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A B S T R A C T

When walking on a split-belt treadmill, where each leg is driven at a different speed, a temporary change is made
to the typical steady-state walking pattern. The exact ways in which the brain controls these temporary changes to
walking are still unknown. Ten young adults (23�3y) walked on a split-belt treadmill for 30min on 2 separate
occasions: tied-belt control with both belts at comfortable walking speed, and continuous adjustment where speed
ratio between belts changed every 15 seconds. 18F-fluorodeoxyglucose (18FDG) positron emission tomography
(PET) imaging measured whole brain glucose metabolism distribution, or activation, during each treadmill
walking condition. The continuous adjustment condition, compared to the tied-belt control, was associated with
increased activity of supplementary motor areas (SMA), posterior parietal cortex (PPC), anterior cingulate cortex
and anterior lateral cerebellum, and decreased activity of posterior cingulate and medial prefrontal cortex. In
addition, peak activation of the PPC, SMA and PFC were correlated with cadence and temporal gait variability.
We propose that a “fine-tuning” network for human locomotion exists which includes brain areas for sensorimotor
integration, motor planning and goal directed attention. These findings suggest that distinct regions govern the
inherent flexibility of the human locomotor plan to maintain a successful and adjustable walking pattern.
1. Introduction

The ability to quickly alter and fine tune one’s walking pattern re-
quires asymmetrical adjustments in the patterns of step length, stance
and swing between legs. In the laboratory, a split-belt treadmill, with
independently driven belts under each leg, can recreate the separate
functions of each leg, similar to those occurring during rapid changes to
the walking pattern. When belts suddenly start moving at different
speeds without warning to the participant (split-belts), a spontaneous
reactive change must be made to the previous typical symmetrical
steady-state walking pattern. However, with extended exposure to split-
belts, feedforward anticipatory gait control integrates ongoing sensori-
motor information to update the motor plan, gradually allowing the
central nervous system to create a context-specific locomotor program
(Blanchette and Bouyer, 2009; Reisman et al., 2010). The ability to react
to, and learn from, treadmill belts operating at different speeds highlights
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the nervous system’s capacity to alter locomotion to perturbations from
the environment. The exact neural correlates underlying these locomotor
program adjustments are now only beginning to emerge.

Thus far, hypotheses of the neural control underlying reactive and
anticipatory gait alterations to spilt-belt treadmill walking have been
primarily based on studies of clinical populations. Within 5 steps of
walking on split-belts, gait cycle changes are present in subjects with
damage to the midline cerebellum (Morton and Bastian, 2006), cortical
strokes (Reisman et al., 2005), children who underwent hemispherec-
tomy (Choi et al., 2009), Parkinson’s disease (PD) patients (Dietz et al.,
1995) and even healthy infants prior to independent stepping (Yang
et al., 2005). While these reactive gait changes are not affected, feed-
forward anticipatory gait cycle changes necessary for adaptation are not
fully functioning in these populations, highlighting that cerebellar and
supratentorial regions are required for learning a new locomotor pattern.

Anticipatory changes to the gait pattern occur as a result of a change
ll University, Montreal, H2W 1S4, Canada.
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in the motor plan from repeated exposure to the reactive gait changes
with the goal of minimizing errors. la Fougere and colleagues (la Fougere
et al., 2010) hypothesized that this error driven feedback would originate
from the spinal cord, through cerebellum to brainstem and basal ganglia,
and would create a functional loop with the supplementary motor areas
(SMA). This would allow for alterations to the ongoing motor plan
through the brainstem and for updates to environmental constraints (la
Fougere et al., 2010). This functional network for planned walking
modifications has been confirmed with other neuroimaging studies
involving locomotion, suggesting that sensorimotor integration while
walking would not only require cortical activation of SMA (Miyai et al.,
2001; Suzuki et al., 2008) but would also involve the posterior parietal
cortex (PPC) (Lajoie et al., 2010; Gwin et al., 2011; Billingston et al.,
2013; Drew andMarigold, 2015; Mitchell et al., 2018; Wong and Lomber,
2019) and primary motor and somatosensory areas (Fukuyama et al.,
1997; Miyai et al., 2001; Suzuki et al., 2008; Gwin et al., 2011). Finally,
lateral cerebellar areas have been implicated in goal directed, or antici-
patory, foot placement changes (Ilg et al., 2008) and adaptation of the
gait pattern to split-belt walking (Morton and Bastian, 2006) while
midline cerebellar lesions indicate that this region has a role in the dy-
namic postural control required during typical straight walking (Bastian
et al., 1998). In addition to further cortical activation, the healthy CNS
also reduces activity in areas known to be part of the Default Mode
Network (DMN) during task performance (Raichle et al., 2001). The
DMN is active at rest and involved in self-reference, memory and thought
and deactivates when any motor tasks are performed including walking
(Crockett et al., 2017).

Previous studies suggest that anticipatory gait changes to split-belt
treadmill walking, but not reactive gait changes, are affected by cere-
bellar, cerebral or subcortical damage. This raises the question of
whether it is possible that part of the underlying neural control for
reactive gait changes is located within lower level structures such as the
brain stem, vestibulo-spinal portions of the cerebellum and spinal cord?
A more direct assessment of the healthy central nervous system responses
to split-belt walking, using functional neuroimaging for instance, could
help provide a more detailed description of its control mechanism.

By means of the progressive accumulation of a radioactive glucose
analog to map whole brain metabolism, neural activity imaged with 18F-
fluorodeoxyglucose (18FDG) positron emission tomography (PET) rep-
resents the brain’s average activity over a 30 to 40-min period. While this
excludes 18FDG PET for assessing events that take place over a short
period of time, it does allow for the assessment of activities sustained
over the entire uptake period, such as walking. Previous 18FDG PET
protocols have successfully generated hypothesizes of the brain areas
involved when modulation of the gait pattern is required (la Fougere
et al., 2010; Mitchell et al., 2018).

Using 18FDG PET imaging, this project identified cerebral and cere-
bellar brain regions involved in the control of continuous gait modifi-
cations needed to successfully perform a split-belt treadmill task in
healthy young adults. We hypothesized that continuous gait modifica-
tions to changing inter-belt speed ratios on the split-belt treadmill would
increase levels of glucose metabolism (i.e. would recruit) areas involved
in sensorimotor feedback integration and goal-directed foot placement:
the lateral portions of the cerebellum, supplementary motor areas and
the posterior parietal cortex.

2. Materials and methods

2.1. Subjects

Ten healthy, young adults (mean age¼ 22� 3 years, 5 male) with
normal or corrected-to-normal vision and no history of diabetes, vestib-
ular dysfunction, neurological, musculoskeletal or cardiopulmonary
disorders participated in this study. All participants had experience
walking on a regular treadmill but were naïve to walking on a split-belt
treadmill before their participation in this study. The experimental
2

protocol was approved by the McGill Institutional Review Board and all
participants provided written consent.

2.2. Equipment

For gait analysis, participants wore seven wireless inertial measure-
ment units (IMUs; triaxial accelerometers, gyroscopes and magen-
tometers; Opal™, APDM Inc., Portland, OR) on the sternum, forehead,
sacrum, left and right wrist, and left and right lower shank. A split-belt
treadmill (Forcelink Dual Belted Treadmill on N-Mill Frame) consisting
of two independently-operating belts separated by a 5 cm gap and three
safety bars (front, right and left sides) was used to induce a continuous
speed change to the gait pattern (Supplementary Fig. 1). While walking
on the treadmill, participants wore a safety harness for fall protection
that provided no mechanical support nor hindered movements. To
compensate for differences in treadmill belt noise at different speeds,
participants wore binaural over-ear headphones which played pure white
noise while walking.

2.3. Laboratory familiarization visit

Participants first provided signed informed consent, completed
questionnaires for Positron Emission Tomography (PET) and Magnetic
Resonance Imaging (MRI) and completed the International Physical Ac-
tivity Questionnaire (IPAQ, Craig et al., 2003). IPAQ results confirmed
that all participants reached, at a minimum, a moderate level of physical
activity each week. Treadmill belt speeds were calculated from mea-
surements of each participant’s mean over ground comfortable walking
speed during 2min along an 11m path with 180-degree turns at each
end. Participants then walked on the treadmill with both belts at their
typical walking speed (15min) to familiarize to the treadmill and sur-
roundings (Tied-Belt Treadmill Familiarization). Participants walked as
they would on a day-to-day basis, with arms swinging naturally and gaze
directed forwards. So that participants were aware of what speed changes
may feel like and avoid any anxiety, two “splits”, where one treadmill
belt was slowed down (to 50% of their typical walking speed), were
administered with ample warning (15 s).

2.4. FDG PET imaging sessions

Participants completed two, 2.5-h imaging visits to the laboratory and
Brain Imaging Centre (Montreal Neurological Institute) (>48 h apart,
mean 10� 10days). On each testing day, all participants fasted overnight
(>6 h) to optimize cerebral 18FDG uptake (Varrone et al., 2009). Par-
ticipants repeated the Tied-Belt Treadmill Familiarization prior to 18FDG
injection on each imaging session to ensure walking comfort and a
steady-state gait pattern was achieved.

A mean 188MBq bolus (�11MBq) of [18F]-FDGwas then injected into
the cubital vein. Within 2 minutes (mean¼ 1.8� 0.5minutes) of injec-
tion, participants began the treadmill walking trial. Upon uptake in the
brain (heavily weighted towards the first 10–15 minutes after injection
(Huang et al., 1980; Ginsberg et al., 1988)), 18FDG is retained within
cells, where it can be imaged using Positron Emission Tomography (PET).
On each imaging session, participants performed one of two treadmill
conditions for 30min, ensuring optimal tracer uptake, with the order of
treadmill conditions being randomized between participants (tied-belt
and continuous adjustments, see below). Tracer accumulation while
walking represents mean whole brain glucose metabolism, during each
trial. Both conditions were performed on the same treadmill with the
same visual and auditory surroundings.

The tied-belt walking condition was used as the reference task to ac-
count for any metabolic activity associated with typical walking and
dynamic postural control during walking. During tied-belt walking, par-
ticipants walked with both treadmill belts driven at their typical walking
speed for 30min.

The continuous adjustment condition was used as the experimental
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task to isolate specific brain areas associated with ongoing changes to the
gait pattern. During continuous adjustment, participants walked on the
treadmill with the ratio of treadmill belt speeds changing every 15 s
without warning to the participant for 30min. Belt speeds at ratios of
100%, 50% or 33% of typical walking speed were randomly presented
(See Fig. 1) and were frequent enough that participants continuously
adjusted their gait to the treadmill. The order of belt speed changes was
the same for all participants and ensured that the number of speed re-
ductions were evenly applied to both sides. To confirm the perception of
these belt changes, participants completed a short survey about belt
speeds and belt speed changes after the PET imaging was completed. Due
to software error during collection, gait data was not collected for 2
participants during the continuous adjustment condition.

2.5. PET and MRI acquisition

PET image acquisition began within 50 minutes of injection (mean
48� 7minutes). This delay included the treadmill walking session (30
minutes), and a transition period for the participants to walk to the PET
Imaging Centre at the Montreal Neurological Institute (MNI) (mean
5� 1minutes). Actual PET scan acquisition duration was 40min fol-
lowed by an additional 10min of transmission scan time for attenuation
correction. The combined walking time, transition and imaging time was
within the 110-min half-life of 18F-FDG tracer (98� 7min).

Images were obtained with a High-Resolution Research Tomograph
(HRRT) PET scanner (CTI/Siemens, Knoxville, Tennessee) with a spatial
resolution of 2.3–3.4mm at full width half maximum (Funck et al.,
2014). 3D sinograms were produced from the list-mode data acquired
over 40min and reformatted in a series of 8 successive 3D images of
5min each. The use of 8 consecutive static images allowed for motion
artefact correction. The 8 frames were then summed into a single 40-min
long frame.

T1-weighted anatomical images of the brain were acquired for co-
registration with PET images on a 3T Prisma Scanner (Siemens, Erlan-
gen, Germany). A 3D magnetization rapid gradient echo was used (echo
time: 2.98ms; repetition time: 23ms, flip angle¼ 9�) resulting in a voxel
size of 1� 1� 1mm obtained across the entire brain using an echoplanar
imaging sequence (field of view¼ 240� 256mm2).

2.6. PET image preprocessing

All PET images were processed and compared using Statistical Para-
metric Mapping 12 (SPM12, Welcome Trust Centre for Neuroimaging,
Institute of Neurology, University College London, London, UK) running
within MATLAB 2014b (MathWorks, Natick, Massachusetts, USA). Each
Fig. 1. Example of Step-to-Step Symmetry for one participant. While both belts re
ratio was changed every 15 s during the continuous adjustment condition. The right a
percentage of typical speed, where 100% is equal to typical walking speed.

3

condition’s images (continuous adjustment or tied-belt) were linearly co-
registered to the participant’s native T1-weighted MR anatomical image.
That MR study was co-registered and spatially normalized to the Mon-
treal Neurological Institute template ICBM 152 6th generation linear
brain atlas (Mazziotta et al., 2001). The 12-parameter affine trans-
formation (Friston et al., 1995) allowing for co-registration of the sub-
ject’s MR study to the template was then applied to the PET images
already co-registered to the subject’s MR in its native space, bringing
both PET images into the MNI template space in a spatially normalized
format. Using a Gaussian filter (Full width half Maximum¼ 8mm),
spatially normalized PET images were blurred to minimize noise.
Radioactivity concentrations in [Bq/ml] were then normalized to the
average radioactivity concentration in the white matter using a mask of
the centrum semiovale in MNI space, generating white
matter-normalized Standardized Uptake Value Ratios (SUVRs). This step
was used to remove the effects of inter-subject non-test condition linked
differences in radioactivity concentration prior to voxel-based statistics
(la Fougere et al., 2010).

2.7. PET image statistical analysis

Whole Brain: Regional SUVRs were assessed for changes in brain
activity during continuous walking adjustment compared to the tied-belt
condition. To determine which brain regions are involved in the
continuous alteration of the gait pattern, a flexible factorial design in
SPM12 was used with treadmill condition (tied-belt, continuous adjust-
ment) as the independent variable. Whole-brain group contrasts identi-
fied voxels of significant peak increase or decrease in glucose metabolism
(p< 0.005, uncorrected (Tard et al., 2015)) and clusters of significant
increase or decrease in glucose metabolism (p< 0.05, FDR correction,
minimum 30 contiguous voxels). Participants’ peak z-scores from each
cluster were extracted for regression analysis. All stereotactic coordinates
refer to the MNI coordinate system.

Region of Interest: Following whole brain analyses, a secondary hy-
pothesis emerged for the deactivation of the DMN. To test whether clus-
ters of deactivation were identified within the known DMN, a single mask
of 10mm spheres located at the DMN coordinates outlined by Andrew-
s-Hanna et al. (2010) was created and a whole-brain group contrast was
repeated specifically within this mask (Supplementary Fig. 2).

2.8. Gait analysis

The spatiotemporal gait outcomes analyzed were obtained directly
from the Mobility Lab™ algorithms of the iWalk plugin for each gait
cycle: 1) Cadence (steps per minute); 2) Stride Length (meters from heel
mained at the participant’s typical walking speed during tied-belt, the belt speed
nd left belt speeds during the continuous adjustment condition are displayed as a
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contact to heel contact of the same leg) and 3) Proportion of the gait cycle
spent in dual support. A relative measure of dual support was calculated
based on which leg was approaching terminal stance: for instance left leg
dual support occurred from right-foot heel contact to left-foot toe-off
(Reisman et al., 2005). Dual support for each leg was then expressed as a
proportion of the gait cycle time (% GCT).

Gait symmetry was assessed as the difference in performance in terms
of stride length and dual support between each leg, presented as a ratio of
the combined performance of both legs for that gait cycle (Step Sym-
metry ¼ (Right Leg–Left Leg)/(Right Leg þ Left Leg)). A symmetry value
of 0 indicates both legs performed at exactly the same level (Malone and
Bastian, 2010). To account for any inherent bias in each participant’s gait
symmetry, a mean symmetry was calculated from the first minute of
tied-belt walking of each testing day and removed from all data points in
the gait trial post-injection.

Learning (i.e. adaptation to split-belts) did not occur during the
continuous adjustment trial (stride length symmetry- 1st minute: 0.05 �
0.03; 15th minute: 0.05 � 0.02; 29th minute: 0.04 � 0.02 p> 0.05; dual
support symmetry- 1st minute: 0.11 � 0.04; 15th minute: 0.10 � 0.02;
29th minute: 0.11 � 0.04 p> 0.05) so each participant’s mean and
standard deviation (SD) of stride length symmetry and dual support
symmetry were calculated across the entire 30-min trial to compare
treadmill conditions. To further describe global stride-to-stride vari-
ability of symmetry measures, the proportion of steps (%total) each
participant took beyond 2 SD of the tied-belt mean was calculated for
both the tied-belt walking and continuous adjustment trial. Finally, to
assess whether [18F]-FDG uptake was altered by the frequency of step-
ping, the percentage change in cadence from the tied-belt to continuous
adjustment trial was calculated for each participant.

2.9. Gait statistical analysis

To determine overall differences in gait symmetry between treadmill
conditions, one-way repeated measures ANOVAs were used to detect an
effect of treadmill type (tied-belt, continuous adjustment) for 1) mean; 2)
SD; and 3) number of steps outside 2SD threshold of each outcome
measurement (dual support and stride length symmetry) for a total of 6
separate one-way ANOVA. Statistical tests were completed in SPSS
Version 22 and deemed significant at p< 0.05.

To determine if a relationship existed between individual partici-
pant’s FDG uptake and their gait pattern, bivariate Pearson’s correlations
were calculated between participants’ peak Z score within clusters of
increased and decreased FDG uptake (determined from group level an-
alyses) and gait outcome variables (%change in cadence from tied-belt
walking, %steps outside tied-belt walking threshold, SD of symmetry
measures). A linear regression was calculated to model participants’ peak
Z score within each significant cluster based on gait outcomes with sig-
nificant correlations, corrections for multiple regressions were not
applied. The regressions were assessed in SPSS Version 22 and deemed
significant at p< 0.05.

2.10. Data availability

The data that support the findings of this study are available upon
request.

3. Results

3.1. Gait modifications required for continuous adjustment condition

The continuous adjustment condition successfully increased stride-to-
stride variability beyond typical walking and required participants to
alter their gait pattern in response to belt speed changes (Fig. 1). Mean
stride length symmetry and dual support symmetry were similar between
conditions (Fig. 2A, p> 0.05), however stride-to-stride symmetry vari-
ability increased during the continuous adjustment condition compared
4

to the tied-belt (Fig. 2 B–C, p< 0.05). Standard deviation of participants’
mean gait symmetry across all gait cycles were significantly greater
during the continuous adjustment trial (Fig. 2B: stride length:
F(1,7)¼ 254.989,p< 0.001, dual support: F(1,7)¼ 504.652,p< 0.001).
Participants spent a significantly greater percentage of strides outside of
2 standard deviations of their typical tied-belt gait symmetry pattern
during the continuous adjustment trial than during tied-belt walking
(Fig. 2C: stride length: F(1,7)¼ 20.975,p< 0.001; dual
support:F(1,7)¼ 43.060,p< 0.001).

While all participants felt they walked as they typically do during the
tied-belt condition (1.14 � 0.05m/s), 8 of 10 participants felt they were
not able to use their typical walking pattern during the continuous
adjustment condition. All participants perceived belt speed ratio changes
during the continuous adjustment trial, with 9 of 10 participants
reporting that they thought these changes occurred every 30 s or less. Six
of 10 participants reported they believed they could predict when the
next belt speed change would occur, but not which leg would change.
3.2. Changes of brain metabolism regional distribution during continuous
gait adjustments on the split-belt treadmill

During continuous gait pattern adjustments, in contrast with tied-belt
treadmill walking, significant clusters of increased metabolism (p< 0.05
FDR corrected, Fig. 3, Supplementary Table 1) were found in the right
PPC (Brodmann Area (BA) 5,7), right anterior cingulate gyrus (ACC,
BA24), bilateral SMA (BA6) and left lateral cerebellum (lobules VI,VIII).
Significant peaks of increased glucose uptake were also noted in the right
insula, right inferior parietal lobe, the right precentral gyrus, the right
thalamus and bilateral cerebellum (p< 0.005, uncorrected).

A significant decrease in peak metabolism during continuous ad-
justments (compared to tied-belt walking) was found in the left posterior
cingulate cortex (BA23, 31) (p< 0.005 uncorrected, Fig. 4, Supplemen-
tary Table 2). There was also evidence of a significant decrease in peak
glucose metabolism in the left medial pre-frontal cortex (PFC), right ACC,
left precuneus, right frontal gyrus and left superior temporal gyrus. To
further explore and confirm these deactivations, specific region of in-
terest analyses within areas known to be part of the DMN were per-
formed. These secondary analyses further supported that the peak of
activity decrease of the left posterior cingulate and inferior parietal
cortex were both within the DMN, a known functional connectivity
network (See Supplementary Table 3, Supplementary Fig. 2 (Andrew-
s-Hanna et al., 2010)).
3.3. Associations between gait performance and neural correlates of
continuous adjustments

A significant decrease in cadence from tied-belt cadence (a value of 0)
was associated with a further increase of the PPC cluster. Compared to
tied-belt walking, participants’ increase in peak Z score within the cluster
of right PPC activation during continuous adjustment was associated
with a decrease in change in cadence (Z score ¼ �6.445�%change
cadenceþ2.362; F(1,6) ¼ 16.15, p ¼ 0.007, R2¼ 0.7291, Fig. 5A).

A greater SMA cluster activation was associated with greater dual
support symmetry variability. Compared to tied-belt walking, partici-
pant’s increase in peak Z score within the cluster of the left SMA was
associated with an increase in dual support symmetry SD (Z score¼ 89.4
� dual support symmetry standard devation–1.791, p¼ 0.0419,
R2¼ 0.5256, Fig. 5B).

Finally, participants who had the greatest peak deactivation of the
PFC cluster showed the lowest proportion of steps with a stride length
symmetry outside of the tied-belt treadmill walking threshold. Compared
to tied-belt walking, increases in the percentage of steps outside of 2
standard deviation of the tied-belt mean were associated with decreased
peak Z score within the left medial PFC (Z score ¼ �0.03579 � %
changeþ5.295; F(1,6) ¼ 7.154, p ¼ 0.0368, R2¼ 0.5439; Fig. 5C).



Fig. 2. Walking performance. Individual data points represent each participant. The group mean � 1SE is represented with a solid line. A) Mean gait symmetry was
not different between conditions (p> 0.05). B) Gait symmetry standard deviation was greater during continuous adjustment (p< 0.05). C) Participants had a
significantly greater proportion of steps beyond 2 standard deviations of tied-belt mean during the continuous adjustment trial (p< 0.05).
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4. Discussion

Our results indicate that when modifications to the gait pattern are
required in response to unpredictable environmental perturbations, a
distributed network across the entire brain is recruited (See Fig. 6): there is
increased activity of SMA, PPC, anterior cingulate cortex and anterior
lateral cerebellum, and decreased activity of posterior cingulate and
medial prefrontal cortex. In addition, peak activation of the PPC, SMA and
PFC were correlated with cadence and temporal gait variability. Expand-
ing on the network proposed by la Fougere and colleagues (la Fougere
et al., 2010) we propose that error-driven sensorimotor feedback from
lateral cerebellar lobule VI is relayed to cortical regions responsible for
sensorimotor integration (PPC), motor planning (SMA) and goal directed
attention (ACC) to informany required changes to themotor program from
the primary motor cortex. Activity from medial prefrontal cortex (mPFC)
and posterior cingulate cortex (PCC) decreases relative to typical walking,
likely as an active release to direct cortical resourceflow tomotor planning
regions. This proposed “fine-tuning” pathway for locomotion depicts
changes in activity relative to typical, steady-state, treadmill walking.

4.1. Lateral cerebellum relays error-driven movement feedback to update
locomotor plan

Our results provide direct evidence of what a variety of split belt
Fig. 3. Activation maps for continuous adjustment of gait. Compared to tied-belt
in a cluster (FDR corrected p<0.05) in the left posterior parietal cortex, left anterio
bellum (Lobule VI, VIII). Significant increases in peak glucose uptake (p<0.005 unc
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adaptation protocols have previously hypothesized: the important role of
the cerebellum in adjusting gait to asymmetrical belt speeds (Bastian,
2006; Morton and Bastian, 2006; Malone and Bastian, 2010). As ex-
pected, participants increased recruitment of lateral cerebellar areas,
specifically Lobules VI and VIII outside of the cerebellar vermis, during
unpredictable step-to-step gait pattern changes. The cerebellum is a
major hub of confluent information from both the spinal cord for sensory
feedback and cortical regions for feedforward control (Takakusaki,
2013). Lobule VI receives input from and projects output to the primary
motor cortex via the pontine and dentate nuclei and thalamus and thus
has been hypothesized to be primarily a sensorimotor region of the cer-
ebellum (Glickstein et al., 1985; Kelly and Strick, 2003) and a movement
error sensor (Kitazawa et al., 1998; Imamizu et al., 2000; Diedrichsen
et al., 2005).

Increased activity in the cerebellum during gait modification aligns
with the hypothesis of the cerebellum as an error driven and feedforward
sensor (Bastian, 2006). In the context of walking, this area is thought to
be involved in motor learning and updating of the internal locomotor
plan (Imamizu et al., 2000). During locomotion, cerebellar climbing fi-
bres increase their activity, coding for predicted error severity during the
stance portion of the perturbed leg and the swing phase of the next step,
and allowing for planning of the next foot placement (Yanagihara and
Udo, 1994). Finally, damage within the cerebellar hemispheres makes
gait adaptation to split-belts (i.e. learning) impossible (Morton and
walking, the continuous adjustment trial significantly increased glucose uptake
r cingulate cortex, bilateral supplementary motor areas and right anterior cere-
orrected) are shown with green.



Fig. 4. Deactivation maps for continuous adjustment of gait. Compared tied-belt treadmill walking, the continuous gait adjustment trial significantly decreased
peak glucose uptake (p< 0.005 uncorrected) in a in the left posterior cingulate gyrus and left medial prefrontal cortex. Z-scores depicted are p< 0.005 uncorrected.
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Bastian, 2006). Though our participants were never at a belt ratio long
enough to show gait pattern adaptation, we believe that this lateral
cerebellar activation is a result of an accumulation of 30min of
attempting to integrate ongoing changes to the locomotor plan.
4.2. Posterior parietal cortex activation for reactive gait adjustments

While previous work has demonstrated a change in PPC activity
during obstacle avoidance in cat locomotion, additional PPC activation
has not previously been hypothesized during unpredictable human gait
modification or adjustments to split-belt treadmill walking. We suggest
this activation would complement feedback from lateral cerebellum to
inform updates to the locomotor plan. It is likely that the PPC activation
during these gait adjustments reflects an increased associative workload
needed to integrate visual and proprioceptive information with the
ensuing movement of each leg. During direct electrophysiological re-
cordings in the PPC of walking cats, BA 5 increased activity during
obstacle avoidance with obstacles held in working memory (Lajoie et al.,
2010; Drew and Marigold, 2015), obstacle avoidance with and without
tactile feedback (Wong and Lomber, 2018), and obstacle avoidance
without visual information (Marigold and Drew, 2011). Given that pro-
prioceptive information from the feet would be especially important
during treadmill walking, being one of the first sensory cues of a belt
speed change, our results support the hypothesis that the PPC actively
participates in integrating sensory information for specifying motor
outputs for the upcoming step in the human CNS.

In humans, the PPC has also been suggested to generate a body
schema that would be responsible for integrating limb movement, and
their movements relative to the body, with information about the
environment (Takakusaki, 2013). During continuous belt speed
changes, a body schema representation would likely incorporate
sensorimotor feedback from each leg separately based on both place-
ment and timing into modifications of the motor plan for upcoming
steps. In addition, activations of the PPC together with the ACC and
SMA, are thought to be involved in visuo-motor integration and error
monitoring (Gwin et al., 2011). The use of the PPC for sensory inte-
gration, body schema error monitoring and holding environmental
constraints in working memory would allow the PPC to assist the SMA
and primary motor cortices in selecting subsequent locomotor plan
updates (Drew and Marigold, 2015). Indeed, by integrating real-time
6

signals of sensory feedback to the body schema, information can then
be passed on the SMA for motor program updates and planning for
upcoming steps (Lajoie et al., 2010).
4.3. The supplementary motor area and anterior cingulate cortex
participate in updating the locomotor plan

In conjunction with PPC activity, our results suggest that SMA and
ACC activations are required for fine-tuning the stepping pattern in
response to a change to the belt speed ratio. In fact, participants with the
greatest between-step changes to gait phasing also had the greatest
overall increase in SMA activity, supporting the role of SMA for fine-
tuning gait modifications. Brain activation studies during gait have
pointed to the SMA’s role in motor planning, motor programming for
voluntary movements and maintaining rhythmic stepping (Fukuyama
et al., 1997; Harada et al., 2009). SMA activity increased just prior to
both routine and precision stepping, without further change during the
actual execution of these tasks (Koenraadt et al., 2014) pointing to a role
for the SMA in movement initiation planning which became significantly
more complex in our continuous gait change protocol.

It is well understood that the ACC increases its activity for focused
attention and cognitive processing selection (Pardo et al., 1990). In
addition, the ACC was shown to be linked to foot placement monitoring
and ongoing error correction (Bush et al., 2000; Gwin et al., 2011) as well
as to be active just prior to a goal directed movement (Cole and
Schneider, 2007). In conjunction with PPC and SMA, ACC activity would
allow the nervous system to implement updates to stance and swing as
appropriate to the environment (i.e. the belt speed under each foot in our
protocol). As participants do not know the exact moment of the belt
speed changes, one possible explanation to the increase in SMA and ACC
activity would be that those structures are primarily required for online
adjustment and anticipation of a possible fine tuning of the gait pattern in
response to a belt speed change.
4.4. Continuous gait adjustments further reduced activation of the default
mode network

Our findings re-emphasize the ability of the healthy CNS to reduce
DMN activity during motor task performance. Involved in self-reference,
memory and thought, the DMN is active at rest (Raichle et al., 2001) and



Fig. 5. Correlation between activated regions and gait parameters. A: A
decrease in participants’ cadence from the tied-belt to continuous adjustment
trial was significantly related to an increase in peak activity (Z score) of the PPC
cluster (p< 0.05). Participants who increased cadence from the tied-belt to
continuous adjustment trial, had a significant decrease in peak activity (Z score)
of the PPC cluster (p< 0.05). B: An increase in participants’ dual support
symmetry variability (continuous adjustment trial) was significantly related to
an increase in peak activity (Z score) in the SMA cluster (p< 0.05). C: A
decrease in participants’ percentage of steps outside of the tied-belt threshold
(mean� 2SD), that is lower variability, was related to a decrease in peak activity
(Z score) in the PFC cluster (p< 0.05). Dotted lines indicate a 95% confi-
dence interval.

Fig. 6. The “fine-tuning” network of locomotion. Step-to-step gait pattern
changes require increased activity (green) and decreased activity (blue) of
cortical regions compared to typical walking (grey). This model elaborates on
the “executive” and “planning” networks of locomotion proposed by la Fougere
et al. (2010). SLR: subthalamic locomotor region; MLR: mesencephalic loco-
motor region; CLR: cerebellar locomotor region; PMRF: pontine and medullary
reticular formations; CPG: Central Pattern Generator.
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deactivates to some extent with any movement, including walking
(Crockett et al., 2017). More specifically, deactivation of the posterior
cingulate was also related to feelings of undistracted attention or letting
go of directed task-related attention (Garrison et al., 2013) and could act
as a potential cognitive release to allow motor and motor planning areas
to alter the ongoing locomotor plan. The medial PFC is typically dis-
cussed as a regulator of higher cognitive input and/or executive functions
(Koechlin and Hyafil, 2007) and typically increases its activity with new
experience. However with exploration of a repeated task and using
feedback to reduce error, this area has been shown to decrease its activity
(Koechlin et al., 2002). In fact, participants who reduced activity the
most within the medial PFC cluster during continuous adjustments were
7

least variable in their stride-to-stride placement. Given the participants’
high step-to-step variability imposed by the split-belt task, they were less
able to predict belt speed changes and instead had to use on-the-fly
sensory information as it was processed to implement gait pattern
changes. In doing so, the less the participants used higher order cognitive
resources to attend to the ongoing treadmill changes, the more control
their neural system was able to exert on a stride-by-stride basis. Within
this hypothesis, activation of the PFC would likely only impede or slow
down this sensory integration and ensuing step-to-step changes therefore
is unnecessary or even counterproductive.

4.5. Study limitations

While FDG-PET imaging provides excellent spatial resolution, its
temporal resolution is limited to the entire uptake period and we cannot
comment on specific gait cycle events or time points within the uptake
period. As we chose to look at the neural activity associated with step-to-
step gait adjustments, we selected tied-belt walking as our reference task
and we cannot comment on brain activity required for typical treadmill
walking on its own.

5. Conclusion

We propose that a “fine-tuning” network for human locomotion exists
which includes brain areas for sensorimotor integration, motor planning
and goal directed attention. While some areas increase in activity relative
to typical treadmill walking (cerebellum lobule VI, PPC, SMA, ACC),
others act as a cognitive release and decrease in activity relative to typical
treadmill walking (posterior cingulate gyrus, medial PFC). Ongoing and
flexible changes to the walking pattern are made through error detection
and visuo-motor and tactile sensory integration. Gait pattern changes are
facilitated by a deactivation higher order cognitive control, liberating
resources for motor planning and execution. These findings point to the
inherent flexibility of the human locomotor plan to react and adjust to
environmental changes, updating its activity as information arrives from
current motor activity in order to optimize performance during the up-
coming step, maintaining a successful walking pattern.
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