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Abstract

Background: To better understand the neural drivers of aberrant motor control, methods
are needed to identify whole brain neural correlates of isolated joints during multi-joint lower-
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extremity coordinated movements. This investigation aimed to identify the neural correlates of
knee kinematics during a unilateral leg press task.

New Method: The current study utilized an MRI-compatible motion capture system in
conjunction with a lower extremity unilateral leg press task during fMRI. Knee joint kinematics
and brain activity were collected concurrently and averaged range of motion were modeled as
covariates to determine the neural substrates of knee out-of-plane (frontal) and in-plane (sagittal)
range of mation.

Results: Increased out-of-plane (frontal) range of motion was associated with altered brain
activity in regions important for attention, sensorimotor control, and sensorimotor integration (z
>3.1, p <.05), but no such correlates were found with in-plane (sagittal) range of motion (z >3.1, p
> .05).

Comparison with Existing Method(s): Previous studies have either presented overall brain
activation only, or utilized biomechanical data collected outside MRI in a standard biomechanics
lab for identifying single-joint neural correlates.

Conclusions: The study shows promise for the MRI-compatible system to capture lower-
extremity biomechanical data collected concurrently during fMRI, and the present data identified
potentially unique neural drivers of aberrant biomechanics.

Future research can adopt these methods for patient populations with CNS-related movement
disorders to identify single-joint kinematic neural correlates that may adjunctively supplement
brain-body therapeutic approaches.

Keywords

fMRI; motion capture; knee biomechanics; ACL; neural correlates

Introduction

Discovery of the brain activity associated with lower extremity multi-joint motor
coordination is important to better understand injuries or pathologies that affect mobility
(e.g., knee osteoarthritis, patellofemoral pain, chronic low back pain) (Needle et al., 2017,
Neto et al., 2019; Pelletier et al., 2015; Silfies et al., 2017; Te et al., 2017). For instance,
musculoskeletal injuries have typically been considered structural joint problems, but recent
investigations into lower extremity motor control have revealed alterations in brain function
are associated with many joint and related ligament injuries (Needle et al., 2017; Neto et
al., 2019). Of these, knee anterior cruciate ligament (ACL) injury is particularly prevalent in
physically-active populations and (Abram et al., 2020), despite surgical reconstruction and
extensive rehabilitation, is often associated with long-term reduced function (Lohmander

et al., 2007). Two common biomechanical risk factors for ACL injury are increased knee
valgus in the frontal plane and decreased knee flexion in the sagittal plane during dynamic
multi-joint coordinated movements such as landing and change of direction maneuvers (a
‘stiff” movement strategy that strains the ACL) (Dingenen et al., 2015; Havens & Sigward,
2015; Hewett et al., 2005; Paterno et al., 2010). As the majority of ACL injury events

are noncontact, as in occurring secondary to motor ‘coordination’ errors that regulate knee
position and not direct blows or player contact, central nervous system (CNS) processing
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of knee position has been implicated to play a role (Bonnette et al., 2020; Diekfuss,
Grooms, Nissen, et al., 2019; Diekfuss, Grooms, Yuan, et al., 2019; Grooms et al.,

2015; Swanik, 2015). Accordingly, preliminary methods have emerged to discover how
the CNS contributes to knee injury-risk movement mechanics to support the development
of combined brain and body therapeutics for those with and without movement disorders
(Armijo-Olivo, 2018; Bonnette et al., 2020; Diekfuss, Grooms, Bonnette, et al., 2020;
Grooms et al., 2018; Silfies et al., 2017).

Prior studies have utilized modalities with either high temporal resolution (e.g. Extracranial
electroencephalography [EEG], functional near infrared spectroscopy [fNIRS]) or high
spatial resolution (e.g. functional magnetic resonance imaging [fMRI]) to elucidate different
aspects of movement neural correlates. EEG has shown promise in light of its portability
and relatively high temporal resolution for mobile brain imaging (Malcolm et al., 2015;
Seeber et al., 2014, 2015; Wagner et al., 2019). Indeed, numerous studies have successfully
acquired electrocortical activity and managed head motion artifact with EEG during gross
motor control tasks including static balance, dynamic balance using movable platforms, gait,
running, and other locomotion-related movements (Edwards et al., 2018; Gebel et al., 2020;
Gwin & Ferris, 2012; Oliveira et al., 2016, 2017; Peterson & Ferris, 2018). Despite its high
temporal resolution, EEG has poor spatial resolution, thus precluding precise measurement
of the subcortical neural activity (e.g., the cerebellum, basal ganglia) critically important

for nearly all tasks that require movement of the lower extremity (Fukuyama et al., 1997;
Grooms et al., 2019; la Fougeére et al., 2010). Likewise, other modalities including fNIRS
have enhanced our understanding of the neural correlates of movement (Suzuki et al., 2008;
Vitorio et al., 2017), but also have limited whole brain spatial resolution, warranting the

use of fMRI to localize both cortical and subcortical neural activity for lower extremity
motor coordination. For instance, emergent fMRI studies have demonstrated the unique
involvement of both cortical and subcortical brain regions during knee flexion and extension
movements in patients following knee ligament injury (Criss et al., 2020; Grooms et al.,
2015, 2017).

Prior work has employed MRI-safe experimental setups to measure brain activity during
lower-extremity tasks including ankle plantarflexion and dorsiflexion (Dobkin et al., 2004;
Maclntosh et al., 2004), knee flexion and extension (Criss et al., 2020; Grooms et al., 2015,
2017; Kapreli et al., 2009), cycling (Mehta et al., 2009), combined ankle, knee and hip
flexion and extension against external resistance (i.e., a leg press) (Grooms et al., 2018,
2019), and active and passive movements in response to externally simulated stepping
(Jaeger et al., 2014, 2015; Marchal-Crespo et al., 2017). However, these paradigms typically
examine brain activity of the entire lower-extremity multi-joint movement, without isolating
the relative influence of single joints on neural activity as they move in and out of plane.
Reasonably, inter- and intra-subject, single-joint in- and out-of-plane movement variability
could distinguish unique neural activity relative to individual motor coordination strategies
for complex movement. A logical progression to overcome prior study limitations would

be to integrate MRI-compatible methods capable of quantifying single-joint kinematics
during multi-joint lower-extremity movements. Therefore, the purpose of this work was

to identify both whole brain neural activity elicited during a multi-joint lower extremity

leg press task, and the distinct, single-joint brain activity associated with knee sagittal
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and frontal plane biomechanics during this movement (in- and out-of-plane kinematics,
respectively). To the best of our knowledge, prior literature utilizing multi-planar lower
extremity fMRI paradigms have not quantified in- and out-of-plane knee kinematics to
isolate how variability in these biomechanical data may uniquely contribute to brain activity.

2. Methods
2.1. Participants

2.2.

Seventeen healthy right leg dominant (self-reported) female soccer and basketball players
from local high schools (mean age 14.5+1.4 years; mean height 168.1 £ 6.9 cm; mean
weight 62.4 + 19.5 kg) enrolled in this neuroimaging study. The study was completed in

a single visit and all participants and parent/legal guardian signed written informed assent
and consent prior to completing MRI screening. The study was approved by the institutional
review board at Cincinnati Children’s Hospital Medical Center.

Procedure

As shown in Figure 1, we adopted an fMRI paradigm consisting of unilateral closed

kinetic chain ankle, knee, and hip movement against resistance that reliably reproduces
sensorimotor brain activation with minimal head motion artifact (Grooms et al., 2018,
2019). As shown in Figure 2, we utilized an MRI-compatible Metria high field Moiré

phase tracking (MPT) motion capture system (Metria Innovation Inc., Wisconsin, USA) for
concurrent measurement of lower-extremity biomechanics (Anand, Diekfuss, Bonnette, et
al., 2020). For the present study, the camera was installed on a ball pivot above the MRI
bore at ~120cm above the table and its position could be adjusted parallel to the bore axis

to accommodate subjects of different heights. As seen in Figure 1, Velcro straps affixed with
custom maotion tracking markers were secured to the participant’s thigh and lower leg during
fMRI for quantifying multi-planar knee motion (described in section 2.3).

The MRI-compatible leg press apparatus (Figure 1) has a pair of independent, horizontally
sliding foot pedals. The participant’s feet were strapped to these pedals and an elastic
resistance tube (manufacturer rated peak force ~9.1 kgs) was anchored at three points

on the lateral side of both legs and in the center of the leg press apparatus. The anchor
points were approximately midway between the hips and knees, and the two parts of the
resistance tube were looped around the pedals such that when the pedals were pushed,

the tubes stretched and provided resistance against extension at the hip, knee, and ankle.
Participants were asked to lay supine on the MRI table with their head inside an MRI coil
while wearing headphones to hear auditory cues. Their upper body was secured using a
combination of four straps across their torso and pelvis. A pair of handles were available

to brace against and provide rotational stability. Participants completed four blocks of 30
seconds of unilateral (right leg) ankle, knee, and hip flexion and extension movements
interlaced with 30 seconds of rest in between each movement block. The left leg remained
still and fully extended throughout data capture. Participants were provided with visual cues
at the start and stop of the movement blocks, coupled with a metronome beat at 1.2 Hz for
standardizing pace during the movement blocks. To minimize potential for head movement,
participants were trained on the entire experimental protocol prior to performing the data
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collection. The training session started with the participant watching a video of the leg press
task, followed by performing the task to completion in a mock setup. Participants received
the visual and auditory prompts and a researcher provided feedback on head motion and
expected range of motion to standardize movements (Grooms et al., 2019).

2.3. Biomechanics Data Acquisition and Analysis

The MRI-compatible motion analysis system was previously validated against a 44
camera standard motion capture system in a biomechanics lab for kinematic accuracy

of lower extremity movements, reliably acquiring simultaneous data from four markers
simultaneously (Anand, Diekfuss, Bonnette, et al., 2020). Each marker consists of
characteristic coordinate axes used to define the orientation of the marker during movement.
The MRI-compatible markers were placed on both thighs and shins of the subjects as seen
in Figure 1. The markers were oriented such that the x-axis of the marker was aligned
along the long axis (z-axis) of the limb segment (Grood & Suntay, 1983) and the marker
was aligned parallel to the frontal plane of the segment similar to a previous study using a
similar motion capture system (Weinhandl et al., 2010). The long axis of a limb segment
was approximated by lines connecting the joint centers in the frontal plane, which were
measured while the participant lay supine. As a result, the marker axes were aligned with
the segment coordinates similar to standard biomechanics practice (Umberger & Caldwell,
2014). The system transmitted data corresponding to each frame and each marker as a
UDP packet which was captured on a data collection computer using customized software
developed in MATLAB (2018a) (MathWorks, Natick, Massachusetts, USA).

The camera captured the location of the origin of the marker axes and the orientation of each
marker (in quaternions) in the camera coordinate system. The system captured the data at 85
Hz which was then processed using custom software developed in MATLAB where data was
filtered using a low pass 12 Hz 4t order Butterworth filter.

We focused on average knee range of motion (ROM) kinematics during the move blocks
due to these variables’ relationship to knee ACL injury. Specifically, high frontal ROM
(i.e., excessive valgus/varus or abduction/adduction) and low sagittal ROM (reduced flexion/
stiffness) during a closed kinetic chain exercise can stress the ACL and is considered high-
risk for ACL injury (Hewett et al., 2005). For this study, knee joint angles were calculated
by transforming the shin coordinate system to the thigh coordinate system (Umberger &
Caldwell, 2014) and ROM variables in both the sagittal and frontal planes were determined
by calculating the difference between the maximum and the minimum angle for each cycle.
The ROMs of each cycle were averaged to create the mean ROM of the movement block,
which was subsequently averaged over the four blocks for each plane. A sample of data
captured for one movement block for a representative subject is shown in Fig. 3 alongwith
how ROM for each cycle was determined.

2.4. Neuroimaging Data Acquisition and Analysis

MR scanning was conducted on a Philips 3T Ingenia scanner (Philips Medical Systems,
Best, Netherlands) equipped with a 32 channel, phased-array head coil. Congruent with
previously employed acquisition methodology (Grooms et al., 2019), an MPRAGE sequence
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was used to acquire high resolution 3D T1-weighted images with the following parameters:
TR =8.1ms, TE = 3.7 ms; field of view = 256 x 256 mm; matrix = 256 x 256; in-plane
resolution = 1 x 1 mm; slice thickness = 1 x 1 mm; number of slices = 180. The functional
MRI acquisition included 135 whole-brain gradient echo-planar scans with the following
parameters: TR = 2000 milliseconds; TE = 35 milliseconds; field of view = 240 x 240 mm;
slice thickness = 5 mm; voxel size=3.75 mm x 3.75 mm (Grooms et al., 2019).

fMRI data processing included three steps completed with FMRIB’s Software Library
(FSL; www.fmrib.ox.ac.uk/fsl). The first step was preprocessing and included robust brain
extraction (Smith, 2002), motion correction using MCFLIRT (Jenkinson et al., 2002),
ascending slice timing correction, spatial smoothing with a gaussian kernel of 6.0 mm full-
width-half-max (FWHM), and multiplicative mean intensity normalization of the volume
at each timepoint. Functional images were linearly registered to the high resolution 3D T1-
weighted structural images with FLIRT (Jenkinson et al., 2002; Jenkinson & Smith, 2001)
and further refined with non-linear registration from high resolution structural images to
standard space(T1 2mm brain) (Andersson et al., 2010a, 2010b). Despite some participants
displaying task-correlated head motion, no participants were excluded to this point as

the second step was meant to improve the usability of data with regard to head motion.
Specifically, the second step included use of independent component analysis for automated
removal of motion artifacts (ICA-AROMA) (Pruim et al., 2015). ICA-AROMA uses FSL’s
melodic tool to identify and remove motion related components. Percent of components
removed was calculated for each participant. In previous literature, ICA-based removal

of artifact from standard 3 Tesla resting-state fMRI sequences has ranged from 70-88%
(Griffanti et al., 2014; Rummel et al., 2013), with the removed components being small in
size, but high in number, and reflective of motion and physiological artifact. ICA-AROMA
is focused on head motion only, which may reduce the amount of noise artifacts removed
from the data. Removal of components from the current study’s task-based fMRI data
ranged from 28.2% — 52.2% (M=42.0%, SD=5.5%), which is similar to previous blocked-
design findings (Tohka et al., 2008). Of note, this was not removal of 28.2% — 52.2% of the
subjects or data, but removal of that volume of components secondary to their identification
to be head motion artifact associated noise. Processing of data with ICA-AROMA and
inspection of components and first-level results were completed using INFOBAR (Anand,
Diekfuss, Slutsky-ganesh, et al., 2020), the Interface for Batch processing data using ICA-
AROMA. Supported by INFOBAR’s data visualization features, neuroimaging data was
deemed usable for 16 of the 17 participants, as determined by three authors with over 20
years of combined experience analyzing movement-related fMRI data (Authors 2, 3, &

4). ‘Usable’ was operationally defined as the BOLD signal data having sufficient model

fit, with dissociable baseline (i.e., rest) and task (i.e., move) blocks, a stable baseline,

and low relative head motion <0.30 mm. Absolute and relative head motion ranged from
0.16mm-1.08mm (M=0.42, SD=0.45) and 0.04-0.26mm (M=0.11, SD=0.07) respectively.
Following ICA-AROMA, preprocessing was completed with a third step of subjecting
images to a high pass filter (cutoff=100seconds) and completing registration congruent with
step one.

First-level, whole-brain analyses were then completed in FSL’s fMRI Expert Analysis
Tool (FEAT). Time series analyses were carried out using FILM with local autocorrelation
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correction (Woolrich et al., 2001) employing a 30 second block design (30 seconds on/30
seconds off), and a cluster-wise threshold of Z > 3.1 and p < .05. Task performance relative
to the model fit was inspected for each participant. One participant was excluded from
further analysis due to poor model fit, resulting in 16 participants for higher-level analyses.

Higher level analyses included a one-sample #test (move > rest) to determine task-elicited
activation and the addition of two ROM biomechanics variables as covariates, entered in
separate models, to assess their potential unique relationship with brain activity in both
directions (positive and negative associations). Specifically, mean knee range of motion in
both the frontal and sagittal plane were demeaned and used as covariates. All higher-level
analyses were computed over the entire brain with a voxel-wise covariate for gray matter
and a cluster-wise threshold of Z > 3.1 and p < .05.

3. Results

3.1

Knee biomechanics

The group mean angle for knee frontal ROM angle was 2.5° (SD = 1.2°). The group mean
angle for sagittal knee ROM was 11.4° (SD = 3.4°).

3.2. Overall Brain Activity

During the leg press task, there was increased activity (relative to rest) in a cluster (n

voxels = 4269) extending over the supplementary motor cortex, the precentral gyrus, and
postcentral gyrus (p < .001). During the leg press task, there was also increased activity

in bilateral clusters extending from the parietal operculum cortex to the planum temporale
(Left: p<.001, Right: p=.001), from the insula to the central opercular cortex (Left: p=
.013), Right: p=.034), and in the cerebellum right lobules I-1V (p<.001). Results are shown
in Figure 4 and Table 1.

3.3. Correlates with Biomechanics Data

As presented in Figure 5 and corresponding details in Table 2, greater frontal range of
motion during the leg press task was associated with increased activation (relative to rest)
in the posterior cingulate (extends into precuneus; large cluster (o < .001), the precuneus
(o =.040), cerebellum left V/I-1V (p < .001), bilateral parahippocampus/temporal fusiform
gyrus (Left: p<.001, Right: p=.007), left pallidum (p < .001), left cerebellum Vllla

(0 =.005), cerebellum right crus I (o =.008), and the left middle frontal gyrus (o=

.022). Furthermore, greater frontal range of motion was associated with reduced activation
(relative to rest) in clusters within the frontal pole/superior frontal gyrus (p < .001), planum
polare/insula/pallidum (p < .001), lateral occipital cortex/middle temporal gyrus (o < .001),
thalamus (p < .001), precentral gyrus (o= .016), frontal pole (p=.028), putamen/planum
polare/insula (p = .030), and two clusters within the postcentral gyrus (p= .01 and .012,
respectively). Qualitative examination of findings revealed two small clusters within the
precuneus and Cerebellum I-1V that shared spatial overlap between the overall activation
and frontal range of motion correlate analyses. The overlap in the Cerebellum I-1V was
quantitatively supported with a liberal exploratory conjunction analysis (significant at z >
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1.5, p <.05, but not at z >2.3), but the precuneus overlap was not statistically significant (z >
1.5, p > .05).

4. Discussion

The unique novelty of the present study was employing an MRI-compatible motion
analysis system during a mulftiplanar, lower-extremity fMRI leg press task that successfully
quantified sing/e-plane kinematic data for independent analyses with task-related brain
activity collected concurrently. The task-associated neural activation during the leg press
elicited distinct relationships with inter-subject variation in knee frontal plane mean ROM,
but not knee sagittal plane ROM. Further, the present study was successful in overcoming
traditional limitations of head motion artifact during task-based movement paradigms with
fMRI. Specifically, usable neuroimaging data was obtained from 16 of the 17 participants,
an improvement in usable data relative to a previous study using this paradigm (8 of

13 participants) (Grooms et al., 2019), plausibly due to the implementation of a robust
statistical technique to remove head motion artifact ICA-AROMA).

Overall, our whole-brain analyses demonstrated significant sensorimotor-related brain
activity congruent with previous literature (e.g., pre and post central gyri) (Grooms et

al., 2019). Our results further indicated that frontal plane ROM was distinctly associated
with bidirectional activation in regions important for cognition (e.g., middle frontal gyrus,
posterior cingulate cortex,), sensorimotor control (e.g., cerebellum, precentral gyrus) and
sensorimotor integration (e.g., precuneus, postcentral gyrus). Previous studies have shown
associations in neural activity measured during fMRI using extrinsic measures of kinematics
of upper extremity movements of hands or arms (Haar et al., 2017; Widmer et al., 2017).
The present study supports previous work demonstrating that various lower-extremity multi-
joint movements during fMRI elicits distinct neural activity (Kapreli et al., 2007), and makes
a unique contribution by isolating single-plane neural correlates of knee-joint kinematic data
during a multi-joint movement.

Compared to traditional biomechanics testing for aberrant movements associated with

high ACL injury risk biomechanics (e.g., drop vertical jump), the range of motion in the
current study was smaller in both the frontal (2.5° vs ~8°) and sagittal planes (11.4°

vs ~90°) (Hewett et al., 2015). This is plausibly due to traditional testing studies using
more dynamic, unconstrained closed kinetic chain movements which could accentuate
biomechanical deficiencies (drop vertical jump at participants’ pace relative to the present,
controlled leg press task) while movements during fMRI were restrictive to limit head
motion. Despite differences in task constraints, the present study demonstrated that subtle
variations in mean frontal ROM—during a paced movement with small kinematic variability
(SD = 1.2°)—were distinctly associated with a bidirectional BOLD response in various
regions important for attention, sensorimotor control, and sensorimotor integration (Figure
5), whereas no similar relationships were observed for brain activity and sagittal plane
ROM. Increased frontal plane knee ROM, specifically knee valgus (out-of-plane) has been
used as a marker of dynamic knee neuromuscular control due to its association with future
primary and secondary ACL injury risk (Dingenen et al., 2015; Hewett et al., 2005; Paterno
et al., 2010). The current results support the potential utility of knee frontal plane control
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as an indicator of aberrant neural control of the lower extremity due to relationships with
activity throughout numerous brain regions.

A potential contributor to the differences in relationships observed for the frontal relative
to sagittal plane may be due to the available sagittal plane range of motion being greater
compared to frontal plane motion (>90° compared to ~15°). As such, the volume of
motion required to elicit comparable sagittal and frontal plane responses would require
higher relative sagittal motion. A few degrees of frontal motion may differentially affect
neural activity when compared to sagittal plane (Dai et al., 2001), as 2.5° in frontal plane
represents 31% of available potential motion but 11.4 degrees in sagittal plane is only
13% of available motion (Hewett et al., 2005). As such, sagittal plane variation at the
knee is more ‘normal’ to common multi-joint motion relative to frontal plane motion (i.e.,
in-plane versus out-of-plane). The absence of neural correlates for sagittal plane motion may
potentially require a larger ROM to identify distinct relationships with brain activity and
warrants future investigation.

Emerging evidence further indicates that subjects exhibiting high knee abduction moments
(poor control of frontal plane ROM), a common ACL injury-risk indicator (Hewett et al.,
2005), have distinct sensorimotor-related neural correlates as measured by electrocortical
activity and resting-state functional connectivity (Bonnette et al., 2020; Diekfuss, Grooms,
Bonnette, et al., 2020). As these studies measured brain activation in the absence

of concurrent movement (i.e., at rest) or using EEG, the present data supplements

these findings by utilizing a task-based, active knee motor control fMRI paradigm

while quantifying associated biomechanics. With respect to lower extremity movement
measurement methodologies concurrent to fMRI, prior studies have generally relied on
inclinometers (Doolittle et al., 2020) or MRI-compatible accelerometers (Chung et al.,
2011; Kim et al., 2013) for biomechanical-related performance outcome data. However,
inclinometers are generally limited to single-plane measurements, and accelerometers

are prone to ‘drift bias” and require extensive calibration to achieve high quality data
(Ghanbari & Yazdanpanah, 2015; Liu & Pang, 2001; Mazilu et al., 2011). The present
study methods overcome previous performance-related limitations by employing an MRI-
compatible system that was validated to a traditional ‘gold standard’, multi-camera 3D
motion analysis system for the precise quantification of single-plane kinematic data during
multiplanar motion. However, future research is needed to directly compare performance
outcomes between the various methodologies, as well as for relative ease of implementation
and feasibility for use with other integrated systems aiming to quantify multiplanar lower
extremity motion during fMRI.

The methodologies from the current study can be extended to identify joint specific

neural correlates for multi-joint movement coordination associated with various CNS
pathologies affecting the lower extremity. Though future research is needed, this study
provides preliminary data that may support the development of novel therapeutics aiming to
supplement current, movement-based treatments for musculoskeletal injury prevention and
rehabilitation using adjunctive, neural-targeted techniques (e.g., feedback and instruction to
alter movement and brain activity) (Diekfuss, Bonnette, Hogg, et al., 2020; Gokeler et al.,
2019).
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Though this study was successful at achieving our aims, it is not without its limitations.
First, the camera position and its field of view limits the range of motion that can be
reliably measured when compared to traditional multi camera motion capture systems;
however this is still a considerable advancement to previously metronome-paced paradigm
that assume movement homogeneity across trial blocks and similarity between subjects.
Second, while we were successful in isolating knee joint kinematics during our leg press
task, a multi-camera MRI-compatible motion analysis system would be superior to have also
identified the kinematics of the ankle and hip. Third, we did not quantify kinetics during
the leg press task or standardize forces with the same level of biomechanical precision

as kinematics (e.g., using a MRI-compatible load cell). Though force quantification was
outside the scope of the present study aims, we recognize that intra- and inter-subject
variability in force applied during the leg press may overlap, or be distinct, from the
kinematic correlates identified. We emphasize future research employ the present methods
with MRI-compatible force-quantification technologies to isolate the distinct kinematic and
kinetic sensory contributions for brain activity, particularly in sensorimotor brain regions
that may be important for sensing muscle length, joint position, etc. Finally, we did

not quantify biomechanics of the leg contralateral to the moving leg to assess relative
stabilization of the lower body during the fMRI paradigm. However, the contralateral leg
was in full extension and likely required minimal activity as numerous physical restraints to
the upper and mid torso were assistive to body stabilization. Nevertheless, future research
should consider including measurements of neuromuscular activity (e.g., MRI-compatible
electromyography) to confirm the relative amount of lower extremity activation in both the
active and resting leg. Despite these limitations, the study demonstrates that single-joint
kinematics during lower extremity, multi-joint movements elicit distinct neural correlates.
Methodologies demonstrated in this study can be extended in future work and be applied

to a broad scope of research questions regarding the role of lower extremity kinematics on
brain activity for musculoskeletal-related injury and/or pathology.

5. Conclusion

The present study utilized an MRI-compatible 3D motion analysis system and identified
distinct neural correlates of frontal plane ROM during a leg press task (out-of-plane), with
greater knee frontal plane ROM eliciting significant, bidirectional relationships with brain
activity in various regions important for attention, sensorimotor control, and sensorimotor
integration. However, no distinct neural correlates of sagittal plane ROM during the leg
press task were identified (in-plane motion). These data demonstrate the potential for the
present methods to quantity and isolate the unique neural correlates of in- and out of plane
knee biomechanics concurrent with fMRI, providing potentially tangible neural targets for
adjunctive brain-based therapies theorized to promote injury-resistant movement (Armijo-
Olivo, 2018; Diekfuss, Bonnette, Hogg, et al., 2020; Diekfuss, Grooms, Hogg, et al., 2020;
Diekfuss, Hogg, Grooms, et al., 2020; Silfies et al., 2017).
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Highlights
1. Brain activity was measured using fMRI during a leg press task
2. An MRI-compatible motion capture system concurrently collected knee
biomechanics
3. Increased out-of-plane (frontal) angle associated with altered brain activity
4, No similar in-plane (sagittal) neural correlates were identified
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Figure 1.
A subject in the MRI with the MPT markers performing the unilateral leg press task.
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Figure 2.
(a) MPT camera with its axis overlay. (b) MPT compatible marker showing the Moiré

pattern and axis overlay.
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Fig. 3.
Knee sagittal and frontal plane angles of a representative subject during a movement block.

Calculation of range of motion (ROM) for one cycle within the block is shown with the
overlaid arrows.
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Figure 4.
Z-score map for overall brain activation during task performance. The cluster-wise threshold

was setat Z > 3.1, p < .05.
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Overall activation during fMRI leg task
- Greater Frontal Plane ROM associated with increased activation
- Greater Frontal Plane ROM associated with reduced activation

Overlap of overall activation and positive neural correlate
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Figure 5.
Brain activation during the fMRI leg task (green) and neural correlates of Frontal Plane

Range of Motion (positive = red, negative = blue) shown in the axial view with Z-coordinate
slices. Small yellow clusters in the Precuneus (slice: —15) and Cerebellum I-1V (slice:

60) represent spatial areas of overlap between overall activation and positive correlates of
Frontal Range of Mation. L = left, R =right.

of Frontal Plane ROM

—

Increasing Frontal Plane
Range of Motion (ROM)

More Valgus
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Table 1.

Significant clusters and peaks of activation during the leg press task, relative to rest

Page 22

Region Primary Sizecluster Region Zmax '(\Z/lo'\cl)lrdinatesx p-
910N yster Hemisphere (mm3) g peak peak v 7 ’ value
» &peak

Overall Brain Supplementary

Activation During Motor Cortex, Precentral 10 _

Leg Press Task Precentral Gyrus, L 4269 gyrus 577 12,-12,62 <001
Postcentral Gyrus
Parietal Operculum, Parietal a0
Planum Temporale L 722 operculum 4.22 40, -32,18 <001
Parietal Operculum, Planum _
Planum Temporale R 251 temporale 457 34,-34,20 001
Insula, Central Central _
Operculum L 161 Operculum 4.19 48,0, 4 .013
Insula, Central
Operculum R 131 Insula 4.37 38,10, 2 .034
Cerebellum I-IV R 712 cerebellum I~ 5 19 2,-50, -8 <001

J Neurosci Methods. Author manuscript; available in PMC 2022 May 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Anand et al.

Table 2.

Page 23

Significant clusters and peaks of activation of correlates with frontal plane range of motion, relative to rest

Neural
Correlates of
Frontal Range of
Motion

Positive Associations

Region, Primary Sizeouster Region, Zmax ?ZAONO:’dinatesX -

g10NcIyster Hemisphere (mmd) 910Npeak peak Y 7 " | value
» &peak

Posterior Cingulate Posterior cingulate A

Cortex, Precuneus R 3280 cortex 831 4,-44,20 <.001

Precuneus L 125 Precuneus 4.4 -4, -54, 60 .040

Cerebellum V, P

Cerebellum I-1V L 383 Cerebellum V 5.46 6, -56, —-10 <.001

Parahippocampus,

Temporal Fusiform L 364 Parahippocampus 4.88 -32,-14,-32 <.001

Gyrus

Parahippocampus, .

Temporal Fusiform | R 180 Jemporal fusiform | 4 46 40, -12, -26 007

Gyrus oy

Pallidum L 271 Pallidum 4.96 -16, 6,6 <.001

Cerebellum Vllla, oa _Aq _

Cerebellum V1Iib L 192 Cerebellum Vllla 4.67 28, —48, —48 .005

Cerebellum Crus | R 180 Cerebellum Crus | 5.75 40, -54, -36 .008

Middle Frontal Middle Frontal _

Gyrus L 125 Gyrus 5.31 38, 16, 30 .022

Negative Associations

Region Primary Sizecluster Region Zmax El/lol\cl)lrdinatesx i
910Ncluster Hemisphere (mm3) 910Mpeak peak v 7 " | value

» &peak

Frontal Pole,

Superior Frontal R 3132 Frontal Pole 7.63 4,58, 30 <.001

Gyrus

Planum Polare, A

Insula, Pallidum R 827 Planum Polare 6.1 44, -4, -12 <.001

Lateral Occipital -

Cortex, Middle L 539 Lateral Occipital | 595 -52,-80,-2 | <001

Temporal Gyrus

Thalamus R 292 Thalamus 6.52 4,-16, 12 <.001

Postcentral Gyrus R 163 Postcentral Gyrus 6.52 48, -24. 44 .011

Postcentral Gyrus R 163 Postcentral Gyrus 4.21 62, -12, 30 .012

Precentral Gyrus R 153 Precentral Gyrus 5.05 42, 4,26 .016

Frontal Pole L 135 Frontal Pole 5.05 -38,58, 8 .028

Putamen, Planum L 133 Putamen 459 -22,4,-10 030

Polare, Insula
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