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Abstract

Parkinson’s disease (PD) is a systemic brain disorder where the cortical cholinergic network
begins to degenerate early in the disease process. Readily accessible, quantitative, and specific
behavioral markers of the cortical cholinergic network are lacking. Although degeneration of the
dopaminergic network may be responsible for deficits in cardinal motor signs, the control of gait
is a complex process and control of higher-order aspects of gait, such as gait variability, may

be influenced by cognitive processes attributed to cholinergic networks. We investigated whether
swing time variability, a metric of gait variability that is independent from gait speed, was a
quantitative behavioral marker of cortical cholinergic network integrity in PD.

Twenty-two individuals with PD and subthalamic nucleus (STN) deep brain stimulation (PD-DBS
cohort) and twenty-nine age-matched controls performed a validated stepping-in-place (SIP) task
to assess swing time variability off all therapy. The PD-DBS cohort underwent structural MRI
scans to measure gray matter volume of the Nucleus Basalis of Meynert (NBM), the key node

in the cortical cholinergic network. In order to determine the role of the dopaminergic system on
swing time variability, it was measured ON and OFF STN DBS in the PD-DBS cohort, and on and
off dopaminergic medication in a second PD cohort of thirty-two individuals (PD-med). A subset
of eleven individuals in the PD-DBS cohort completed the SIP task again off all therapy after three
years of continuous DBS to assess progression of gait impairment.

Swing time variability was significantly greater (i.e., worse) in PD compared to controls and
greater swing time variability was related to greater atrophy of the NBM, as was gait speed. STN
DBS significantly improved cardinal motor signs and gait speed but did not improve swing time
variability, which was replicated in the second cohort using dopaminergic medication. Swing time
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variability continued to worsen in PD, off therapy, after three years of continuous STN DBS, and
NBM atrophy showed a trend for predicting the degree of increase. In contrast, cardinal motor
signs did not progress. These results demonstrate that swing time variability is a reliable marker of
cortical cholinergic health, and support a framework in which higher-order aspects of gait control
in PD are reliant on the cortical cholinergic system, in contrast to other motor aspects of PD that
rely on the dopaminergic network.
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1. Introduction

Neuronal degeneration and Lewy body formation manifest in the basal forebrain early on in
the progression of Parkinson’s disease (PD), specifically in the Nucleus Basalis of Meynert
(NBM) (Nakano and Hirano, 1984; Rogers et al., 1985). Close to 90% of cell makeup of

the NBM is cholinergic and it serves as the primary source of cholinergic innervation to

the cortex (Mesulam et al., 1983; Mesulam, 2013). Atrophy of the NBM leads to major
reductions in cortical acetylcholine (ACh) levels (Johnston et al., 1979; Mufson et al., 1986),
and has been associated with a wide range of cognitive deficits in PD, as well as with the
worsening of cognition over time (Barrett et al., 2019; Gang et al., 2020; Pereira et al., 2020;
Ray et al., 2018; Schulz et al., 2018). Medications to enhance cortical ACh are usually only
implemented in later stages of PD when the cortical cholinergic tone may be so low that
these are largely ineffective. This missed therapeutic strategy may be partly due to the lack
of behavioral biomarkers of cortical cholinergic integrity.

Gait impairment and freezing of gait (FOG) affect nearly 75% of individuals with advanced
PD (Panisset, 2004). Gait variability is associated with FOG and both have been linked to
deficits in attention switching, visuospatial processing, and aspects of executive function
(Amboni et al., 2008, 2013; Nantel et al., 2012; Yao et al., 2017), which have all been
shown to be influenced by the cortical cholinergic system (Ballinger et al., 2016; Bohnen

et al., 2006; Gratton et al., 2017; Klinkenberg et al., 2011). This suggests that the NBM-
cortical cholinergic system may pay a role in higher-order aspects of gait control, such as
gait variability, in PD but direct evidence for this is lacking. There is evidence that the
cholinergic system may be related to gait speed in PD (Bohnen et al., 2013; Rochester et

al., 2012). However, gait speed is also linked to dopaminergic networks since it and other
lower order aspects of gait control such as step amplitude are consistently improved by
dopaminergic medical therapy and subthalamic nucleus (STN) deep brain stimulation (DBS)
(Blin et al., 1991; Roper et al., 2016; Yttri and Dudman, 2018). In contrast higher-order
aspects of gait control, such as gait variability, tend to be more resistant to dopaminergic
treatment, which may explain the often observed progressive decline in gait variability in PD
since current therapies do not address deficits related to the cholinergic system (Blin et al.,
1991; Smulders et al., 2016).
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The goal of this study was to determine whether higher order aspects of gait, such as

gait variability, may be useful markers of the health of the cortical cholinergic network in
PD. We questioned whether the structural integrity of the NBM was related to the degree
and longitudinal progression of gait variability in PD. We specifically chose swing time
variability as our primary measure of gait variability since it is a metric that is independent
from gait speed, unlike stride and step time variability (Beauchet et al., 2009; Callisaya

et al., 2010; Frenkel-Toledo et al., 2005). Additionally, we looked at speed and step time
variability as secondary gait measures, which have previously been linked to the cortical
cholinergic system (Bohnen et al., 2013; Henderson et al., 2016; Rochester et al., 2012).

We used a validated stepping-in-place task in a harnessed environment to provide both a
safe environment for stepping and to minimize the role of optic flow in order to highlight
the potential higher-order contributions to gait variability (Nantel et al., 2011). As NBM
atrophy occurs early in PD, we hypothesized that swing time variability would be greater in
moderate stage PD compared to age-matched controls. We hypothesized that atrophy of the
NBM would be associated with greater impairment of swing time variability and that this
relationship would not be seen in a size-matched portion of the visual cortex. Additionally,
we hypothesized that dopaminergic therapy, either in the form of STN DBS or dopaminergic
medication, would improve cardinal motor signs and gait speed which are reliant on the
dopaminergic system, but would not improve swing time variability due to its reliance on the
cortical cholinergic system. If these hypotheses were supported, we anticipated that swing
time variability would continue to decline over time despite successful, continuous STN
DBS, and we investigated whether the degree of decline would be related to the amount of
atrophy of the NBM present at the pre-operative timepoint. Meanwhile, we hypothesized
that cardinal motor signs would be slower in their decline due to the efficacy of STN DBS in
targeting the dopaminergic system.

2. Materials and methods

2.1. Human subjects

The first cohort, the PD-DBS cohort, comprised twenty-three individuals (16 males,

7 females) with clinically established Parkinson’s disease, who underwent bilateral
implantation of DBS leads (model 3389, Medtronic., Inc) in the sensorimotor region of

the STN, and implantation of an investigative sensing neurostimulator (Activa™ PC + S,
Medtronic PLC, FDA Investigational Device Exemption (IDE) approved). Description of
the preoperative selection criteria and surgical technique are provided in the supplementary
materials, and included confirmation of no significant cognitive deficits. Post-operative CT
scans were acquired as part of the standard clinical protocol (Bronté-Stewart et al., 2010).
A second cohort, the PD-med cohort, comprised thirty-two individuals with PD (21 males,
11 females) took part in the study to test the effects of dopaminergic medication on gait.

All off-therapy experimental testing was done in the off-medication state for the PD cohorts
in which long- and short-acting medications were withdrawn over 24 to 48 and 12 h,
respectively, and DBS therapy was turned off for at least 15 min before testing began (Trager
et al., 2016). No participants were taking cholinergic medications. A third cohort comprised
twenty-nine age-matched controls (16 males, 13 females). All participants gave written
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informed consent to participate in the study, which was approved by the Stanford University
Institutional Review Board.

2.2. Experimental protocols

Quantitative measures of gait were captured using the stepping-in-place (SIP) task, which

is a validated metric of gait impairment and freezing (Nantel et al., 2011) (Fig. 1A). In the
SIP task, participants completed 90 s of alternating, self-paced stepping on dual force plates
while harnessed, Fig. 1A and B. Age-matched controls completed only the SIP task at their
visit. The PD-DBS cohort completed the SIP task off all therapy at their Initial Programming
(IP) visit, prior to activation of the DBS system, and ON and OFF STN DBS on the same
day at a timepoint within the first three years after the IP visit. A subset of the PD-DBS
cohort performed the SIP task off all therapy after three years of continuous DBS. The
PD-med cohort performed the task on and off their usual dopaminergic medication on two
separate days. At each timepoint, clinical motor impairment was assessed using part 111 of
the Movement Disorders Society-Unified Parkinson’s Disease Rating Scale (MDS-UPDRS
I11) (Goetz et al., 2007).

2.3. Kinetic data acquisition and analysis

During the SIP task, ground reaction forces were captured at either 100 or 1000 Hz, using
the Smart Equitest or Bertec systems, respectively (Neurocom Inc., Clackamas, OR, USA,;
Bertec Corporation, Columbus, OH, USA). Swing time was defined as the duration between
when one foot left the force plate and when the same foot contacted the force plate again,
Fig. 1B. Swing time variability was defined as the mean swing time coefficient of variation
(CV = standard deviation/mean) and was averaged between legs. A larger swing time CV
is indicative of more variable gait and has been shown to be independent of gait speed and
shows high reliability (Arcolin et al., 2019; Frenkel-Toledo et al., 2005). Stride time, the
time between initial contact of two consecutive steps of the same foot, was measured as a
surrogate for gait speed since there is no forward motion component in the SIP task. Step
time CV, the variability of the time between initial contact of one foot to initial contact
with the opposite foot, was calculated as a secondary measure of gait variability. Data were
log transformed to conform to normality. A previously validated computerized algorithm
was used to identify freezing episodes (Nantel et al., 2011) and swing time variability was
calculated during non-freezing stepping.

2.4. MRI acquisition and analysis

Pre-operative MRI scans were acquired in the PD-DBS cohort as part of the standard
clinical protocol previously described (Bronté-Stewart et al., 2010). Tl-structural scans were
performed at Stanford Hospital and Clinics on a 3 T Discovery MR750 scanner with a
32-channel head coil. The scans had an isotropic voxel resolution of 1x1x1 mm3 (TR = 8.24
ms, TE = 3.24 ms, FOV = 240x240mm?).

2.5. MRI preprocessing

Voxel-based morphometry was applied to T1 images using SPM12 software (Statistical
Parametric Mapping 12; Wellcome Trust Centre for Neuroimaging, UCL, London, UK).
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Images were automatically segmented into gray matter, white matter, and cerebrospinal
fluid with 1.5 mm3 resolution. The extracted gray and white matter were non-linearly
registered to Montreal Neurological Institute (MNI) space using the Diffeomorphic
Anatomical Registration Through Exponentiated Lie Algebra algorithm (DARTEL). The
gray matter was then warped using the individual flow fields resulting from the DARTEL
registration, and voxel values were modulated for volumetric changed introduced by the
high dimensional normalization to ensure that the total amount of gray matter volume was
preserved. Images were then smoothed (FWHM: 4 mm) to account for anatomical variability
across individuals and potential misregistrations to facilitate statistical comparison. The
NBM was identified and masked using probabilistic anatomical maps available in the
Anatomy Toolbox. These maps were created from histological post-mortem analysis of 10
brains (Zaborszky et al., 2008). A size-matched portion of the visual cortex was used as a
control region of interest (Supplementary Fig. S1).

2.6. Localization of DBS leads

Locations of DBS leads were determined by the Lead-DBS toolbox (Horn et al., 2019)
based on preoperative T1 and T2 MRIs and post-operative CT scans. Postoperative CT scans
and preoperative T2 scans were co-registered to preoperative T1 scans, which were then
normalized into MNI space using SPM12 and Advanced Normalization Tools (Avants et al.,
2008). DBS electrode localizations were corrected for brain-shift in the postoperative CT
scan (Horn and Kuhn, 2015). DBS electrodes were then localized in template space using
the PaCER algorithm (Husch et al., 2018) and projected onto the DISTAL Atlas to visualize
overlap with the STN (Ewert et al., 2018).

2.7. Statistical analysis

A Two-sample #test was used to compare swing time variability on the SIP task in controls
compared to the PD-DBS cohort at the IP visit. Voxel-wise statistics for associations
between swing time variability in the SIP task in the PD-DBS cohort and gray matter
volume within the NBM were computed using a general linear model in SPM12. Total
intracranial volume (i.e., total white matter, gray matter, and CSF) was calculated for each
individual as a global normalization to deal with brains of different sizes. A multiple
regression model was used with threshold-free cluster enhancement (doi: https://doi.org/
10.5281/zenodo.2641381) to assess any association between gray matter volume of the
NBM and swing time variability in the SIP task, considering age, sex, and disease duration
as covariates and using a TFCE extent value of 0.5 and height of 2.0, as used previously
(Smith and Nichols, 2009). P-values for the TFCE values were obtained based on 5000
permutations. Significance was set at p < 0.05 (family-wise error corrected; FWE) with a
cluster threshold of 10 voxels. The same test was run for a size-matched region of the visual
cortex (Supplementary Fig. S1). In addition to the main outcome of swing time variability,
multiple regression models were also run for stride time (e.g., speed) and step time CV.
Paired #tests were used to compare the effect of DBS/meds (ON vs. OFF) on swing time
variability on the SIP task for the two PD cohorts, as well as change in UPDRS scores.
Paired t-tests were also used to compare changes in swing time variability and UPDRS from
IP to 3 years later in the PD-DBS cohort. Significance was set at p < 0.05 for the t-tests.
Finally, a second general linear model was computed for the percent change in swing time
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variability from IP to 3 years later and gray matter volume within the NBM, as well as for
the secondary outcomes stride time and step time CV, and the control region in the visual
cortex.

3. Results

3.1. Demographic characteristics

Demographic information for the PD-DBS cohort is shown in Table 1 and for the control
and PD-med cohort in Supplementary Table 1. The PD-DBS cohort had a mean pre-op
MDS-UPDRS |11 score of 42.5 + 11.9 off medication, whereas the PD-med cohort had a
mean score of 20.6 + 11.3 off medication. Both the PD-DBS cohort (age: 59.2 + 10.1 yrs)
and the PD-med cohort (age: 65.7 = 7.3 yrs) were age-matched to the control cohort (age:
62.5 + 8.0 yrs).

3.2. NBM atrophy was associated with greater swing time variability and increased stride
time
Of the PD-DBS cohort of twenty-three individuals, one was excluded due to movement
artifacts in their T1 scan. For the remaining twenty-two individuals, we compared swing
time variability in the SIP task at the Initial Programming (IP) visit with age-matched
controls. The PD-DBS cohort showed significantly greater swing time variability compared
to controls, Fig. 1C (t(49) = 5.96, p= 2.69e-7).

We compared swing time variability, stride time, and step time variability in the PD-DBS
cohort with NBM gray matter volume, Fig. 1D. The IP visit occurred 63.9 + 31.9 days after
the MRI scan. Lower gray matter volume was significantly associated with greater swing
time variability (Fig 1E) and increased stride time (Supplementary Fig. S2) (p < 0.05; FWE
corrected for both). Information on each significant cluster is shown in Table 2.

There was no association for step variability or positive correlations for any gait metric, or
for the control region of interest in the visual cortex. Scatter plots comparing NBM volume
and each gait metric confirmed the voxel relationship and are shown in Supplementary Fig.
S3. Of note, swing time variability was independent of stride time, whereas stride time and
step variability were correlated (r=0.46, p= 0.01), confirming that swing time variability is
a measure of gait variability that is independent from gait speed.

3.3. Swing time variability was resistant to STN DBS

Nineteen individuals from the PD-DBS cohort were assessed with the MDS-UPDRS |11 and
completed the SIP task OFF and ON STN DBS. Fig. 2A demonstrates that the STN DBS
leads were located within the STN for all individuals.

All cardinal motor signs improved ON compared to OFF STN DBS, as shown by the
reduced total MDS-UPDRS |11 scores, Fig. 2B (t(22) = 9.64, p=2.33e-9) and all of its
sub-scores, Fig. 2C, which included axial (t(22) = 5.00, p=5.27e-5), tremor (t(22) = 5.46, p
= 1.75e-5), rigidity (t(22) = 6.38. p = 2.01e-6, and bradykinesia (t(22) = 6.61, p= 1.21e-6).
Of the gait metrics, stride time improved in the SIP task ON compared to OFF DBS (t(18) =
2.37, p=0.029) but swing time variability did not improve, Fig. 2D (t(18) = 0.89, p=0.39).
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3.4. Medication did not improve swing time variability

The lack of improvement in swing time variability with dopaminergic therapy was
confirmed in the PD-med cohort. Swing time variability did not improve on medication
compared to off medication (t(31) = 0.74, p= 0.47), and was still worse on medication than
that of age-matched controls (t(59) = 2.10, p= 0.04), Supplementary Fig. S4.

3.5. NBM atrophy showed a trend for predicting the degree of increase in swing time
variability over three years

After three years of continuous STN DBS, a subset of eleven individuals in the PD-DBS
cohort were assessed off all therapy. A portion of a SIP trace from a representative
individual at IP and at the three-year timepoint is depicted in Fig. 3A and B.

This individual demonstrated more variable stepping at the 3-year timepoint compared to
their IP visit. The demonstration of gait deterioration in this individual was supported by
the group statistic demonstrating that swing time variability during non-freezing stepping
significantly increased (worsened), over time, Fig. 3C (t(10) = 4.42, p=0.001). Stride time
(e.g., speed) also decreased over time (t(10) = 2.62, p=0.025) but to a lesser extent than
swing time variability.

A cluster within the NBM where lower gray matter volume showed a trend towards an
association with greater increase of swing time variability from IP to three years, Fig. 3D (p
= 0.001; uncorrected), but that did not survive FWE correction. Information on this cluster
is shown in Table 3. Meanwhile, there was no association for either stride time or step
variability or positive correlation for any gait metric, or for the control region of interest in
the visual cortex. Scatter plots comparing NBM volume and the percent change over time of
each gait metric are shown in Supplementary Fig. S5.

3.6. Continuous DBS stalled progression of cardinal motor signs measured off therapy

In contrast to the worsening of swing time variability over time, there was no change in
MDS-UPDRS I, off therapy, between IP and the three-year timepoint, Fig. 4A (t(10) =
0.36, p=0.73). This held true for all sub-scores, Fig. 4B, including axial (t(10) = 0.54, p
= 0.60), tremor (t(10) = 1.31, p= 0.22), rigidity (t(10) = 1.27, p = 0.23), and bradykinesia
(t(10) = 0.89, p=0.40) indicating that there was no observable decline in cardinal motor
signs over time, off therapy, after three years of continuous STN DBS.

4. Discussion

The current study investigated the relationship between gray matter volume of the Nucleus
Basalis of Meynert (NBM), the central node in the cortical cholinergic system, and

gait impairment in individuals with PD through a combination of structural imaging,
quantitative gait analysis, and dopaminergic therapy. We demonstrated, for the first time,
that atrophy of the NBM was associated with greater swing time variability in individuals
with PD, and confirmed its role in gait speed. STN DBS, which targets the degenerating
dopaminergic system in PD, did not improve deficits in swing time variability despite
overall improvements in tremor, rigidity, bradykinesia, axial motor function and gait speed.
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This was further confirmed using dopaminergic medication in a second separate cohort. It
was evident that, off therapy, swing time variability continued to worsen over three years,
and the amount of atrophy of NBM, measured pre-operatively, showed a trend towards
predicting the degree of worsening of swing time variability. In contrast, there was no
progression of cardinal motor signs, off therapy, after three years of continuous STN DBS.
Together, these results point towards a critical role of the cortical cholinergic system in
higher order aspects of gait control, such as gait variability in PD, and give insight into the
limitations of STN DBS and dopaminergic medication in ameliorating specific domains of
gait impairment.

4.1. The influence of the cholinergic system on gait variability

Gait variability is a metric that requires higher-order control and differentiates PD from
healthy controls. Although both healthy controls and individuals with PD will decrease
speed in response to a demanding dual task, only PD show increases in gait variability
(Yogev et al., 2005). This suggests that individuals with PD show deficits in the automaticity
of gait, and increasingly rely on cognitive-related functions to compensate. Additionally,
greater gait variability during walking is associated with greater sensorimotor activity,
suggesting a role of top-down processing (Berger et al., 2019; Kurz et al., 2012). The
stepping-in-place task used here, may be especially effective at highlighting the higher-order
contributions to gait variability considering optic flow is minimized, so sensory-related
guidance of stepping is more limited compared to forward walking. It has been shown that
increased gait variability is associated with impairment in certain cognitive domains in PD,
some of which may be related to the cholinergic system (Amboni et al., 2008; Morris et al.,
2017; Nantel et al., 2012; Yao et al., 2017). However, there has been no link between gait
variability and the cholinergic system until now, despite theoretical predictions (Morris et
al., 2019). The results of this study demonstrate for the first time that atrophy of the NBM,
the key node in the cortical cholinergic network, is related to greater (i.e., worse) swing time
variability in PD, thus providing evidence that the cholinergic system plays a significant role
in the underlying mechanism contributing to impairment of higher-order aspects of gait.

The observed relationship between the cholinergic system and swing time variability
continues to build on the evidence that PD is not merely a hypodopaminergic disease, but
rather a multisystem neurodegenerative disorder (Bohnen et al., 2013). This points to the
reliance of higher-order aspects of gait (stepping control) on the cholinergic system, possibly
through its effects on attention and other cognitive processes that may become increasingly
critical as the automaticity of gait becomes more impaired. Previously, it has been shown
that levels of cortical ACh were related to gait speed during forward walking in PD (Bohnen
et al., 2013; Rochester et al., 2012). Our current results support and build on this finding,

as we found that the structure of NBM was related to gait speed. However, gait speed is

also intertwined with the dopaminergic network and we confirmed previous reports that STN
DBS improved gait speed (Ferrarin et al., 2005; Roper et al., 2016; Stolze et al., 2001).
Swing time variability, a gait variability metric independent of gait speed, was related to the
integrity of the NBM and was resistant to dopaminergic therapy from DBS or medication,
suggesting that it may be a better marker of cortical cholinergic integrity. We propose

that a compromised cholinergic system negatively impacts higher-order aspects of gait
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control. This idea is supported by pharmacological evidence showing that administration
of acetylcholinesterase inhibitors improved both attention (Wesnes et al., 2005) and step
variability in PD (Henderson et al., 2016). Within this framework, the cholinergic system
appears to be the common denominator in the interplay between higher order control of gait
and cognition, leaving both processes susceptible to decline in PD as the NBM deteriorates.

Swing time variability is not the only metric of gait variability. Step time, step length, and
stride time variability are also all different accepted metrics of gait variability and may

also be related to the cholinergic system (Henderson et al., 2016). However, swing time
variability is the only speed-independent measure of gait variability of this group (Beauchet
et al., 2009; Callisaya et al., 2010; Frenkel-Toledo et al., 2005). We chose to use this as

our primary measure of gait variability in order to limit potential confounds of the effect of
DBS or natural aging on gait variability due to changes in speed and better separate from
speed-related contributions of the dopaminergic system. There was no significant association
of step time variability with NBM integrity that survived controlling for age, sex, and
disease duration.

Although the NBM is the key node in the cortical cholinergic system, the pedunculopontine
nucleus (PPN) provides cholinergic input at the level of the brainstem and the thalamus and
is implicated in gait impairment in PD (Craig et al., 2020; Jenkinson et al., 2009; Lau et

al., 2015; Thevathasan et al., 2018). Impaired cholinergic integrity of the PPN is strongly
related to falls and posture (Miller et al., 2013), and its position in the brainstem allows

it to serve as a final outflow block influencing gait (Lewis and Shine, 2016). Whereas the
PPN modulates bottom-up processing (Kim et al., 2017), the cortical cholinergic system
strongly correlates with cognitive deficits (Bohnen et al., 2012, 2015) and other higher-order
top-down processes (Kim et al., 2019). The observed results are not incongruous with a
significant role for the PPN in aspects of gait control as it is also possible that the two
systems interact at the level of the thalamus or brainstem to impact aspects of gait and
postural control (Hallanger et al., 1987; Parent et al., 1988).

4.2. Differentiating the networks involved in cardinal motor signs and gait variability in
PD with STN DBS and dopaminergic medication

STN DBS and dopaminergic medications improved the cardinal motor signs of PD but did
not improve swing time variability in two separate cohorts. These results shed insight into
the inconsistency of the efficacy of STN DBS and dopaminergic medication on different
metrics of gait variability and swing time asymmetry (Anidi et al., 2018; Blin et al., 1991,
Bryant et al., 2011; Curtze et al., 2015; Lord et al., 2011; Rochester et al., 2017). Gait is

a highly complex process that encompasses motor and non-motor mechanisms, including
executive function, attention, and visuospatial processing (Amboni et al., 2013). STN DBS
and dopaminergic medication may successfully address certain motor aspects of gait such
as gait speed in PD by targeting the basal ganglia dopaminergic network; however, it would
not be expected to address aspects of gait control that rely more heavily on other networks.
The lack of improvement in swing time variability from neuromodulation of dopaminergic
networks, demonstrates that the control of higher order or non-motor aspects of gait is likely
strongly influenced by other networks.
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4.3. Long-term progression of gait variability and cardinal motor signs

Swing time variability, measured after withdrawal of STN DBS, continued to worsen over
three years, and to a greater extent than gait speed, whereas cardinal motor signs off therapy
did not decline. Although this result does not specifically implicate the cholinergic system,
it provides further evidence that the worsening of swing time variability over time is a
manifestation of progressing neuropathology in non-dopaminergic networks. It is unlikely
that the observed worsening of swing time variability in the current study is merely due to
aging as previous findings in a cohort of older healthy adults showed no worsening of swing
time variability, as measured by standard deviation, over a three year period (Rochester et
al., 2017), while we observed a 17% worsening in our PD cohort.

Continuous STN DBS appeared to alter the expected decline of cardinal motor signs,
measured off all therapy, over three years. This finding builds on previous work from our lab
that continuous neuromodulation of the sensorimotor network via STN DBS may alter the
progression of cardinal motor signs (Trager et al., 2016). Any disease-modifying effect of
neuromodulation of the dopaminergic network would not extend to the cholinergic network
and therefore would not modify the progression of higher-order aspects of gait reliant on
cholinergic function.

4.4. NBM atrophy may predict worsening of gait variability over time

The degree of atrophy of the NBM showed a trend towards predicting the increase in
(worsening of) swing time variability three years after initial evaluation, but not the other
gait metrics in a small subset of the PD-DBS cohort. It has been shown that atrophy of the
NBM and its microstructure predicted cognitive decline several years later in PD (Pereira
et al., 2020; Ray et al., 2018; Schulz et al., 2018). Considering that NBM degeneration
occurs early on in the disease process in PD (Braak et al., 2003; Shimada et al., 2009),
there is a growing need to find ways of intervening before any accumulating effects start
significantly impacting behavior. The link between NBM, cognition, and gait may point
towards a potential role for gait variability as a readily accessible metric that will serve as a
“canary in the coal mine” to signal impairment in cortical cholinergic networks and to serve
as a measure of efficacy of novel therapeutic interventions. Such a metric could be crucial
to allow for identification of patients who may benefit from early interventions to prevent
consequences of increasing gait variability, such as freezing of gait and falls (Morris et al.,
2019).

4.5. Limitations

The number of participants for the IP to 3-year comparison was small. This cohort was
limited by the fact that these individuals were part of a larger trial using an investigative
sensing neurostimulator (Activa™ PC + S, Medtronic PLC, FDA Investigational Device
Exemption (IDE) approved). This is the largest cohort of individuals with this stimulator at
any individual site in the world. The cohort examined here also had a relatively long disease
duration at the time of their MRI scan (8.1 + 3.2 years). It is unclear whether individuals
with PD earlier in their disease state would demonstrate similar NBM atrophy. However, it
is significant that atrophy was already present despite no clear cognitive deficits during the
DBS preoperative evaluation. Another possible limitation is that different Parkinsonian signs
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may return at different rates after discontinuing STN DBS. For instance, axial symptoms
return more gradually than tremor (Temperli et al., 2003). During the DBS visit and at the
three-year follow-up, DBS was turned off at least 15 min prior to testing; we have shown
that beta band power, a neural biomarker of hypokinetic aspects of PD, returned to baseline
within one minute after DBS was turned off (Trager et al., 2016).

The SIP task provides a safe environment for assessment of gait due to the presence of a
harness, has been validated as a measure of gait impairment in PD, and minimizes the role
of visual feedback. One drawback is that one cannot directly measure speed or step length,
which have both been associated with the cholinergic system, since there is no forward
motion component to the task. However, the goal of this study was to measure a marker

of gait variability independent of speed to better separate from possible dopaminergic
contributions. Another limitation is that the analyses were restricted to a region of interest
analysis rather than a whole-brain analysis due to the small size of the NBM. However, this
was an a priori decision based on previous findings for the NBM’s role in cognitive decline
in PD. We found no associations between swing time variability and our control regions of
interest, a size-matched region of the visual cortex. Finally, there was no follow-up MRI to
track the change in NBM atrophy alongside the decline in swing time variability or MRIs
for the age-matched control cohort. Future studies should combine both quantitative metrics
of gait with longitudinal MRIs to further investigate the predictive power of the NBM for
gait impairment and vice versa. Additionally, the effect of acetylcholinesterase inhibitors
on swing time variability could be used in the future to confirm the role of the cholinergic
system on gait variability.

5. Conclusions

This study demonstrated that deficits in swing time variability, a measure of gait variability
that is independent of gait speed, in PD were related to a degenerating cortical cholinergic
system: greater swing time variability was associated with lower gray matter volume in the
NBM, the key node in the cortical cholinergic network. Swing time variability was greater
in the PD cohort compared to a group of age-matched controls and was not associated with
atrophy of the visual cortex. Neuromodulation of the dopaminergic basal ganglia-cortical
network, via STN DBS, improved cardinal motor signs of tremor, rigidity, bradykinesia,
and axial motor function, but did not improve swing time variability, which was further
confirmed in a second cohort using dopaminergic medication. Furthermore, swing time
variability continued to decline over three years of continuous STN DBS, and a subset
analysis showed that pre-operative NBM atrophy tended to be associated with worsening
swing time variability. In contrast, after three years of continuous STN DBS, cardinal
motor signs measured off therapy were no different from those prior to activation of the
DBS system. The above results support a framework in which higher-order aspects of gait
control may be reliant on cortical cholinergic processing. Swing time variability is a readily
accessible measure of impairment that could provide insight into the health of cortical
cholinergic networks in PD and could identify individuals, who may benefit from early
interventions to prevent the devastating behavioral manifestations of the degeneration of the
cortical cholinergic system over the course of PD.
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Fig. 1.
NBM atrophy was associated with greater swing time variability. (A) Depiction of the

stepping-in-place (SIP) task in which the patient alternately steps on two force plates. (B) A
representative trace from the SIP task showing the stepping cycles. The red line represents
the stepping trace of the right foot and the blue line represents that of the left foot. The
highlighted portion represents the period of time when the left foot was in the swing phase:
from when the foot left the force plate to the point when it returned (arrows). The swing
time coefficient of variation (standard deviation/mean) was calculated as a measure of gait
variability. (C) Comparison of swing time variability between age-matched controls and

the PD cohort during the SIP task. Individuals with PD showed significantly greater (i.e.,
worse) swing time variability. (D) Probabilistic mask of the Nucleus Basalis of Meynert
(NBM) in MNI space as determined previously by Zaborszky et al., 2008. The colour bar
represents the probability that the voxel was identified as NBM in that cohort. (E) Voxels
showing a significant negative correlation between NBM gray matter volume and swing
time variability on the SIP task at Initial Programming (IP). Individuals with lower gray
matter volume in the NBM show greater (i.e., worse) swing time variability. The colour

bar represents p-values (FWE-corrected). MNI coordinates of each slice are shown at the
bottom. Error bars represent SEM. * indicates significant differences. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 2.

STN DBS improved cardinal motor signs but did not improve swing time variability. (A)
DBS electrode lead placement in the STN (orange) for 19 participants. (B) Comparison of
total MDS-UPDRS I11 and (C) its sub-scores OFF (blue) and ON (pink) DBS. STN DBS
reduced total MDS-UPDRS-I111 and all of its sub-scores. (D) Comparison of swing time
variability during the SIP task OFF and ON DBS. STN DBS did not improve swing time
variability. Error bars represent SEM. * indicates significant differences. (For interpretation
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of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 3.

Sv?/ing time variability increased over time, off therapy, and the degree of increase was
related to initial levels of NBM atrophy. (A) Example of a kinetic trace during the stepping-
in-place (SIP) task at Initial Programming (IP) and (B) three years later in the same
individual. (C) Comparison of swing time variability during the SIP task at IP (blue) and 3
years (pink). Swing time variability significantly increased (i.e., worsened) over time. (D)
Voxels showing a negative correlation between gray matter volume and percent change in
swing time variability on the SIP task from IP to 3 years later. Individuals with lower gray
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matter volume showed a trend of greater increases in swing time variability over time. The
colour bar represents p-values (uncorrected). MNI coordinates of each slice are shown at the
bottom. Error bars represent SEM. * indicates significant differences. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 4.
Cardinal motor signs did not worsen over time, measured off therapy, after three years of

continuous STN DBS. (A) Total MDS-UPDRS Il and (B) its sub-scores at IP (blue) and 3
years later (pink) tested off of all therapy. Error bars represent SEM. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Table 1.
DBS Patient Demographics
Patient Age (Years) Sex Time Since Pre-Op MDS- Pre-Op MDS- MDS-UPDRSIII LEDD (mg)
Diagnosis (Years) UPDRSIII (off UPDRSIII (on (ON STN DBS,
meds) meds) off meds)

1 72.9 M 9.9 54 41 24 1098
2% 52.8 M 4.9 24 8 5 1314
3% 62.5 M 3.0 35 26 11 400
4% 65.7 M 5.2 29 16 12 500
5** 58.1 M 3.4 39 23 19 1923
67" 422 M 45 58 12 9 1200

7% 69.0 M 10.6 41 28 14 1116
g™ 53.5 M 7.6 52 29 17 2405

9 73.1 F 8.8 37 22 18 1588
10™* 72.2 8.9 47 23 29 750
11 58.6 F 10.0 33 6 18 1000
12% 545 M 11.0 56 20 20 1710

13 34.3 M 2.1 59 22 35 950
14% 57.3 M 6.1 62 23 19 1075
15™* 67.6 F 6.1 44 25 2 825
16™ 50.6 F 9.2 50 26 14 920
17* 61.9 M 143 42 24 8 1200
18™ 52.0 F 12.5 34 6 6 650

19 66.1 M 7.6 51 10 16 875
20 56.8 F 11.6 38 18 8 1125

21 75.7 F 8.5 44 19 23 800
2% 55.0 M 10.4 11 7 2 917
23* 50.1 10.2 38 31 17 375

Average+ SD  59.2+10.1 8.1+3.2 425+119 20.2+8.7 15.0+8.1 1074.6 £ 479.5

*
indicates that the participant performed the SIP ON DBS.

*Kk
indicates that the participant performed the SIP ON DBS and completed the three-year follow-up visit. LEDD: Levodopa Equivalent daily dose
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Table 2.

Correlations between NBM Gray Matter Volume and Swing Time Variability and Stride Time at Initial
Programming

Gait Metric MNI Coordinates Cluster Size (Voxels) TFCE Value pygye”
Swing Time Variability x=23,y=-15,z=-6 31 voxels 173 p=0.02
Stride Time x=23,y=-12,2=-8 47 voxels 187 p=0.013

*
Family-wise error (FWE) corrected
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Table 3.
Correlation between NBM Gray Matter Volume and Worsening of Swing Time Variability at 3 Years

MNI Coordinates Cluster Size (Voxels) TFCE Value p value'

Xx=24,y=-2,2=-6 17 voxels 229 p=0.001

*
Uncorrected
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