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ABSTRACT

Background: Emergent linkages between musculoskeletal injury and the nervous system have increased interest to
evaluate brain activity during functional movements associated with injury risk. Functional magnetic resonance
imaging (fMRI) is a sophisticated modality that can be used to study brain activity during functional sensorimotor
control tasks. However, technical limitations have precluded the precise quantification of lower-extremity joint kine-
matics during active brain scanning. The purpose of this study was to determine the validity of a new, MRI-compatible
motion tracking system relative to a traditional multi-camera 3D motion capture system for measuring lower extrem-
ity joint kinematics.

Methods: Fifteen subjects (9 females, 6 males) performed knee flexion-extension and leg press movements against
guided resistance while laying supine. Motion tracking data were collected simultaneously using the MRI-compatible
and traditional multi-camera 3D motion systems. Participants’ sagittal and frontal plane knee angles were calculated
from data acquired by both multi-camera systems. Resultant range of angular movement in both measurement planes
were compared between both systems. Instrument agreement was assessed using Bland-Altman plots and intraclass
correlation coefficients (ICC).

Results: The system demonstrated excellent validity in the sagittal plane (ICCs >0.99) and good to excellent validity
in the frontal plane (0.84< ICCs < 0.92). Mean differences between corresponding range of angular movement mea-
surements ranged from 0.186° to 0.295°.

Conclusions: The present data indicate that this new, MRI-compatible system is valid for measuring lower extremity
movements when compared to the gold standard 3D motion analysis system. As there is growing interest regarding
the neural substrates of lower extremity movement, particularly in relation to injury and pathology, this system can
now be integrated into neuroimaging paradigms to investigate movement biomechanics and its relation to brain
activity.

Level of Evidence: 3
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BACKGROUND

Functional magnetic resonance imaging (fMRI)
is one of the most commonly utilized methods
for studying brain activity, particularly as a mea-
surement tool to identify activity of brain regions
important for motor control. Historically, fMRI was
constrained to studying small scale upper extrem-
ity motor tasks (due to technological limitations
and associated head motion artifact), but recent
advancements have permitted fMRI to be used with
lower extremity motor tasks, including leg flexion/
extension movements,'~ leg press exercises against
resistance,’® stepping tasks,”? and cycling.® Though
these studies have provided foundational knowledge
of brain mechanisms driving lower extremity motor
control, associated movement deficits are not simul-
taneously quantified as traditional motion capture
systems contain ferromagnetic materials unsafe for
MRI (i.e., as they become kinetic projectiles created
through magnetic forces) and produce data artifacts.

Typically, lower-extremity fMRI motor task para-
digms rely on external cues to ‘standardize’ move-
ments, (e.g., metronome, voice, or visual cues),'”
and with a few exceptions,'®" do not objectively
quantify the subjects’ movements or verify task com-
pliance via visual confirmation. Obtaining objec-
tive measures of performance—such as joint angle
kinematics and range of motion—simultaneous with
brain activation for within and between sessions in
longitudinal trials is of particular concern to charac-
terize intervention and pathology effects related to
lower extremity movements (e.g., cerebrovascular
accidents,'? anterior cruciate ligament reconstruc-
tion (ACLR),"” Parkinson’s,'* Huntington's'”). Com-
pared to controls, differences in lower-extremity
movement patterns associated with injury and/or
pathology are well documented outside the con-
straints of the fMRI (i.e., in traditional motion cap-
ture laboratories)'*'** For example, patients who
undergo ACLR—and even for those who are healthy
but later go on to ACL injury —exhibit notably differ-
ent lower extremity kinematics during loading tasks
like the drop vertical jumps (DVJ) or leg press.'*!%1®
Emergent evidence using fMRI further indicates
that patients with ACLR also demonstrate increased
visuomotor-related brain activity compared to non-
injured controls during knee flexion and extension

movements (theorized to occur because of patients’
enhanced visual reliance for movement).* Though
considerable pre-testing practice combined with a
relatively simple movement (a single joint move-
ment guided by a metronome-paced auditory cue)
likely minimized any within or between group kine-
matic differences, patients and controls each com-
pleted these knee movements ~72 times with the
assumption that movement characteristics were
equivalent within trial blocks and between the two
groups. The well-documented movement differ-
ences known to be present between these groups
(ACLR vs. healthy controls measured via traditional
laboratories) suggests there may still have been
some differential movement (e.g., subtle ditferences
in total range of motion), which may have partially
contributed to the reported differences in brain acti-
vation. Developing a system to precisely quantify
movements during fMRI would supplement such
paradigms by providing a critical covariate for the
neuroimaging analyses. Further, if notable move-
ment differences are observed even with standard-
ization and pre-testing practice (possibly more likely
during complex, multi joint fMRI paradigms), such a
system could also provide online kinematic biofeed-
back to guide and/or correct movement in real-time -
akin to systems successfully developed outside the
constraints of MRI.?*-?®

Although ‘MRI-safe’ multi-camera motion capture
systems have been used successfully,*-*' these sys-
tems occupy significant infrastructural resources
within the constraints of an MRI room and require
considerable calibration and setup. A single camera
MRI compatible motion tracking system (High Field
Moiré phase tracking by Metria Innovation Inc. [Mil-
waukee, WIJ]) has been successfully used for prospec-
tive head motion correction during fMRI. In brief,
this system consists of an in-bore camera unit (with
VGA resolution) tracking a single** or double® pat-
terned and reflective marker, placed on the patient’s
head. A similar system, shown in Figure 1, was
custom developed for quantifying lower extremity
movement during fMRI capable of tracking a maxi-
mum of up to four markers.” A previous study tested
the reliability of a similar retro-grate reflector (RGR)
based motion capture system with a 1.3 megapixel
sensor, by measuring orientations during a land and
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Figure 1. (@) Camera unit with camera axis overlaid.
(b) Marker for the MRI compatible motion capture system,
overlaid with its axes.

cut task with two markers aligned with the sagittal
plane of the leg.*® Results of this study demonstrated
that while tracking knee movement, the RGR sys-
tem was within 0.2° (sagittal plane) and 0.5° (frontal
plane) of a standard multicamera motion capture
system. However, the camera hardware used in this
previous study was limited to a single knee with the
camera axis perpendicular to the sagittal plane of
the body. Tracking bilateral knee movements in the
fMRI would require the camera axis to be oriented
perpendicular to the frontal plane of the body to
track both thighs and shanks.

The purpose of this study was to determine the valid-
ity of a new, MRI-compatible motion tracking sys-
tem relative to a traditional multi-camera 3D motion
capture system for measuring lower extremity joint
kinematics. Three lower extremity motor tasks were
utilized during active brain scanning (unilateral
leg flexion/extension,*? unilateral leg press against
resistance,'® bilateral leg press against resistance) to
determine the validity of the MRI-compatible sys-
tem for use with future fMRI research. Congruent
with previous literature that positioned the camera
perpendicular to the sagittal plane,*® the authors
hypothesized that the MRI-compatible system would
produce comparable and valid joint kinematics to
those produced with a traditional motion capture
system when the MRI-compatible camera was posi-
tioned facing the frontal plane.

METHODS

Participants

Fifteen subjects (9 females, 6 males; Mean age
(years): 23.73, SD 4.91; Height (cm) 174.53 SD: 8.22;
Weight (Kg) 75.06 SD: 13.15) from a convenience
sample of staff and interns volunteered to partici-
pate in this study. Approval by the institutional
review board of Cincinnati Children’s Hospital
Medical Center was received for the study protocol
and participants provided informed consent before
testing.

Equipment

Standard 3D motion capture data was collected
at 240 Hz using a 44-camera motion tracking sys-
tem (Motion Analysis Corp., Santa Rosa, CA). An
MRI-compatible system (Figure 1a), custom devel-
oped by Metria Innovation Inc. (Milwaukee, WI)
simultaneously captured movement data at 85 Hz.
Standard optoelectronic spherical 9 mm reflective
markers were used with the Motion Analysis sys-
tem. The MRI-compatible system uses four mark-
ers (Figure 1b) which are 55mm x 55mm x 10mm in
dimension. The system measures the position and
orientation of the markers and by extension the leg
segment they are attached to.

Data Collection

Measurements made with standard motion capture
system were in the global (lab) coordinate system.
Three standard optoelectronic spherical markers
were also placed on each of the three perpendicu-
lar faces of the MRI-compatible camera module to
approximate the orientation of the camera mod-
ule’s axes in the global coordinate system. These
values were used to transform the measurements
in the MRI-compatible camera coordinates to the
global coordinates. All participants were fitted with
standard spherical motion tracking markers on the
lower extremity and four MRI-compatible markers.
Standard spherical motion tracking markers were
placed on the greater trochanter, mid lateral thigh,
lateral and medial knee, tibial tubercle, mid shank
and distal shank of both legs. The MRI-compatible
markers were fitted in a cross-frame with four stan-
dard spherical motion tracking markers on the ends
of the cross-arms, as shown in Figure 2a. Thus, each
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cross-frame referenced the MRI-compatible markers
to the lab coordinate system.

A static capture was performed with subjects in
neutral standing position to establish segment
coordinate system and transformation matrices
for tracking markers on the cross frames attached
to the respective leg segments. Following this, the
subjects laid supine, with an angular pad supporting
participants in knee flexion, and the MRI-compat-
ible camera unit was positioned with the camera’s
z-axis perpendicular to the frontal plane (i.e. camera
facing the frontal plane) of the subject and approxi-
mately three feet superior to their leg at maximum
flexion. The subjects performed eight complete uni-
lateral leg flexion-extension movement cycles on
each leg (Figure 2b, top), individually. Next, the sub-
jects were positioned into the leg press (Figure 2b,
bottom), where they performed eight complete uni-
lateral press-release movement cycles on each leg
followed by eight complete bilateral press-release
movement cycles. Participants complete all move-
ments at their own pace. All data were processed in
MATLAB (MathWorks, Natick, MA).

Data Analysis

Marker trajectories from the standard and MRI-
compatible motion capture systems, and orienta-
tions from the MRI-compatible system were filtered
using a low-pass fourth order Butterworth filter with
a cutoff frequency of 12 Hz. The standard spheri-
cal markers on the cross-frame arms were used as

tracking markers for the standard motion capture
system. Trials were repeated if over three simultane-
ous frames were missing from the MRI-compatible
motion capture system. Missing frames were spline
interpolated. The static capture was used to define
segment coordinate systems using the anatomi-
cal markers, and segment transformation matrices
between the tracking markers and segment coor-
dinate system. Transformation matrices were also
defined between the coordinate system of each
MRI-compatible marker and the respective segment
coordinate system. The knee joint sagittal and fron-
tal plane angles were calculated from the standard
motion capture tracking data using joint coordinate
system approach® utilizing standard biomechanics
procedures.®®

To temporally align the data from the two systems,
first, the angle (8) between the vectors normal to
the plane of the standard motion capture system
marker group of the cross frames for each leg was
calculated, then the angle (¢) between the normal to
the MRI-compatible markers were computed. 6 and
¢ were compared and served as reference to align
the data temporally between the two motion capture
systems. The data from standard motion capture sys-
tem was interpolated at 85 Hz and was aligned with
the MRI-compatible system’s data for the remaining
steps.

The MRI-compatible system reports the origin
and pose of the markers in the camera coordinate

Figure 2. (a) Subject wearing the MRI compatible markers fitted in the cross frame and flanked by standard motion capture
markers. (b) (Top) Right knee flexion-extension and (bottom) left unilateral leg press against resistance are shown for reference.
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system. To transform the data to the lab coordinate
system, the estimated axes of the camera coordinate
system were calculated in the lab coordinate system
using the normal to the planes of the camera. The
estimated x-axis and the xy-plane were used to cal-
culate the orthonormal axes of the MRI-compatible
camera in the lab coordinate system. The marker
orientations were converted from camera coordi-
nates to the lab coordinates. Using the transforma-
tions from the static capture, the orientation of the
MRI-compatible markers were used to calculate
the orientation of the segment coordinate system.
Finally, the frontal and sagittal plane angles were
calculated as in the previous steps.

Range of motion for each cycle was obtained by tak-
ing the difference of the maximum and minimum
measures per cycle in the sagittal and frontal plane,
where the cycle was defined by the sagittal plane
angles. The mean of the range of motion across the
8 cycles was obtained. This measurement from both
systems was compared and presence of any system-
atic bias between the two measurements was eval-
uvated with Bland-Altman plots and outliers were
determined with 95% limits of agreement (LoA) and

95% confidence interval (CI) limits.***° Intra-class
correlation coefficients (ICC) using two-way, mixed
effect absolute agreement single measurements
were calculated along with the corresponding 95%
CI limits.* Excellent agreement was inferred at ICC
above 0.90, good if between 0.75 and 0.90, moderate
if between 0.50 and 0.75 and poor if below 0.50.%*

Results

Mean difference between measurements from the
standard motion capture system and MRI-compati-
ble system, associated standard deviations and 95%
CI, ICCs and corresponding 95% CI lower and upper
limits for ICCs are presented in Table 1. The larg-
est mean difference was observed for sagittal plane
knee angle during the unilateral leg press at an error
of 0.295°, and the largest variability was observed in
the frontal plane knee angle with a standard devia-
tion 0f 1.196°. All ICCs calculated were >0.99 for sag-
ittal plane angles and >0.84 for frontal plane angles
indicating a high level of agreement between the
measurements obtained from the two motion cap-
ture systems. Bland-Altman plots for knee flexion,
unilateral leg press and bilateral leg press exercises
are presented in Figure 3. The plots show absence

Table 1. Mean differences and standard deviations in degrees between
standard motion capture and MRI compatible motion capture system for

each leg task along with intraclass correlation coefficient (ICC) and corre-

sponding 95% confidence interval.

95% CI 95% CI

(Mean Difference) Ico)
Plane off Mean |Standard| Lower | Upper Lower | Upper
Task Motion | Difference | Deviation| Bound | Bound | ICC | Bound | Bound
Knee Sagittal | 0.263 0.532 0.065 | 0.462 |0.994 | 0981 | 0.998
Flexion | grontal | 0.220 0.811 -0.083 | 0523 |0.841| 0693 | 0.921
Leg Press: | Sagittal 0.295 0.614 0.066 | 0.524 |0.999 | 0.996 | 1.000
Unilateral | ponia1 [ 0.291 1.196 -0.156 | 0.738 | 0.907 | 0.814 | 0.954
Leg Press: | Sagittal 0.188 0642 | -0.052 | 0428 |0.999| 0.999 | 1.000
Bilateral Frontal 0.186 1.185 -0.256 0.629 | 0.916 | 0.833 0.959
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Figure 3. Bland-Altman plots of knee sagittal and frontal plane angles for all exercises. Mean of the measured angles by both
systems is plotted along x-axis and the respective differences along y-axis. The bold horizontal line represents the mean of the dif-
ference between the two systems and the dashed lines represent 95% LoA.

of magnitude dependent bias in the measurement quantification of the motor tasks being studied is
difference. crucial to enhance mechanistic linkages between

the brain and body. Though previous studies have
Discussion succeeded in associating brain function with injury-
With fMRI-based examination of brain function as it and/or pathology-related movement character-
relates to movement-based motor tasks, kinematic istics (or just for differentiating brain function for
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populations known to elicit dysfunctional biome-
chanics [e.g.,, ACLR]), they have been limited by
modalities that preclude whole-brain, ecologically
valid examination of brain activity during actual
lower extremity movement assessment (e.g., rest-
ing-state EEG/fMRI, transcranial magnetic stimu-
lation function).**** There is limited knowledge
related to the potentially unique subcortical and
cortical neural correlates important for eliciting dif-
ferential movement characteristics — even in task-
based lower-extremity fMRI paradigms for which
movement is theoretically standardized (i.e., subtle
intra- and inter-subject movement reasonably exist).
Such cohesive quantification of movement kinemat-
ics during fMRI could facilitate the improvement of
proposed and existing injury prevention and reha-
bilitation programs aimed to simultaneously elicit
injury resistant movement and enhanced brain
function.'##%35* Integrated assessment tools pro-
vide the next fundamental step in bridging the gap
between traditional lab-based biomechanical obser-
vations for quantifying motor performance simulta-
neously with brain function. These tools could allow
for the discovery of the most salient neural mecha-
nisms underlying movement dysfunction to supple-
ment recent recommendations calling for clinicians
to leverage neuroplasticity to enhance movement-
based, musculoskeletal rehabilitation.®*-*® The cur-
rent data indicate that the evaluated MRI-compatible
motion capture affords the possibility to bridge these
gaps by simultaneously quantifying movement kine-
matics with associated brain activity.

The goal of this study was to evaluate the utility
and validity of the MRI-compatible motion capture
system by testing it against a gold standard, the 3D
Mo Cap Motion Analysis system (i.e. a multi-camera
motion capture system). The results of the present
study revealed excellent agreement for sagittal plane
measurements (ICC > 0.99) and good to excellent
agreement for frontal plane angle measurements
(0.84 < ICC < 0.92). Average mean differences
in both planes of movements were less than one
degree between the two systems. The MRI-compat-
ible measurement system tracked joint movements
throughout the range of movement in these tasks,
the highest of which was measured to be ~72° in
the sagittal plane during bilateral leg press as seen in

Figure 3(e). The high level of agreements in Table 1
imply high consistency between the system’s mea-
surements, with mean differences between the
two systems measuring less than one degree. Clini-
cally, concurrent quantification of lower extremity
kinematics and brain activity could reveal new and
unique neural correlates of movements and pathol-
ogies - possibly more so than previous, isolated
approaches that do not provide simultaneous data
collection. For example, simply differences in time
of day, testing location, participant motivation, and
differential rates of movement versus neurologic
recovery could all be considered confounds. The
MRI-compatible motion capture system could be a
significant tool for assessing the neural mechanis-
tic drivers associated with adaptations from injury
prevention training and rehabilitation programs by
quantifying the effectiveness of these methods with
simultaneous brain function assessment. Further,
clinicians could customize training programs to tar-
get specific neurologic dysfunction to illicit a fur-
ther optimized behavioral response, particularly to
address neuroplasticity associated with injury."*>*

A previous study with a similar system and motion
tracking technology (i.e. Moiré phase tracking)
but different camera unit*® was validated against
a standard motion capture system. With a camera
positioned parallel to sagittal plane knee flexion,
analysis of maximum and minimum kinematic
angles during single leg landing and cutting tasks
produced similar, valid findings to the present study.
The current data extend these findings by further
demonstrating the MRI-compatible measurement
system’s ability to track multiplanar motion from
a single camera oriented towards the frontal plane.
The current study validated the use of four markers
simultaneously and showed minimal differences in
measurements from the gold standard, despite a dif-
ference in the location of the plane of movement of
the markers relative to the camera (perpendicular to
frontal plane knee flexion).

One limitation of the experiment was that the exer-
cises by design did not accentuate large frontal
plane displacement during the task. However, from
an kinematic perspective during functional tasks,
a mere 8° differentiates high vs low risk for future
ACL injury when assessed during a dynamic landing
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task!® and 4.1° frontal plane increased frontal plane
knee motion differentiated those at high risk for
secondary injury.® Thus, even relatively, small
changes in frontal knee ROM could be associated
with increased susceptibility to movement error and
are highly clinically relevant in ranges captured in
this investigation. While the mean frontal and sagit-
tal plane measurement error between the two sys-
tems were comparable for each task, sagittal plane
measurements produced relatively higher agree-
ment (Figure 3). As the included exercises were pri-
marily in the sagittal plane (supported by relatively
larger ROM kinematics), agreement data indicate
that the MRI compatible motion capture system
may be more accurate for tracking the plane of
movement with greater relative excursion. Though
the present exercises still produced clinically mean-
ingful frontal plane movement, smaller excursions
may have precluded more accurate tracking by the
MRI compatible system (albeit agreement was still
‘good). It is reasonable to hypothesize that exercises
engaging greater frontal plane motion would be
tracked with even further accuracy by the MRI com-
patible system. As kinematic data were not collected
during frontal plane exercises due to the majority
of lower extremity neuroimaging paradigms engag-
ing sagittal plane motion, future research that tests
different planar movements is warranted to further
validate the MRI compatible system. Another limi-
tation of the MRI-compatible system is that it can
track a maximum of four markers and as such only
four segments per frame. Therefore, concurrent
bilateral measurements of hip or foot movement in
addition to knee movement would not be directly
possible. Also, occasionally the range of movement
of the markers was more than +/- 60°, sometimes
resulting in lost tracking due to limited field of
view of the camera, and required a repetition of the
trial, a scenario less likely with multi-camera MRI
compatible systems. Markerless motion tracking
systems, though not available for MRI compatible
applications, could overcome limitations of tracking
markers, though most current systems struggle with
tracking individual segments when all body seg-
ments are not in view,*® which is the case for fMRI as
an individual’s torso is inside the bore of the scanner
and thus occluded from a camera, while individual
markers for a segment may still be visible. Future

work to develop multi marker units are warranted
to expand this line of research to more functional
movement assessments. Last, we collected kine-
matic data using different sampling rates between
the two systems (240Hz for standard motion capture
vs. 85 Hz for MRI-compatible motion capture). How-
ever, as the frequency of subjects’ movements were
less than 2 Hz and the kinematic variable of interest
was range of motion, one would expect any differ-
ences to be insignificantly small as this would only
trivially affect the minimum and maximum values
used for calculation (i.e., a large range of motion
would still be a large range of motion). While vali-
dation using matched or derivative-based sampling
rates between the two systems may have been ideal,
the present data still indicated that the MRI-compat-
ible system provided accurate and valid kinematic
measurements. This system will be valuable to
accelerate future research aiming to quantify lower
extremity movement during neuroimaging to better
understand the neural substrates of movement and
pathology.

CONCLUSION

The results of the current investigation demonstrate
that the single-camera MRI-compatible motion
tracking system provides highly consistent and
valid results compared to the gold standard, a multi-
camera motion analysis system. These data provide
assurance this MRI-compatible motion tracking sys-
tem will produce valid kinematic results with high
fidelity to that of standard biomechanical assess-
ments. As this custom system is also MRI-safe, these
data further support its integration with lower-
extremity neuroimaging paradigms to discover how
brain function contributes to dysfunctional human
movement.
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