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Abstract

Gait impairment during complex walking in older adults is thought to result from a progressive
failure to compensate for deteriorating peripheral inputs by central neural processes. It is the primary
hypothesis of this paper that failure of higher cerebral adaptations may already be present in middle-aged
adults who do not present observable gait impairments. We therefore compared metabolic brain activity

during steering of gait (i.e., complex locomotion) and straight walking (i.e., simple locomotion) in young

and middle-aged individuals. Cerebral distribution of [18F]—fluorodeoxyglucose, a marker of brain
synaptic activity, was assessed during over ground straight walking and steering of gait using positron
emission tomography in seven young adults (aged 24+3) and seven middle-aged adults (aged 59+3).
Brain regions involved in steering of gait (posterior parietal cortex, superior frontal gyrus, and

cerebellum) are retained in middle-age. However, despite similar walking performance, there are age-

related differences in the distribution of [18F]-FDG during steering: middle-aged adults have (i) increased
activation of precentral and fusiform gyri, (ii) reduced deactivation of multisensory cortices (inferior
frontal, postcentral, fusiform gyri), and (iii) reduced activation of the middle frontal gyrus and cuneus.
Our results suggest that pre-clinical decline in central sensorimotor processing in middle-age is

observable during complex walking.
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Introduction

Gait disturbances significantly contribute to an increased risk for falls in the elderly (1). This
problem arises especially during challenging walking conditions such as dual-tasking or changing the gait
trajectory to steer around obstacles (i.e., steering of gait) (2, 3). Indeed, steering of gait requires
integration of complex sensory information from multiple sources (visual, vestibular, proprioceptive),
motor planning, and asymmetric motor output for the legs to cover different distances while maintaining
the same timing (4). Moreover, gait impairment under complex walking conditions is associated with

cognitive and sensorimotor deficits and is typically observed after middle-age (45-65) (1, 2, 5).

In general, locomotor control is organized hierarchically in the central nervous system such that
locomotor patterns produced by spinal pattern generators are largely regulated by basal ganglia and
brainstem nuclei for simple locomotion (i.e., straight walking) (6). These neural processes for locomotion
depend on normal peripheral sensory and proprioceptive afferent inputs and successful integration of this
information in central circuits integrating higher-level cerebral structures (i.e., primary motor cortex,
premotor area, prefrontal cortex, posterior parietal cortex) with the basal ganglia nuclei, thalamus,
cerebellum, and subcortical nuclei (i.e., subthalamic and mesencephalic locomotor nuclei) responsible for
output to spinal pattern generators (6, 7). Importantly, this higher-level control is thought to have a
limited role in simple locomotion, as shown by experiments in decorticate cats, which are able to maintain
steady-state locomotor patterns despite absent cortical input (8). In contrast, inputs from higher-order
frontal and parietal cortical regions are essential for adapting the locomotor pattern to complex situations
(9, 10). Thus, complex locomotion is said to be under increased voluntary control compared to steady-

state locomotion.

During aging, peripheral proprioceptive systems become impaired and, at the same time, central

motor structures show deteriorating function. In a probable attempt at compensation to the degradation of
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sensorimotor information, older adults show increased activity of high-level sensorimotor cortical
structures (i.e., supplementary motor area, postcentral gyrus, cingulate cortex) during motor tasks (11,
12). Cognitive structures demonstrate similar deterioration, such that there is increased recruitment of
cortical regions (i.e., prefrontal and parietal cortices) for executive functions (working memory,
visuospatial processing speed, and reasoning) in older adults (13-15). Some of those cognitive domains
degenerate as early as middle-age, as demonstrated by increased cortical recruitment that is associated
with performance deficits on these tasks in middle-aged subjects (13-15). Importantly, brain regions
involved in cognitive control are implicated in age-related gait impairments (16, 17). During gait-related
mental imagery tasks, older adults tend to have less deactivation of multisensory (vestibular, visual,
somatosensory) cortical regions (18). This is thought to illustrate an aging effect on reciprocal inhibition
of sensory information, where older adults tend to co-activate multisensory (i.e., vestibular,
somatosensory, auditory) cortical regions instead of prioritizing processing of visual stimuli relevant to
the task, a finding that mirrors results from simple visual tasks (19, 20). This poor inhibition of
multisensory information processing is believed to result from sensorimotor deficits associated with
healthy aging. It is unclear whether neural changes under complex walking conditions precede changes in

locomotor performance.

Traditionally, the neural control of locomotion has been measured by functional magnetic
resonance imaging (FMRI) during mental imagery of locomotion in subjects constrained to the supine
position which can be accommodated by an MR scanner (6, 18, 21, 22). Mental imagery of gait however
is only a very poor substitute for actual upright locomotion, in particular because changing peripheral
sensory and proprioceptive inputs are absent during imagined locomotion while networks involved in
primary motor and somatosensory are strongly activated during real locomotion (23) and may be
important for control of more complex locomotor activity. In addition, real locomotion engages postural
control, known to be under more complex cortical control than simple locomotor output alone (24).

Compared to forward walking, complex upright walking (e.g., negotiating a trajectory around obstacles)
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has been shown to require increased frontal lobe activity, which is even more apparent in older than

young adults (16).

More recently, there has been growing interest in measuring whole-brain regional cerebral
. . . 18
glucose metabolism (regional cerebral metabolic rate for glucose, tCMRGIuc) of [ F]-

fluorodeoxyglucose ([lsF]-FDG) using Positron Emission Tomography (PET), a proxy for brain activity,
during unconstrained motor tasks (25-28). These paradigms are unique in that they allow for
measurement of whole-brain activity during actual upright locomotor tasks; however, they have not yet

been used to understand the neural mechanisms underlying complex locomotion.

Middle-aged adults may already have central control impairments during complex walking
related to the aforementioned age-related cognitive and sensorimotor decline. Therefore, we sought to
determine if neural activity for over ground steering of gait, relative to straight walking, is different in
middle-age as compared to what takes place in young subjects. Control for steering of gait is expected to
be preserved in middle-aged adults and is hypothesized to require increased activation of brain regions
involved in cognitive control (i.e., parietal and prefrontal cortices) compared to straight walking.
Furthermore, it is hypothesized that middle-aged adults will have increased activation of brain regions for

cognitive control, and reduced deactivation of multisensory cortical regions compared to young adults.

Methods
Subjects

Seven young adults (3 males, aged between: 20-28, mean age: 24 + 3) and seven middle-aged
adults (4 males, aged between: 55-63, mean age: 59 * 2), free from overt general cognitive impairment
(Montreal Cognitive Assessment >26), were included in the present study. All subjects were right-hand

dominant as determined by the Edinburgh Handedness Inventory, except for one left-hand dominant
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middle-aged adult (29). All subjects had self-report normal or corrected-to-normal vision and reported no
difficulty with balance or falls. All participants gave their informed consent in accordance with the
Declaration of Helsinki and the project was approved by the McGill Faculty of Medicine Institutional

Review Board regulations for human subjects’ studies.
Experimental Design

Cerebral glucose metabolism was measured during two locomotor tasks, steering of gait (i.e.,
complex locomotion) and straight walking (i.e., simple locomotor reference task) using PET imaging with
[*°F]-FDG. Each task was performed continuously for 40 minutes immediately following a 185 MBq
bolus injection of [**F]-FDG. Tasks were randomized across sessions and completed at least 48 hours
apart to avoid spillover effects. All subjects were non-diabetic and fasted overnight prior to the
acquisition to ensure optimal cerebral FDG uptake (30). Importantly, straight walking served as the
reference task to isolate activations associated with steering of gait, accounting for upright posture and
simple locomotor output. Following the gait tasks, participants walked to the PET imaging suite, which

took approximately 5-minutes for all subjects. Thus, PET imaging occurred 50 minutes post-injection.

For the walking tasks, four lanes (1.2 m width by 28 m length) were delineated by yellow and
orange cones in a 6 m by 34 mroom (Figure 1). In the straight walking task, participants were instructed
to walk in the middle of the lane, making 180 degree turns (~40 turns for the 40-minute walking protocol)
into the next lane. An identical placement of cone markers was used in the steering task. For steering,
participants were instructed to continuously turn around the yellow cones, placed in an order that ensured
participants had to constantly adjust their walking trajectory in an unpredictable manner. The same
trajectory was used across subjects and all subjects were instructed to walk at their self-selected walking
speed. All participants wore a safety harness and a research assistant followed them to prevent a fall (31).
None of the participants experienced a fall during the experiments. A single video recording was used to

guantify the average speed, measured by the total distance walked over time for each lap, the number of
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times the participant’s made a foot placement error and made contact with a marker on the ground (i.e.,

contact errors), and the number of times a directional or planning error (i.e., trajectory errors) was made.
Imaging protocol

The data presented here was collected in the context of other studies with identical experimental
procedure. Therefore, for six of seven young and two of seven middle-aged subjects, PET images were
acquired on a Siemens High Resolution Research Tomograph (HRRT) PET scanner (CTI/Siemens,
Knoxville, Tennessee). The spatial resolution is 2.3-3.4 mm at full-width-at-half-maximum (FWHM)
(32). 3D sinograms were generated from the list-mode data acquired over 20 minutes, and reformatted
into a series of eight 3D images of 5 minutes each to allow for normalization and correction of motion
artefacts, random events, and scatter prior to summation of frames into one single 20-minute duration
frame. The emission scan was followed by a 10-minute transmission scan for attenuation correction. For
the remaining subjects, PET images were acquired on an ECAT EXACT HR" scanner with a 20-minute
emission scan (Siemens AG, Erlangen, Germany). The head was placed in the centre of the gantry and

supported by a foam cushion and immobilized by a VELCRO strap for the duration of the scans.

T1-weighted images were acquired on a 3T Siemens TrioTrim Scanner (Siemens, Knoxville, TN)
using a 3D magnetization prepared rapid gradient echo. T1 images were acquired as Imm? voxel sizes
(echo time = 2.98ms; repetition time =23ms; flip angle= 9°). 240 parallel axial slices (thickness = 1mm)
were obtained using an echo-planar imaging sequence (field of view = 240 X 256 mm?). PET images
were co-registered with T1-weighted imaged to specify regions of increased and decreased glucose

metabolism.
Image Analysis

Statistical parametric mapping software SPM12 (Wellcome Department of Cognitive Neurology,
London) implemented in MATLAB R2015a (MathWorks, Natick, MA, USA) was used for image

processing and statistical analysis. The reconstructed PET images from each condition were linearly co-
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registered with each subjects’ T1-weighted image and spatially normalized to the ICBM 152 6"
generation linear brain atlas (MNI, McGill University, Montreal, Canada) using a 12 parameter affine
algorithm (33, 34). A Gaussian filter (FWHM= 12mm) was applied to all PET images in order to increase
the signal-to-noise ratio. HRRT PET images were additionally smoothed with a Gaussian filter (FWHM=
6mm) prior to spatial normalization to compensate for the resolution differences between the two

scanners. Finally, counts in each voxel were scaled to reach an average voxels count value of 50.

rCMRGluc during steering was directly compared with rCMRGIluc during straight walking to
determine task-related activations for both groups using whole-brain voxel-wise analysis in a flexible
factorial design using factors: subject, group, and task. Main effects of task and group and their

interaction was determined at p<0.005 and a cluster extent threshold of 30 voxels.
Statistical Analysis of gait performance

IBM SPSS (version 21.0, IBM, Armonk, NY, USA) was used for statistical comparison of gait
performance. Non-parametric Mann Whitney U and Wilcoxon signed rank tests determined main effects
of group (i.e., young and middle-aged) and task (straight and steering), respectively, since gait
performance variables were non-parametric as determined by Shapiro-Wilk tests (p<0.05). For these
analyses, medians and interquartile range are reported. Last, Pearson correlation coefficients for each
subject’s peak activation in significant clusters were determined for gait speed and the percent difference
speed between tasks (i.e., difference speed = [straight walking speed-steering walking speed]/straight

walking speed).

Results

rCMRGIuc during Steering of Gait in Young and Middle-aged adults
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Steering during gait increased rCMRGluc for both young and middle-aged adults in the superior
parietal lobule (7A), superior frontal gyrus (BA 6), and cerebellum bilaterally, as well as in the right
middle frontal gyrus (dorsolateral prefrontal cortex [BA 9]) (Figure 2; Table 1). There was decreased
metabolic uptake during steering compared to straight walking for both young and middle-aged adults
bilaterally in the inferior frontal [BA 44, 46]), occipital (middle, inferior [BA 18, 19]) gyri, and the
precentral gyrus [BA 6]. Young adults also had deactivation of the left inferior parietal lobule (BA 40),
and temporal (superior, inferior [BA 38, 20]) gyri, whereas middle-aged adults had deactivation of the

middle cingulate cortex (BA 23, 24).

Group comparisons revealed that during steering, cerebral activity increased more in middle-aged
adults, compared to young adults, at the level of the left precentral gyrus (BA 6) and right fusiform gyrus
(BA 37) (Table 2a, Figure 3A) while activity increased less in middle-aged adults in the right dorsolateral
prefrontal cortex (middle frontal gyrus [BA 9]), cuneus (BA 19), and the cerebellum with extension to the
posterior mesencephalon (Table 2b, Figure 3B). Middle-aged adults also had less deactivation during
steering of the inferior frontal gyrus bilaterally (BA 11), as well as the left postcentral gyrus (BA 4),
fusiform gyrus (BA 20), precentral gyrus (BA 6), and middle frontal gyrus (BA 9) (Table 2d, Figure 3D)
and more deactivation in the middle and anterior cingulate cortices (BA 31, 24), right inferior frontal

gyrus (BA 11, 44), left cuneus, and the left putamen compared to young adults (Table 2c, Figure 3C).

Gait performance

Young and middle-aged adults had similar walking performance. During steering of gait, both
groups walked slower (p<0.05) and made more trajectory errors (Steering, Middle-aged Adults: 6 + 1,
Young Adults: 2 + 3; Straight walking, Middle-aged Adults: 0 £ 0, Young Adults: 0 £ 0, p<0.05)
compared to straight walking. Middle-aged adults walked faster than young adults during straight walking
(Middle-aged Adults: 1.34 = 0.04, Young Adults: 1.08 £ 0.17 m/s, p<0.01), but not during steering of gait

(Middle-aged Adults: 0.81 £ 0.14; Young Adults: 0.86 £ 0.08 m/s, p=0.32). Percent difference in speed
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showed that middle-aged adults slowed down more for steering compared to young adults (Middle-aged

Adults: -39 £ 1 %, Young Adults: -21 + 1 %, p<0.01).

Discussion

We observed significant changes in brain metabolic activity associated with complex gait in
middle-aged compared to young adults, who demonstrated similar changes in gait behavior. Most brain
regions involved in steering of gait were generally preserved in middle-age, however, despite similar
walking performance, there were important differences in activation distribution. More specifically,
compared to young adults, middle-aged adults had (i) increased activation of the precentral and fusiform
gyri, (ii) reduced activation of regions involved in cognitive control (middle frontal gyrus), and (iii)
reduced deactivation of multisensory cortices (inferior frontal gyrus, postcentral gyrus, fusiform gyrus)
when comparing gait steering to a control task of straight walking. Our results therefore suggest that
changes in central sensorimotor processing related to complex walking are observed in middle-age and

largely precede clinical changes in gait performance.

Frontoparietal network for complex locomotion preserved in middle-age

During steering of gait, both groups increased metabolic activity in frontoparietal regions that are
particularly important for implementing visuomotor control of complex gait and integrating external
information and internal movement-related goals, which is needed for accomplishing the complex

walking task employed here (35, 36). In addition, the observed parietal and dorsolateral prefrontal
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activations for steering in both groups indicates involvement of the cognitive control network known to
be involved in goal-oriented behavior for complex locomotion (37, 38). The present findings are in line
with evidence from imagined locomotion demonstrating that functional activation during mental imagery
of forward simple gait is preserved in older adults (18). In addition, similar frontoparietal regions are
activated during mental imagery of complex walking tasks (i.e., obstacle negotiation, backward walking),
relative to imagery of simple forward walking, in older adults and individuals with Parkinson’s disease
(39-41). Our findings illustrate that executive control via a fronto-parietal network is required for over

ground steering, a control mechanism that is largely preserved in middle-age.

Metabolic changes in middle-aged adults

Middle-aged adults demonstrate a larger increase in activity as compared to straight walking
when executing a steering of gait task than what is found in young adults in the fusiform gyrus, and at the
same time reduced deactivation of multisensory cortical regions (inferior frontal gyrus, postcentral gyrus,
fusiform gyrus). These observations are in line with a recent investigation of age-effects on the locomotor
network which shows an age-dependent increase in activity of multisensory cortical areas during
imagined walking in older adults, a result that is thought to reflect impaired reciprocal inhibition of
sensory interaction during locomotion in elderly individuals (18). Furthermore, our findings suggest that

this process is already active in middle-age, observable under complex walking conditions.

Middle-aged adults also demonstrated reduced activation of occipital regions (i.e., cuneus) in
addition to the middle frontal gyrus (i.e., dorsolateral prefrontal cortex) during steering of gait. These
regions are part of the dorsal stream for visual processing, known to be critically involved in spatial
navigation (42). Notably, occipital cortices are uniquely engaged during real locomotion (23). This is the
first study to show increased activity in the dorsal pathway associated with complex locomotion. Visual
stimuli are known to increase activity in visual cortices and decrease activity of cortices for other sensory

modalities (i.e., vestibular, somatosensory, auditory) in young adults to a greater extent than in older
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adults (19, 20). Thus, the decreased change in activity of occipital regions in middle-aged adults
combined with increased multimodal associative cortices likely represents poor reciprocal inhibition of

multisensory cortices and may be an early marker of age-related gait impairments (18).

Middle-aged adults in the present study did not have significant activation of cortical regions
involved in executive functions. Instead, young adults showed larger increases in activation of the
dorsolateral prefrontal cortex, precuneus, and superior occipital gyrus linked to steering than middle-aged
adults. The dorsolateral prefrontal cortex together with the parietal cortex and caudate make up the
cognitive control network that has been shown previously to be implicated in age-related gait impairment
(16, 17, 43). Our results could either mean that, during steering of gait, these cognitive processing regions
are not yet compensating for age-related cognitive and sensorimotor decline, or that middle-aged adults
already require increased executive control during straight walking. On the other hand, it is possible that
we were unable to detect slight changes in cognitive function here due to the small sample size and since
previous reports indicate that there is a large inter-subject variability in cognitive functions in middle-

aged individuals, especially underlying motor processing (15).

Middle-aged adults had significantly reduced change in activity of the posterior mesencephalon.
This region is anatomically part of the mesencephalic locomotor region, composed of the
pedunculopontine and cuneiform nuclei (44). This finding is different from those of Zwergal, Linn,
Xiong, Brandt, Strupp and Jahn (18), who demonstrated no age-dependent activation of the
mesencephalic locomotor region during imagined locomotion. However, this could be explained by
modality differences, where mental imagery of simple gait was used as compared to the present study
involving complex upright locomotion. Importantly, this region has previously been suggested to be
involved in age-related gait disorders. In particular, individuals with progressive supranuclear palsy
demonstrate hypoactivity of the mesencephalic locomotor region at rest and during imagined stance (25).
Therefore, our results might illustrate early onset of age-related degradation of locomotor networks for

complex locomotion involving the mesencephalic locomotor region.

11

810z Joqwaldag Gz uo eo’|ibow@ananbed-auljoied ‘sauelqi] Ausianiun 199N Agq 29817015/01 ZAI6/euoiab/ee0 L 0L /10pAoBISqe-3)o1e-aoueApe/ABojojuoiabpawolq/wod dno-ojwapede//:sdjiy woly papeojumoq



During complex locomotion there was an increase in global cerebellar metabolism in both young
and middle-aged adults. This finding is in line with previous studies of real and imagined simple and
complex (i.e., obstacle negotiation tasks) gait and likely represents the cerebellum’s known role in
rhythmic modulation of locomotion (21, 23, 45, 46). The cerebellum plays a critical role in dynamic
posture and trunk control, such as that required for continuous changes in the path of a walking subject
(47, 48). A salient finding from the present study was that young adults activated both cerebellar
hemispheres and the vermis, whereas middle-aged adults only activated the cerebellar hemispheres.
Previously, it has been determined that the midline of the cerebellum is more involved in postural control,
whereas the cerebellar hemispheres are related to leg positioning (45, 48). Due to the upright modality
used here, these results could indicate that middle-aged adults allocate more resources for leg placement.
This may be explained by several factors, such as impaired postural or dynamic stability, greater
abdominal mass, or decreased body awareness. This is further supported by kinematic evidence for
impaired trunk control in late-middle-aged and older adults (5). Moreover, the observed activation in the
cerebellum during steering is likely due to continuous temporal and spatial modulation and dynamic

postural control required for steering, aspects affected in healthy aging.
Limitations

The current study measured **F-FDG uptake over a period of 40 minutes: and thus results reflect
the average metabolic activity throughout the entire task (49). This measure is insensitive to minor events
such as the few simple turns during straight walking. In addition, group differences in scanner resolution
was controlled for in preprocessing of images, though it cannot be ruled out that scanner type had an
effect on the results. As shown in the Supplementary Figure, this effect was much smaller than the group
effects observed. Another limitation is the differences in gait speed between groups. Although, both
groups were instructed to walk at a “normal everyday walking pace”, young adults self-selected speed
was much slower than middle-aged adults during straight walking, whereas there was no difference

between groups during steering. Indeed, this may confound our results, such that middle-aged adults may
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already be engaging more cognitive resources to maintain a faster speed during their baseline gait task.
Finally, these results should be considered carefully due to the small sample size, but warrant further
investigations of cerebral adaptations for locomotor control in middle-age to better understand preclinical

changes in neural function.

Conclusions

The unique paradigm used here allowed us for the first time to isolate steering of gait from
straight walking during a real gait paradigm as opposed to mental imagery of gait, and demonstrate early
changes in neural control of complex walking. To the best of our knowledge, this is the first study to
evidence brain metabolic changes for complex locomotor control in middle-aged individuals. In
particular, we show that middle-aged adults have impaired central sensorimotor processing linked to
complex walking. This is likely due to age-related decline of peripheral inputs and decreased capacity of
central structures to integrate peripheral information (i.e., normal or degraded) (50). Importantly, this age-
related difference observed in the central motor control for locomotion seems to arise prior to the onset of

observable changes in gait performance.
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Figure Legends

Figure 1. Schematic of locomotor tasks.

A subset of the task showing the (A) straight walking task where subjects were instructed to remain in the
middle of the walking lane and make 180 degree turns into the next lane and (B) steering of gait trajectory
where subjects were instructed to steer around yellow colored cones, indicated by light grey in the figure.

The remaining cones were orange, indicated by dark grey. The entire experimental setup consisted of 150

cones arranged in 5 rows of 30 cones spanning the length of the 28 m long and 1.2 m wide walking lanes.

Figure 2. Increased rCMRGIuc during steering of gait (steering>straight walking)

Results from the whole-brain analysis. (A) Middle-aged adults had prominent activations of the superior
parietal lobule, superior frontal gyrus, the right dorsolateral prefrontal cortex, and cerebellar lobules. (B):
Young adults had activations of the superior parietal lobule, superior frontal gyrus, the right dorsolateral
prefrontal cortex cerebellar lobules, as well as the posterior mesencephalon. P<0.005 (uncorr.), cluster

extent threshold=30, color bars represent t-values.

Figure 3. Differences between groups in steering-related rCMRGIuc

Results from the whole-brain analysis showing significant interaction effects. (A) Increased activation
(steering>straight) in middle-aged adults compared to young adults during steering in the precentral and
fusiform gyri. (B) Increased activation in young adults was mainly in the middle frontal gyrus, cuneus,
and cerebellum with extension to the posterior mesencephalon. (C) Increased deactivation
(steering<straight) in middle-aged adults was observed mainly in the anterior and middle cingulate

cortices and cuneus. (D) Increased deactivation in young adults was observed in multisensory cortices
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(inferior frontal gyrus, postcentral gyrus, fusiform gyrus) P<0.005 (uncorr.), cluster extent threshold

color bars represent t-values.



Table 1: Task effects of rCGM during simple and complex locomotion

a) Middle-aged adults

Increased metabolism (steering>straight)

Cerebral hemispheres BA Cluster Z T P X y z

476 854 <0.001 -22 -62 66
R/L superior parietal lobule 7 3096 4.20 6.55 <0.001 -4 -68 62
425 6.71 <0.001 18 -58 68

209 400 598 <0.001 30 0 62
R/L superior frontal gyrus 6 337 362 503 <0.001 -20 -6 66
313 401 0.001 -32 -6 58

R posterior-medial frontal 6 105 340 454 <0.001 12 4 72

320 413 0.001 -22 -66 16
L posterior cingulate cortex 31 215 289 @ 357 0.002 -24 -58 2
263 313 0.004 -28 -54 18

R anterior Cingulate Cortex 24 34 2.83  3.46 0.002 -2 32 -6

R middle frontal gyrus 9 35 2.78 3.37 0.003 38 40 32

Cerebellum & Brainstem

3.99 596 <0.001 30 -48 -30

R I Vi 44
cerebellum 6 377 538 <0001 38 -58 -24
R cerebellum Vi 80 376 536 <0001 10 -72 -20
L cerebellum Crusl 132 297 372 0.001 -38 -60 -30

Decreased metabolism (steering<straight)

Cerebral hemispheres BA Cluster Z T P X y z

401 6.01 <0.001 -56 34 10

731 266  3.19 0.004 -54 38 -14

R/L inferior frontal gyrus 46 499 329 431 0.001 40 4 24
319 411 0.001 52

294  3.66 0.002 52 4 12

N
1
-
N

8 3.97 592 <0.001 10 30 40

R/L superior medial frontal 1130 397 577 <0.001 4 27 50
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gyrus 179 342 459 <0.001 12 48 36
3.36  4.47 <0.001 -4 54 48
L superior temporal gyrus, 22 44 380 3.87 5.65 <0.001 -66 -18 6
inferior frontal gyrus ’ 3.03 3.82 0.001 -64 -2 10
384 555 <0.001 0 56 -2
R/L middle orbital gyrus 11 812 352 480 <0.001 22 44 6
331 435 <0.001 14 46 -10
3.77 538 <0.001 -8- -44 34
L middle cingulate cortex 23,24 653 3.36 4.46 <0.001 20 -22 40
324 421 0.001 -10 -12 34
R postcentral gyrus 2 82 3.61 5.01 <0.001 42 -22 28
L middle frontal gyrus 9 75 354 485 <0.001  -54 22 36
353 481 <0.001 -10 -92 16
L 18,1 421
cuneus 8.19 314 401 <0001 -16 -98 8
RIL precentral Qvrus 6 427 346 455 <0.001 36 -22 60
P o 431 340 467 <000l -30 20 74
41 288 355 0.002 -8 -80 -10
RL li | 1
Ingual gyrus 8 32 282 345 0002 24 -80 -10
319 411 0.001 -20 32 46
L ior f I 2
superior frontal gyrus 8 328 310 3.5 0.001 -3 20 62
L putamen 39 2.82  3.46 0.002 -20 18 -2
L insula 13 48 278  3.39 0.003 -32 10 24
290 359 0.002 32 -82 -22
R fusif i | 18,19 97
ustrorm gyus, inguet gyrus 289 357 0002 24 -82 -8
Cerebellum & Brainstem
No clusters
b) Young adults
Increased metabolism (steering>straight)
Cerebral hemispheres BA Cluster 4 T P X y z
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500 957 <0.001 -24 -62 66

R/L superior parietal lobule 7 3044 461 796 <0.001 8 -56 68

450 754 <0.001 20 -60 68

R middle frontal gyrus 9 324 312 399 0.001 42 30 30

. 294  3.65 0002 14 -2 78

R/L superior frontal gyrus 6 63 167 344 463 <0001 20 -4 72

. 3.06 3.87 0.001 42 -62 10

R middle temporal gyrus 39 535 305 385 0001 32 54 20

R Insula 13 48 311 396 0.001 40 -28 24

18, 3.03 381 0.001 -10 -90 26

L Cuneus 19 121 2,9 369 0002 -6 18 18

Cerebellum & Brainstem

V- 358 494 <0001 4 -40 -10

R cerebellum \\;I 85 303 382 0001 12 46 -6

354 484 <0.001 34 -42 -34

R cerebellum VI 1639 319 411 0001 26 -44 -62

VII, 334 441 <0.001 -32 -36 -40

L cerebellum vin " 328 420 o001 34 -40 54

cerebellar vermis 90 2.79 3.40 0.003 0 -68 -42
Decreased metabolism (steering<straight)

Cerebral hemispheres BA Cluster Z T P X y z

424  6.69 <0.001 -40 6 52

L middle frontal gyrus 4,6 2364 4.22 6.61 <0.001 -38 8 60

387 563 <0.001 -34 -30 66

13 410 6.26 <0.001 10 42 -18

R superior medial gyrus 41' 998 342 459 <0.001 8 44 0

3.08 391 0001 16 60 -2

17, 371 523 <0.001 -44 -86 0

L middle, inferior occipital gyri 18 1848 3.62 5.02 <0.001 -34 -80 -22

19 328 430 0.001 -46 -76 -12

23

810z Joqwaldag Gz uo eo’|ibow@ananbed-auljoied ‘sauelqi] Ausianiun 199N Agq 29817015/01 ZAI6/euoiab/ee0 L 0L /10pAoBISqe-3)o1e-aoueApe/ABojojuoiabpawolq/wod dno-ojwapede//:sdjiy woly papeojumoq



370 5.23 <0.001 -40 -26 12
L precentral gyrus, insula 6, 13 526 333 441 <0.001 -42 -14 14
274 332 0.003 -54 -4 10

L inferior parietal lobule 40 465 3.56  4.89 <0.001 -48 -66 46

44 336 4.47 <0.001 -56 32 6
L inferior frontal gyrus 45' 728 3.02 379 0.001 -48 30 22
297 372 0.001 -56 36 -10

332 438 <0.001 26 -86 -8-

ﬁnig::i;;rzc:ipita' gyrees, 1189 1261 328 431 0001 34 92 6-

3.17  4.08 0001 36 -82 20
L inferior temporal gyrus 20 71 3.07 3.89 0.001 -64 -48 -18
L fusiform gyrus 20 69 287 354 0.002 -56 -22 -32
L superior temporal lobe 38 32 2.76 3.34 0.003 -48 14 -34

Cerebellum & Brainstem

No clusters

Significance level p<0.005, uncorrected; cluster extent threshold 30; R: right, L: left, Cluster: cluster size in voxels,
Z: Z-value, T: T-value, P: p-value; x, y, z: coordinates in MNI space. Indicated in bold type are clusters that

survived FDR correction.

Table 2: Group effects of rCGM during simple and complex locomotion

a) Middle-aged Adults > Young for activations (steering>straight walking)

Cerebral hemispheres BA Cluster Z T P X y z
R fusiform gyrus 37 102 3.77 538 <0.001 38 -58 -24
L precentral gyrus 6 41 313 401 0001 -32 -6 58

Cerebellum & Brainstem

No clusters

b) Young > Middle-aged Adults for activations (steering>straight walking)
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Cerebral hemispheres BA Cluster 4 T P X y z
R middle frontal gyrus 9 48 311  3.96 <0.001 50 30 32
L cuneus 19 67 3.03 381 <0.001 -10 -90 26
Cerebellum & Brainstem
R cerebellum (111) 33 287 353 0.002 8 -38 -20
c) Middle-aged > Young Adults for deactivations (steering<straight walking)
Cerebral hemispheres BA Cluster Z T P X y z
R inferior frontal gyrus 11,44 56 3.29 431 0.001 40 4 24
L middle cingulate cortex 31 47 361 501 <0.001 -8 -44 34
R anterior cingulate cortex 24 72 3.15 4.05 0.001 0 0 30
L cuneus 19 176 3.53  4.82 <0.001 -10 -92 16
R Putamen 25 282 3.46 0.002 -20 18 -2
Cerebellum & Brainstem
No clusters
d) Young > Middle-aged Adults for deactivations (steering<straight walking)
Cerebral hemispheres BA Cluster Z T P X y z
R inferior frontal gyrus 11 206 410 6.26 <0.001 10 42 -18
L middle frontal gyrus 9 255 424  6.69 <0.001 -40 6 52
L fusiform gyrus 20 36 287 354 0.002 -56 -22 -32
3.80 5.46 <0.001 -34 -30 64
L postcentral gyrus 4 90
3.64 508 <0.001 -46 -26 62
L precentral gyrus 6 64 3.38 451 <0.001 -50 -2 42

Cerebellum & Brainstem

No clusters
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Significance level p<0.005, uncorrected; cluster extent threshold 30; R: right, L. left, Cluster: cluster size in voxels,

Z: Z-value, T: T-value, P: p-value; X, y, z: coordinates in MNI space

Figure 1
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B. Middle-aged Adults

A. Young Adults (steering>straight)

Figure 2



Figure 3

A. Middle-aged>Young (steering>straight)

P<0.005,
uncorr.

4.0
35

3.0

2.5

2.0

15

1.0

05

0.0
P<0.005,
uncorr.

B. Young>Middle-aged (steering>straight)
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