of data
points. However, even with the reduced number of points,
we obtained satisfactory results that met the requirements of
the model.

In initial experiments, we also tested the feasibility of using
short TR periods, with a single pre-pulse per volume and per
slice acquisition, producing promising results as shown in
Figure 8 (Phantom)-Figure 9 (Subject) and Figure 10 (sub-
ject) respectively. The relatively larger errors for the subject
data compared to the phantom may be due to the use of a
smaller training data set and/or the greater variety of move-
ments in this data set during experimental period. A practical
implementation of this approach would involve measuring the
position-sensitive voltages induced by the imaging gradients
rather than additional gradient pulses. This would speed up
the model formation phase and increase the temporal resolu-
tion of position monitoring.

The maximum errors in estimated positions were not
more than 1.2mm (1.2mm for y-translation, but for x- and
z-translation it was less than 0.6mm or 0.6°) for the phan-
tom, when the maximum movements were 9mm or 11°
during single pre-pulse per slice acquisition cycled over vol-
ume acquisition; as shown in Figure 8. In this case, for
the subject, the errors were not more than 1.9mm (1.9mm
for x-translation, but for y-translation it was ~ 1.2 and for
z-translation it was less than 0.7mm or 0.6°), when the max-
imum movements were 4mm or 5°, as shown in Figure 9.
On the other hand, the maximum errors in estimated positions
were not more than 1mm or 1.8° (1.8° for x-rotation, but for
x- and z-rotation it was less than 1°) for the subject when
the maximum movements were 10mm or 10° during single
pre-pulse per slice acquisition cycled over slice acquisition;
as shown in Figure 10.

The approach used here has a few limitations. These
are: image shift along the AP direction due to frequency
changes, effects of vibration in the recorded voltages, effect
of movement in the field and proper fixation of coils. We can
overcome these by optimizing the pre-pulses, using dynamic
stabilization, removing data where movement occurs and by
using a tight fitting EEG-like cap. We initially reduced the
effects of vibrations due to one gradient pre-pulse on the
voltage measured due to later pre-pulses by using a large
inter-pulse delay, which required a long TR. A more prac-
tical approach which we also tested involved using a single
pre-pulse across successive acquisition.

Applying EPI with short TR produces more gradient heat-
ing which causes the passive shims to heat up, leading to a
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change in the By field. The change in field leads to a change
in resonance frequency and as a result the image shifts in the
EPI phase encoding (AP) direction. The resulting image shifts
along the AP direction in the absence of any kind of motion.
While the measurements (model) remained unaffected by
eddy currents, we will address this effect in future research.
In this paper, the results are corrected by subtracting shift
in image based on prior measurements in the case of short
TR both for phantom and subject. Dynamic stabilization
measures the frequency in every volume acquisition and holds
it constant. Dynamic stabilization will therefore help to avoid
image shifts along the AP direction, but we did not used
dynamic stabilization in this experiment. The strong aspect
of this study is that the methods employed do not require
sequence modification and can be implemented at a lower
cost compared to other approaches reported in the literature.

V. CONCLUSION
We can conclude that the voltages induced in a set of coils
fixed to a rigid body can be related to the position and
orientation of the body. This characteristic was successfully
exploited to estimate the position and orientation of an object
inside the MRI scanner to within an accuracy of 0.7mm and
0.7°. While further work is required to fully optimize the
approach, the principle of using a set of coils fixed to a sub-
ject’s head could be used for prospective motion correction.
Further work is now needed to evaluate the efficacy of this
approach for a broader range of movements of a phantom
and human head. A realistic implementation of this approach
would be to measure the position sensitive voltages induced
by the imaging gradients of an echo-planar sequence rather
than a series of additional gradient pulses. This would speed
up the model formation phase, increase the temporal reso-
lution of the position monitoring (10’s of ms) and could be
implemented using standard MRI sequences.
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