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Abstract

The neural underpinnings of delayed automatic postural responses in people with multiple
sclerosis (PwMS) are unclear. We assessed whether white matter pathways of two supraspinal
regions (the cortical proprioceptive Broadman’s Area-3; and the balance/locomotor-related
pedunculopontine nucleus) were related to delayed postural muscle response latencies in response
to external perturbations. 19 PWMS (48.8+11.4 years; EDSS=3.5 (range: 2-4)) and 12 healthy
adults (51.7+12.2 years) underwent 20 discrete, backward translations of a support surface. Onset
latency of agonist (medial-gastrocnemius) and antagonist (tibialis anterior) muscles were assessed.
Diffusion tensor imaging assessed white-matter integrity (i.e. radial diffusivity) of cortical
proprioceptive and balance/locomotor-related tracts. Latency of the tibialis anterior, but not medial
gastrocnemius was larger in PwMS than control subjects (p=0.012 and 0.071, respectively). Radial
diffusivity of balance/locomotor tracts was higher (worse) in PwMS than control subjects
(p=0.004), and was significantly correlated with tibialis (p=0.002), but not gastrocnemius (p=0.06)
onset latency. Diffusivity of cortical proprioceptive tracts were not correlated with muscle onset.
Lesions in supraspinal structures including the pedunculopontine nucleus balance/locomotor
network may contribute to delayed onset of postural muscle activity in PwMS, contributing to
balance deficits in PWMS.
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INTRODUCTION

Automatic postural responses (APRS) to external perturbations such as a slip or trip are
critical for fall prevention [1]. APRs are significantly delayed in people with multiple
sclerosis (PwWMS)[2, 3], and are related to falls [4]. The cause of delayed postural responses
in PwWMS are poorly understood because the neural circuitry responsible for postural
responses is unclear [5].

Spinal conduction of ascending somatosensory information is correlated to APR latency,
suggesting disrupted and distorted electrical signaling from muscles contributes to delayed
postural responses [2]. Recent work shows that structural connectivity of cortical
proprioceptive networks (i.e. white matter emanating from Broadman’s Area-3; BA3) is
related to postural control deficits in PwMS such as increased postural sway [6].
Furthermore, brainstem regions including the pedunculopontine nucleus (PPN) and
pontomedulary reticular formation are critical for APRs [7, 8], and likely comprise
components of a supraspinal balance/locomotion network [9]. While PwMS show pathology
within these brainstem regions [10], it remains unknown whether changes in supraspinal
structures contribute to altered APRs in this population.

Therefore, our goal was to assess the relationship between APRs and structural connectivity
of two supraspinal networks (cortical proprioceptive network, and PPN-balance/locomotion
network) in PwMS.

METHODS

Participants

Procedures

These data are a subset of those reported in [6] on whom we also collected APR latencies.
Complete datasets of 19 PwWMS (age [mean+SD]: 48.8+11.4 years; 17 female; Expanded
Disability Status Scale (EDSS): 3.5, range: 2-4; Mini Balance Evaluation Systems Test
(MiniBEST): 22.0+4.7) were analyzed. Fourteen PWMS were relapsing-remitting, 2
secondary-progressive, 2 primary-progressive and 1 was progressive-relapsing. Twelve
healthy adults (age: 51.7+12.2 years; 9 female, MiniBEST: 25.4+1.8) were selected as age
and sex-matched controls.

Postural responses—We assessed postural responses for 20 backward support-surface
translations. For purposes unrelated to the current analysis, the 20 perturbations consisted of
4 blocks of 5 trials. Each block consisted the same velocity (15 cm/s), but different
amplitude: 3.6 cm, 6.4 cm, 8.0 cm, and 12 cm. Perturbations were delivered in this small-to-
large order. This perturbation delivery did not significantly affect muscle-onset latency, as
average latency across amplitude blocks was similar (p>0.05) for both groups. Surface
electromyography (EMG) was collected bilaterally from the tibialis anterior (TA) and medial
gastrocnemius (MG) to assess muscle-onset latency.

MRI assessment—Participants underwent MRI neuroimaging, described in detail
elsewhere [6], via a 3.0 T Siemens Magnetom Tim Trio scanner. A whole-brain echoplanar
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imaging sequence was used (TR=9,100 ms, TE=88 ms, field of view=240 mm?, b-
value=1,000 s/mm?, isotropic voxel dimensions=2 mm3); images were sensitized for
diffusion along 90 different directions with a b-value of 1000 s/mm?. For every 36 diffusion-
weighted images, a non-diffusion weighted image (b=0 s/mm?) was acquired (three total).

Cortical Proprioceptive Pathway—The cortical proprioceptive tract ascends the dorsal

column, synapses in the ipsilateral gracile nucleus, and then follows the medial lemniscus to
the contralateral ventral-posterolateral nucleus of the thalamus and terminates in the primary
somatosensory cortex [11].

PPN Pathway—The PPN is located in the mesencephalic reticular formation and has
ascending supratentorial axonal projections reaching numerous targets including the internal
globus pallidus, thalamus, and sensorimotor cortices, along with descending projections to
the cerebellum and spinal cord.

Based upon previous work [6,12], all regions of interest (ROIs) were created in MNI 1 mm
space and affine-transformed into each participant’s native diffusion space to carry out
tractography.

Data analyses

Muscle onset latency—Muscle onset after perturbation was identified via a semi-
automated program (Matlab, Natick, NJ), which determined the first instance of either the
left or right leg in which muscle activity increased above 2 standard deviations of standing
EMG and remained above for >25 ms. This was completed separately for TA and MG
muscles. If onset-latency was larger than 300 ms or less than 50 ms, data from this trial were
discarded, as these represent highly atypical (>300 ms) or non-physiological (<50 ms)
postural responses.

Diffusion Tensor Imaging Analysis—Diffusion data were processed using tools
implemented in FMRIB Software Library (FSL; Version 5.0) using standard processing
techniques [6, 12]. Briefly, data were corrected for eddy current distortions and mation
artifacts, averaged to improve signal-to-noise ratio [13] and subsequently skull-stripped.
Probabilistic fiber tracking (using FDT 1.0 [14]) was initiated from every voxel within the
binarized seed ROI in each participant’s native diffusion space. Streamline samples (25,000)
were sent out from each voxel, with a step length of 0.5 mm and a curvature threshold of
0.2. For group analyses, the probabilistic connectivity distribution maps from individual
participants were thresholded at 50% (thus selecting all connections where >12,500 of
25,000 samples passed [12, 15]. Radial diffusivity, an indirect neural marker of myelination
[16], was calculated for each participant by taking the mean of the second and third
eigenvalues— (\2+A3)/2. Lower radial diffusivity is interpreted as better white matter tract
microstructure. After probabilistic fiber tracking, radial diffusivity for each tract was
averaged across hemispheres.
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Statistical analyses

Independent sample t-tests compared muscle-onset latency of TA and MG as well as radial
diffusivity of PPN and BA-3 tracts across groups. Spearman’s rho (r[s]) correlation statistics
were used to correlate EMG and radial diffusivity to protect against outliers given the
relatively small sample size. Data are reported as mean and standard deviation. Significance
level (alpha) was set to 0.05.

RESULTS

Muscle onset latencies

Latency of the TA (antagonist) was later in PwMS compared to healthy adults (MS:
136.0+£33.3 ms; Control:111.5+15.5 ms; p=0.012). Latency of the MG (agonist) was not
different between groups (MS:107.3+20.4 ms; Control:97.7+6.5 ms; p=0.071; Figure 1A).

Radial diffusivity

White matter fiber tract integrity (radial diffusivity) of BA-3 cortical proprioceptive tracts
was not different between groups (p=0.100). However, PPN-balance/locomotor tract radial
diffusivity was larger (worse) in PwMS compared to healthy adults (p=0.004; Figure 1B).

Correlation analyses

In PwMS, diffusivity of PPN-balance/locomotor tracts was significantly correlated with
muscle onset latency. This relationship was stronger in the antagonistic TA (r[s]=0.68,
p=0.002), than the agonist MG (r[s]=0.45, p=0.062; Table 1, Figure 1C&D). BA3-cortical
proprioceptive tracts were not significantly correlated to agonist or antagonist muscle onset
(Table 1).

DISCUSSION

Structural integrity of the PPN-balance/locomotion network was significantly related to
delayed postural muscle latencies in response to external perturbations. This suggests the
PPN-balance/locomation network plays a role in postural response dysfunction in PWMS.

Brainstem structures are critical for APRs. Human [7] and animal [8] models suggest that
basal ganglia-cortical loops may pre-select APRs, which are then stored-in and released-
from brainstem structures (for reviews see [5, 17]). The current study extends these findings,
showing that dysfunction of brainstem white matter tracts play a specific role in delayed
postural responses in PWMS.

Cortical proprioceptive connectivity is correlated with postural sway [6]; however was not
significantly correlated to postural response latency in the current study. Previous work
suggests that short-latency, feet-in-place postural responses may rely more heavily on
subcortical brainstem regions, whereas longer latency, stepping responses involve more
cortical structures [5]. Indeed, in the current study feet-in-place postural responses were
correlated to white matter tracts emanating from brainstem regions, but not from cortical
proprioceptive regions.
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Unlike previous investigations showing significantly delayed MG onset in PwMS with
respect to healthy adults [2], we observed only a trend (p=0.071) in this direction. This could
relate to the relatively mild MS population in our analysis. Similarly, we did not observe
significantly worse diffusivity of cortical proprioceptive tracts in PwMS compared to healthy
adults. The subset of participants in the current study had less severe balance dysfunction
than the sample reported in [6] (mean MiniBEST score 22.0 vs. 20.4). Given the relationship
between balance dysfunction and cortical proprioceptive tract integrity [6], the better
balance scores in the current dataset could explain the similar cortical proprioceptive
diffusivity across groups.

Interestingly, the correlation between PPN diffusivity and postural response latency was
stronger with the antagonist TA than the agonist MG. The non-significance (p=0.06) of the
correlation between PPN diffusivity and MG latency may be due to the lack of dysfunction
and relatively small variance in MG onset-latency in the MS group. Alternatively, the more
pronounced relationship between antagonist (TA) latency and PPN connectivity may relate
to alterations in PPN-cerebellar connectivity. The cerebellum is critical for coordinating and
timing antagonistic EMG bursts after perturbations and for ballistic, voluntary movements
(for review, see [18]). Given the dense connectivity between the PPN and the cerebellum,
alterations in PPN-cerebellar connectivity may have driven the close relationship between
PPN diffusivity and antagonistic muscle latency.

A limitation of this report is the delivery of multiple-amplitude perturbations. Although no
differences were observed across amplitude blocks for either group, this delivery method
may have incorporated variability into latency outcomes, reducing our ability to detect MG
latency differences across groups.

CONCLUSION

This study shows that supraspinal connectivity is related to delayed postural responses in
PwMS, demonstrating the importance of supraspinal regions in automatic responses in this
population. However, additional research is necessary to fully understand the neural
underpinnings of postural response dysfunction in PWMS.
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Highlights

Supraspinal causes of delayed automatic postural responses in people with MS
are unknown

We correlated supraspinal structural connectivity to postural response latency
Pedunculopontine nucleus structural connectivity was worse in people with MS
Pedunculopontine nucleus connectivity was correlated to tibialis onset latency

Altered supraspinal connectivity may contribute to delayed postural responses in
MS
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Figure 1.
Means and standard deviations of (A) Muscle onset latency after perturbations in the tibialis

anterior (TA) and medial gastrocnemius (MG) and (B) radial diffusivity of pedunculopontine
nucleus (PPN) and Broadman’s Area-3 (BA3) regions are shown. Lower panels show the
correlation between PPN radial diffusivity and muscle onset latency after perturbations in
the (C) tibialis, and (D) gastrocnemius.
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Spearman’s Rho r[s] correlation statistics and p-values relating muscle onset latency and radial diffusivity in
PwMS and healthy controls

PPN (r[s]; p)

BA3 (r[s]; p)

PWMS- TA 0.678; 0.002
PWMS- MG 0.449; 0.062
Control- TA 0.000; 1.000
Control- MG -0.189; 0.557

0.284; 0.254
0.230; 0.344
0.322; 0.308
0.488; 0.145

Abbreviations: TA: Tibialis Anterior; MG: Medial Gastrocnemius; PPN: Pedunculopontine Nucleus; BA3: Broadman’s Area-3; PwWMS: people

with multiple sclerosis
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