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Abstract
Background  Patients with amnestic mild cognitive impairment (aMCI) present gait disturbances including slower speed and 
higher variability when compared to cognitively healthy individuals (CHI). Brain neuroimaging could explore higher levels 
of motor control. Our purpose was to look for an association between morphometrics and gait parameters in each group. We 
hypothesized that the relation between morphological cerebral alteration and gait speed are different following the group.
Methods  Fifty-three participants (30 with aMCI and 23 CHI) were recruited in this French cross-sectional study (mean 
72 ± 5 years, 38% female). Gait speed and gait variability (coefficients of variation of stride time (STV) and stride length 
(SLV)) were measured using GAITrite® system. CAT12 software was used to analyse volume and surface morphometry like 
gray matter volume (GMV) and cortical thickness (CT). Age, gender and education level were used as potential cofounders.
Results  aMCI had slower gait speed and higher STV when compared to CHI. In aMCI the full adjusted linear regression 
model showed that lower gait speed was associated with decreased GMV and lower CT in bilateral superior temporal gyri 
(p < 0.36). In CHI, no association was found between gait speed and brain structure. Higher SLV was correlated with reduced 
GMV in spread regions (p < 0.05) and thinner cortex in the middle right frontal gyrus (p = 0.001) in aMCI. In CHI, higher 
SLV was associated with reduced GMV in 1 cluster: the left lingual (p = 0.041).
Conclusions  These findings indicate that lower gait speed is associated with specific brain structural changes as reduced 
GMV and CT during aMCI.

Keywords  Mild cognitive impairment · Brain imaging · Gait disorders · Statistical parametric mapping

Background

There is growing evidence that decline in cognitive perfor-
mance results in gait deterioration. Even at early stage of 
dementia, including the prodromal stage of mild cognitive 
impairment (MCI), gait disturbances are observed when 

compared to the gait of cognitively healthy individuals 
(CHI) (Verghese et al., 2008a). Some authors suggest that 
the decline in cognitive performance has a motor pheno-
type, which could be used to improve dementia’s prediction 
(Beauchet et al., 2014; Verghese et al., 2013).
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Two main gait parameters have been related to the sever-
ity of the decline in cognitive performance (from CHI to 
patients with dementia): gait speed (propulsion component) 
and gait variability (stability component). High stride time 
(STV) and high stride length variability (SLV) have sepa-
rately been identified as fall predictors whereas low vari-
ability in both these parameters have been associated with a 
safe gait. Gait variability represents the reliability of lower 
limb movements depending on cortical control (Beauchet 
et al., 2009).

Morphological brain volume changes associated with 
gait impairment in patients with cognitive decline are poorly 
studied (Allali et al., 2019a). The brain volume loss associ-
ated with reduced gait speed in normal aging is also not fully 
established (Beauchet et al., 2019). Neuroimaging studies 
analysing morphometry characteristics such as gray matter 
volume (GMV) or cortical thickness (CT) have been proved 
to be valuable measurements of brain atrophy. The newly 
CAT12 toolbox has been used for various populations such 
as elderly, MCI and Alzheimer disease subjects (Ali et al., 
2020). It appears to be a robust method delivering accurate 
CT estimation (Seiger et al., 2018). Some studies have shown 
sizable associations between surface measures and cognitive 
performance in healthy aging, as well as in patients with 
MCI (Alzheimer’s Disease Neuroimaging Initiative (ADNI) 
et al., 2012; Hirjak et al., 2017; Tomadesso et al., 2015). Few 
VBM studies have investigated a morphological pattern of 
brain regions associated with gait parameters in patients with 
MCI: in aMCI participants, Allali and associates have shown 
that faster normal gait speed was correlated with increased 
GMV in the left frontal cortex (Allali et al., 2019b). Doi and 
al. have described in MCI subjects that increased dual-task 
gait speed was associated with a GM pattern of increased 
volume in the medial frontal gyrus, superior frontal gyrus, 
anterior cingulate, cingulate, precuneus, fusiform gyrus, 
middle occipital gyrus, inferior temporal gyrus and middle 
temporal gyrus (Doi et al., 2017). Beauchet and associates 
found a positive association in patients with MCI between 
gait speed and striatum’s GMV (left putamen and bilateral 
caudate nuclei) (Beauchet et al., 2019) and that hippocampal 
regions were distinctly correlated with stride time variability 
(Beauchet et al., 2015). One study has shown association 
between gait variability (stride time), neurochemistery and 
volume of primary motor cortex in patients with MCI (Ann-
weiler et al., 2013a, b).

However, no studies have explored the relationship 
between gait disorders such as gait speed or gait variability 
and structural whole-brain changes in CHI and MCI popu-
lations via surface analysis. Understanding the factors con-
tributing to impaired gait is essential for maintaining motor 
function and preventing adverse health events during the 
course of dementia. Structural brain changes may contribute 
directly to gait parameters modifications since gait depends 

on cognitive abilities for locomotion and navigation (Ann-
weiler et al., 2013a, b; Montero-Odasso et al., 2012b).

Using CAT12 algorithm, the objective of the present 
study is to evaluate the relationship between morphologi-
cal changes across the whole-brain assessed by voxel-based 
and surface-based morphometry techniques as well as gait 
performance during aMCI disease and in non-dement older 
adults. We hypothesized that the relation between morpho-
logical cerebral alteration and gait parameters are different 
in MCI and CHI subjects.

Methods

Participants

We studied 53 participants from the IRMarche study 
enrolled between 2015 and 2017 (Labriffe et al., 2017): 30 
participants with aMCI from the memory clinic of Angers 
University Hospital and 23 CHI over 60 years old recruited 
from our local clinical research centre in Angers Hospi-
tal. Inclusion criteria were an age over 60 years old, the 
absence of: clinical dementia, depression, neurological 
and orthopaedic disorders. We excluded participants with 
contraindication to MRI. The diagnosis of aMCI was based 
on the Dubois criteria which included memory complaints 
from the patient or relatives, objective memory impair-
ment (assessed using a complete battery of neuropsycho-
logical tests designed to examine a full range of cognitive 
functions), preserved general intellectual function, no or 
minimal impairment of daily life activities and the absence 
of clinical dementia (according to NINCDS-ADRDA cri-
teria). All participants included in the present analysis 
received a full medical examination, a neuropsychological 
assessment and a 3.0 Tesla magnetic resonance imaging 
(MRI) scan of the brain.

Ethics statement

The study was conducted in accordance with the ethical 
standards set forth in the Helsinki Declaration (1983). The 
entire study protocol was approved by the Angers Ethical 
Review Committee (Comité de protection des personnes, 
CPP ouest II, Angers, France, n° A.C D 2014-A01593-44, 
n° CPP: 2014/32). Written informed consent was obtained 
at enrolment.

Gait assessment

Gait parameters were measured using an electronic port-
able walkway called GAITRite® System, with embedded 
pressure sensor connected to a computer (GAITRite® 
Gold walkway, 9.72 m long, active electronic surface area 

229

1 3

Brain Imaging and Behavior (2022) 16:228–238



7.92 × 6.10 m, total 29,952 pressure sensors, scanning fre-
quency 60 Hz, CIR System, Havertown, PA).

The GAITRite® system is commonly used in clinical 
and research settings including older adults and has excel-
lent validity and reliability. According to the guidelines 
describe by the European GAITRite® society, all subjects 
received standardized walking instructions from a trained 
evaluator (European GAITRite® Network Group et al., 
2006). Participants walked in a quiet and well-lit room, 
towards the same direction, with a single-task condition, 
wearing comfortable and usual footwear. Principal meas-
ures of interest were gait speed (comfortable in m/s), stride 
time and step length variability. For short distance gait 
tests, the least significant change is 0.05 m/s showing a 
small change and 0.1 m/s indicating a detectable clinically 
change (Beaudart et al., 2019; Perera et al., 2006). The 
GAITRite® software automatically calculated mean val-
ues and coefficient of variation (CoV = ([SD/mean] × 100). 
Stride time variability (STV) is the time elapsed between 
the first contact of 2 consecutive footfalls of the same 
foot expressed in milliseconds. Stride length (SLV) is the 
distance between 2 consecutive footfalls of the same foot 
expressed in metres. For these two parameters, variability 
was defined as the standard deviation from the individual 
steps from two passes.

MRI data acquisition

MRI data were acquired on the same 3.0 Tesla MRI scan-
ner (MAGNETOM Trio Tim system, Siemens, Erlangen, 
Germany) at the University Hospital of Angers, using 
a standard MRI protocol. Acquisition parameters for 
sequences including a high-resolution 3D T1-weighted 
volume using a magnetization-prepared rapid acquisi-
tion gradient-echo sequence, covering the whole brain 
(cerebellum included) were: 176 slices, repetition time 
(TR) = 2300 ms, echo time (TE) = 4.18 ms, slice thick-
ness = 1  mm, field of view (FOV) = 256 × 256, f lip 
angle = 9, voxel size: 1 × 1 × 1mm3.

Image pre‑processing

All T1 images were converted from DICOM to NIFTI for-
mat using the MRIcron software (https://​people.​cas.​sc.​edu/​
rorden/​mricr​on/​index.​html).

Voxel and surface-based morphometry across the entire 
brain were conducted with the CAT12 toolbox (http://​www.​
neuro.​unije​na.​de/​cat) implemented in the SPM12 software 
(https://​www.​fil.​ion.​ucl.​ac.​uk/​spm/​softw​are/​spm12/) using 
a 2017a Matlab platform (The MathWorks, Natick, MA, 
USA), following the standard procedure.

Default options of the CAT12 manual were used. For 
basic VBM analysis: first 3D T1 volumes were segmented 

in native-space to obtain 3 tissues classes: grey matter 
(GM), white matter (WM) and cerebrospinal fluid (CSF) 
with and without modulation (Ashburner & Friston, 
2000). Then, non-linear modulation GM and WM volumes 
were aligned using the default DARTEL (diffeomorphic 
anatomical registration using exponential Lie algebra) 
template and were spatially normalized into the Montreal 
Neurological Institute space (ICBM) (Ashburner, 2007). 
Finally, images were smoothed by an isotropic Gaussian 
kernel of 8 mm full-width at half-maximum (FWHM). For 
SBM analysis we used a fully automated method using 
surface central reconstruction and thickness estimation 
(CT), performed in one step and based on the projection 
based thickness (PBT) method (Dahnke et al., 2013). We 
used the same MRI preprocessing as our previous work 
(Ali et al., 2020). Surfaces parameters were smoothed 
with a value of 15 mm as recommended. All data were 
inspected and visually checked after the automated pro-
cedure by PA and MD.

Statistics

Clinic and demographic differences between groups were 
investigated using median or frequencies and percentages 
through the Chi-square test or the Mann–Whitney U test, 
as appropriate. Statistical analyses were performed using 
Tanagra 2.0 software (http://​eric.​univ-​lyon2.​fr/​~ricco/​tanag​
ra/​fr/​tanag​ra.​html), Excel (Microsoft office Professional Plus 
2013), SPM12 and CAT12.

For neuroimaging, smoothed, modulated and normalized 
data were used. With CAT12, we correlated with a linear 
regression model gait assessment and morphometric data 
in the two group: aMCI and CHI subjects.

We used threshold-free cluster enhancement (TFCE) 
for a combined non parametric analysis about height and 
size of the effects and applied FWE (family wise error) cor-
rected threshold of p < 0,05 (http://​www.​neuro.​uni-​jena.​de/​
tfce). Minimum cluster size was set at 10 contiguous vox-
els. Wfu-pickatlas (https://​www.​nitrc.​org/​proje​cts/​wfu_​
picka​tlas/) and CAT12 software were used for anatomical 
localisation defined by the Desikan-Killiany atlas (DK40) 
(Desikan et al., 2006).

Covariates

Age, gender, education level and total intracranial vol-
ume (TIV) (the latter parameter was used only for VBM 
analysis) were included as potential confounders for the 
analysis. Education level was evaluated using standard-
ized questionnaires. Higher education level was defined 
as an education level (whether undergraduate or post-
graduate) following the completion of a school providing 
a secondary education.

230 Brain Imaging and Behavior  (2022) 16:228–238

1 3

https://people.cas.sc.edu/rorden/mricron/index.html
https://people.cas.sc.edu/rorden/mricron/index.html
http://www.neuro.unijena.de/cat
http://www.neuro.unijena.de/cat
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://eric.univ-lyon2.fr/~ricco/tanagra/fr/tanagra.html
http://eric.univ-lyon2.fr/~ricco/tanagra/fr/tanagra.html
http://www.neuro.uni-jena.de/tfce
http://www.neuro.uni-jena.de/tfce
https://www.nitrc.org/projects/wfu_pickatlas/
https://www.nitrc.org/projects/wfu_pickatlas/


Results

Participant characteristics

As summarized in Table 1, aMCI subjects were significant 
older (75 ± 4 years) than CHI (68 ± 4 years). The two groups 
were no different in term of gender, laterality and education 
level distribution.

CHI were faster than aMCI (1.31 ± 17  m/s versus 
1.17 ± 21 m/s) during comfortable gait speed, (p = 0.00673).

Stride time variability (STV) was higher (worse, 2.9%) in 
aMCI group than CHI group (2.1%) (p = 0.0109).

Step length variability (SLV) did not show any difference 
between groups (p = 0.0503).

Association with gait parameters

In CHI group

Gait speed  No significant association were found between 
gait speed and GMV nor CT in this group.

STV  STV was negatively associated with GMV in 1 cluster: 
left caudate ([-17 23 0], TFCE = 1983) (Table 2 Fig. 1).

No significant association between STV and CT.

SLV  SLV was negatively associated with GMV in 1 cluster: 
left lingual ([-20 -44 -5], TFCE = 1953) (Table 2 Fig. 1).

No significant association between SLV and CT.

In aMCI group

Gait speed  Gait speed was significantly positively associ-
ated with increased GMV in 2 clusters located in the right 
superior temporal gyrus ([68 -36 6], TFCE = 2192) and the 
left superior temporal pole ([-48 9 -6], TFCE = 1725). In 
other terms: the lower was the GMV, the slower were the 
participants (Table 3 Fig. 2A).

Regarding the correlation between CT and gait speed, we 
found a positive one, in 2 significant clusters located in the 
left superior temporal gyrus ([-66 -23 3], TFCE = 21,050) 
and the right superior temporal gyrus ([41 12 7], 
TFCE = 19,734) (Table 3 Fig. 2B).

STV  No significant association was found between stride 
time variability and GMV or CT.

SLV  There was a negative association between the GMV 
and SLV in many clusters (19) (p < 0.05): reduced GMV 
in the right middle temporal gyrus, right middle, superior 
and inferior frontal gyri, right precentral gyrus, left sup-
plementary motor cortex (SMC), precuneus, fusiform, 
putamen, lingual, parahippocampal gyri and left cerebel-
lum. 6 regions were associated with higher SLV (Table 3 
Fig. 3A). In other terms: the lower was the GMV, the 
higher were the SLV.

CT was negatively associated with SLV in 2 clusters: 
in the right middle frontal caudal and rostral gyri (Table 3 
Fig. 3B).

Table 1   Characteristics and 
comparison of the participants, 
separated into two groups 
according to the cognitive status

*  Comparisons of cognitively healthy controls with participants with amnestic Mild Cognitive Impairment 
(a-MCI) based on the Chi-square test or Mann–Whitney U test, as appropriate
†  Secondary school and higher education
P significant (i.e. < 0.05) indicated in bold

Total cohort CHI aMCI P-value*

Demographics and clinical features:
  N =  53 23 30
  Age (years) [SD] 71.7 [5] 68.2 [4] 75.3 [4]  < 0.001
  Female gender (%) 20 (38%) 12 (52%) 8 (26%) 0.0576
  Number of righter n (%) 50 (94.3%) 22 (96.6%) 28 (93.3%) 0.717
  High education level † n (%) 29 (54.7%) 14 (60.8%) 15 (50.0%) 0.431

Gait performances:
  Normal gait speed (m/s) [SD] 1.23 [20] 1.31 [17] 1.17 [21] 0.00673
  Maximal gait speed (m/s) 1.80 [29] 1.96 [23] 1.68 [26]  < 0.001
  Stride time variability (%) 2.6 [1] 2.1 [1] 2.9 [1] 0.0109
  Step length variability (%) 3.1 [2] 3.1 [1] 3.0 [2] 0.503
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Discussion

This is the first study that combines gait variability param-
eters (in addition to the gait speed) and brain changes ana-
lysed by SBM in the whole brain. We confirm that there 
are some differences in gait parameters in aMCI patients 
when comparing to the control group: slower gait speed and 
higher STV. Modified gait speed in aMCI is involved with 
brain structural changes. In this group, we demonstrated that 
slower gait speed was significantly associated with volume 
reduction and cortical thickness alterations in brain regions 
identified as bilateral superior temporal gyri. Higher stride 
length variability (SLV) was negatively associated with 
GMV and CT in aMCI group in the right middle frontal 
gyrus. In CHI, no morphological alteration was associated 
with gait speed. CHI and aMCI have two different patterns 
of brain changes related to gait parameters.

As expected, this study confirmed that aMCI subjects 
have got modified gait parameters when compared to CHI: 
they were slower in gait speed and they had a higher STV 

than healthy controls in accordance with the literature 
(Beauchet et al., 2013; Castrillo et al., 2016; Verghese 
et al., 2008b). Furthermore, this difference in comfortable 
gait speed (0.14 m/s in the study) appears to be a clini-
cally detectable change by the standard described in the 
literature (greater than 0.05 m/s) (Beaudart et al., 2019; 
Perera et al., 2006). Verghese and al. mention the “motoric 
cognitive risk syndrome” to characterise the close link 
between gait and cognition (Verghese et al., 2013). We did 
not found any difference between the groups regarding the 
SLV. It could be explained by the fact that gait disorders in 
MCI patients are more sensitive during dual-task which has 
not been evaluated in our cohort (Montero-Odasso et al., 
2009). In line with previous authors, we have chosen to 
separate participants based on their cognitive status (Beau-
chet et al., 2019).

In a MCI, relevant positive association was found 
between increased GMV, higher CT and faster gait speed 
in bilateral temporal superior gyri. Temporal superior gyri 
is often mentioned as an altered zone during MCI when 

Table 2   Detailed results of 
of the association between 
morphometric changes and 
gait parameters in CHI group 
(TFCE, p < 0.05, FWE-
corrected)

k Localization Hemisphere x y z {mm} TFCE P-value*

GMV and STV (negative)
72 Caudate Left -17 23 0 1983.18 0.033
GMV and SLV (negative)
32 Lingual Left -20 -44 -5 1953.39 0.041

Fig. 1   Negative association 
between GMV and STV in cau-
date left gyrus (A) and GMV 
and SLV in lingual left gyrus 
(B) in CHI participants:

TFCE

TFCE

X=72

X=75 Y=147 Z=74

Y=84 Z=64

Ant

Top
Ant

RR

Bottom

R

R

Ant

Bottom
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compared to CHI, (Bell-McGinty et al., 2005; Karas et al., 
2004; Liu et al., 2013; Pennanen et al., 2005). The associa-
tion between this region and the gait speed could play a key 
role in the locomotion high-level control in this popula-
tion. This area is mostly involved in sounds recognition. 
During gait process, people need sensorial stimuli to help 
their external guidance. For older adults, hearing impair-
ment is predictive of slower maximal gait speed (Viljanen 

et al., 2009). This link between morphometrics changes and 
gait speed was not significant in CHI. Our result seems all 
the more powerful as it is found in volumetric and surface 
analyses. These results suggest that gait control is sustained 
by different brain regions with separate brain networks in 
CHI and MCI. Beauchet and al. also described in his study 
two different patterns of brain GMV association with gait 
speed: the frontal cortex for CHI and the striatum for MCI 
(Beauchet et al., 2019).

Stride time variability (STV) was not associated with 
topographical brain regions in our cohort of aMCI. This 
gait parameter may originate from an automated more than 
a cortical control in this population. In CHI, an association 
was noticed between GMV and a subcortical region: the left 
caudate nucleus. Some authors found no correlation between 

Fig. 2   GM volume (A) and CT (B) showing a positive correlation 
with normal gait speed in aMCI group: The statistical map is coregis-
tered and superimposed on 3DT1-weighted sagittal, coronal and axial 
(MNI coordinates (x y z) [160 106 72] (MNI T1-weighted template 
available on MRICRON software), results are showed with a signifi-
cance of p < 0.05, TFCE, FWE-corrected):

◂

Table 3   Detailed results of the association between morphometric changes and gait parameters in aMCI (TFCE, p < 0.05, FWE-corrected)

Cluster k Localization Hemisphere x y z {mm} TFCE P-value*

GMV and gait speed (positive)
  1 1490 Superiortemporal Right 68 -36 6 2192.73 0.016*
  Middle temporal Right 71 -21 5 2179.70 0.017*
  Postcentral Right 62 -33 11 2140.19 0.018*
  2 120 Temporal pole sup Left -48 9 -6 1725.89 0.035*

CT and gait speed (positive)
  1 978 Superiortemporal Left -66 -23 3 21,050.85 0.026*
  Transv. temporal Left -45 -18 -6 18,542.32 0.035*
  Insula Left -36 -28 20 17,760.81 0.040*
  2 1299 Superiortemporal Right 41 12 7 19,734.48 0.031*
  Parstriangularis Right 36 -9 11 19,196.80 0.033*

GMV and SLV (negative)
  1 11,176 Mid. Temporal Right 65 -35 -8 2398.97 0.008*
  2 2612 Sup motor cortex Left -3 21 59 2302.96 0.010*
  3 6239 Precuneus Left -9 -59 74 2249.24 0.011*
  4 2274 Inf. frontal orbital Right 51 45 -11 2034.93 0.017*
  5 510 Sup frontal medial Right 5 66 9 1875.30 0.023*
  6 3248 Putamen Left -21 17 -3 1793.98 0.028*
  7 1190 Precentral Right 47 -14 57 1732.83 0.031*
  8 1123 SMC Left -6 -12 65 1707.91 0.033*
  9 372 Fusiform Left -23 -50 -17 1651.36 0.037*
  10 158 Mid. frontal Right 50 48 9 1605.82 0.040*
  11 240 Mid. frontal Right 29 20 53 1561.75 0.044*
  12 273 Lingual Left -17 -65 -8 1560.83 0.044*
  13 223 Sup frontal medial Left -2 36 33 1552.17 0.044*
  14 91 Mid. frontal Right 27 60 26 1543.83 0.044*
  15 234 Sup. frontal Right 20 9 57 1542.59 0.044*
  16 67 Parahippocampal Left -23 -33 -12 1537.78 0.044*
  17 146 Sup. frontal Right 24 47 24 1522.20 0.047*
  18 28 Cerebellum 6 Left -38 -56 -26 1512.57 0.048*
  19 29 Inf. frontal orbital Right 33 27 -26 1505.08 0.049*

CT and SLV (negative)
  1 198 Caudal mid frontal Right 27 37 32 18.226 0.004*
  2 126 Rostral mid frontal Right 40 42 26 16.917 0.004*
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STV and hippocampal volume in their study among patients 
with MCI while they described some for CHI (Beauchet 
et al., 2015). In a previous study, STV was mainly sensitive 
to neural functions (in spectroscopy) rather than morpho-
metric parameters and could explain the absence of differ-
ence here (Annweiler et al., 2013a, b).

We observed an inverse linear association between unsta-
ble gait through stride length variability (SLV) and morpho-
metry in aMCI: increased SLV was correlated with reduced 
GMV. This atrophy is observed in the following regions: 
on the right hemisphere, in the superior and middle fron-
tal, the precentral and the middle temporal gyri; on the left 
hemisphere, the supplementary motor cortex, the putamen, 

the precuneus and the left cerebellum. Increased SLV was 
also associated with thinner thickness in the right frontal 
lobe. This associative cortical network is involved in the 
integration of auditory, somatosensory and visual informa-
tion (Cavanna & Trimble, 2006). Morphometrics changes 
in these areas could alter sensory functions and be part of 
the reduced gait speed during aMCI process. We also found 
a negative correlation in aMCI group between GMV and 
SLV in the cerebellum. This structure coordinates volun-
tary movements such as posture, balance, coordination. An 
atrophy of this region could explain higher SLV, expressed 
clinically in greater instability. In CHI, only a small cluster 
in the lingual region was identified as associated with worse 

Fig. 3   GM volume (A), CT (B) 
showing a negative correlation 
with SLV in aMCI:

A

B

Right hemisphere

235

1 3

Brain Imaging and Behavior (2022) 16:228–238



SLV. This structure is involved in visual memory. A previous 
attempt to find a correlation between stride length variability 
and the hippocampus’ volume was not successful in older 
adults (Zimmerman et al., 2009). Our study suggests that the 
groups have not the same brain morphological alteration’s 
pattern. An inverse linear association between gait variabil-
ity and structural brain changes was shown for the first time 
among older adults CHI and aMCI. Cerebral structure altera-
tion appears to differ between the two groups. There were 
associated regions in both volume and surface analyses only 
in the MCI group. This association should be considered as 
the strongest combination. This new result reinforces the 
current thinking that gait variability may serve as a surrogate 
marker of the function and efficiency of higher-level motor 
control (Beauchet et al., 2013; Hausdorff, 2005).

The study’s strengths were that we focused on a specific 
subtype of MCI, amnestic, with the primary endpoint of 
exploring the specific relationship between morphometrics 
changes and early gait disorders in subject during the prodro-
mal stage of dementia. CAT12 was used as an innovative algo-
rithm exploring a new folding measure such as CT in addi-
tion to the current GMV measure. These features may contain 
important data for a better understanding of the correlation 
between function and anatomy. More thorough investigation 
will be necessary in the future. Furthermore, the complete 
analysis of the “whole brain” brings power and the full auto-
mated analysis provides less manipulator bias. Additionally, 
gait performances were measured using a standardized and 
validated automated computerized gait analyse technique.

The present study has also several limitations. The 
cross-sectional design limits causal inferences, and we have 
studied a relatively small sample size. Longitudinal stud-
ies would be more suitable to evaluate causal associations 
between brain structural changes and gait performances 
(Doi et al., 2017). The aMCI group was older than CHI (we 
resolved it by adding this parameter as a covariate). There 
was no information about the occurrence of Alzheimer dis-
ease converters (no clinical follow-up) and no information 
about the beta amyloid and apoE4 profile of patients. For 
further studies, we should add a test in dual task conditions 
requiring an increased attention demand for MCI subjects 
(Beauchet et al., 2013; Montero-Odasso et al., 2012a).

In conclusion, this study provides new evidence in the 
exploration of structural brain changes and gait performance 
in older adults. In aMCI, decreased GMV and thinner cor-
tex were associated with normal gait speed in the bilateral 
superior temporal gyri. Gait instability analysed through 
stride length variability was associated with brain atrophy 
(decreased GM) in spread regions and with thinner cortex 
in the right frontal lobe. It would therefore be interesting 
in future prospective and longitudinal studies to follow the 
evolution of anatomical surface parameters during the physi-
cal therapeutic actions.

Author contributions  Conceptualization; Data curation; MD and CA.
Methodology and writing: PA and MD.
Supervision: PP, CA and MD.

Funding  The research was supported by the University hospital of 
Angers, France (eudract number 2014 – A01593 – 44). The funder 
had no role in study design, data collection and analysis, decision to 
publish, or preparation of the manuscript.

The study was conducted in accordance with the ethical standards 
set forth in the Helsinki Declaration (1983). The entire study proto-
col was approved by the Angers Ethical Review Committee (Comité 
de protection des personnes, CPP ouest II, Angers, France, n° A.C D 
2014-A01593-44, n° CPP: 2014/32). Written informed consent was 
obtained at enrolment.

Declarations 

Conflict of interest  C. Annweiler serves as an editor for Maturitas. All 
authors declare they do not have any other financial and personal con-
flicts of interest with this manuscript.

References

Ali, P., Labriffe, M., Navasiolava, N., Custaud, M., Dinomais, M., Ann-
weiler, C., & the SAM group. (2020). Vitamin D concentration 
and focal brain atrophy in older adults: A voxel-based morphomet-
ric study. Annals of Clinical Translational Neurology, 7, 554–558. 
https://​doi.​org/​10.​1002/​acn3.​50997

Allali, G., Montembeault, M., Brambati, S. M., Bherer, L., Blumen, H. 
M., Launay, C. P., Liu-Ambrose, T., Helbostad, J. L., Verghese, 
J., & Beauchet, O. (2019a). Brain structure covariance associated 
with gait control in aging. Journal of Gerontology Series A, 74, 
705–713. https://​doi.​org/​10.​1093/​gerona/​gly123

Allali G, Montembeault M, Saj A, Wong CH, Cooper-Brown 
LA, Bherer L, Beauchet O (2019b) Structural brain volume 
covariance associated with gait speed in patients with amnes-
tic and non-amnestic mild cognitive impairment: A double 
dissociation.Journal of Alzheimer’s Disease, 1–11.https://​doi.​
org/​10.​3233/​JAD-​190038.

Alzheimer’s Disease Neuroimaging Initiative (ADNI), Nho, K., 
Risacher, S. L., Crane, P. K., DeCarli, C., Glymour, M. M., 
Habeck, C., Kim, S., Lee, G. J., Mormino, E., Mukherjee, 
S., Shen, L., West, J. D., & Saykin, A. J. (2012). Voxel and 
surface-based topography of memory and executive deficits 
in mild cognitive impairment and Alzheimer’s disease. Brain 
Imaging and Behavior, 6, 551–567. https://​doi.​org/​10.​1007/​
s11682-​012-​9203-2

Annweiler, C., Beauchet, O., Bartha, R., & Montero-Odasso, M. 
(2013a). Slow gait in MCI is associated with ventricular enlarge-
ment: Results from the gait and brain study. Journal of Neu-
ral Transmission, 120, 1083–1092. https://​doi.​org/​10.​1007/​
s00702-​012-​0926-4

Annweiler, C., Beauchet, O., Bartha, R., Wells, J. L., Borrie, M. J., 
Hachinski, V., & Montero-Odasso, M. (2013b). Motor cortex and 
gait in mild cognitive impairment: A magnetic resonance spec-
troscopy and volumetric imaging study. Brain, 136, 859–871. 
https://​doi.​org/​10.​1093/​brain/​aws373

Ashburner, J. (2007). A fast diffeomorphic image registration algo-
rithm. NeuroImage, 38, 95–113. https://​doi.​org/​10.​1016/j.​neuro​
image.​2007.​07.​007

Ashburner, J., & Friston, K. J. (2000). Voxel-based morphometry—the 
methods. NeuroImage, 11, 805–821. https://​doi.​org/​10.​1006/​nimg.​
2000.​0582

236 Brain Imaging and Behavior  (2022) 16:228–238

1 3

https://doi.org/10.1002/acn3.50997
https://doi.org/10.1093/gerona/gly123
https://doi.org/10.3233/JAD-190038
https://doi.org/10.3233/JAD-190038
https://doi.org/10.1007/s11682-012-9203-2
https://doi.org/10.1007/s11682-012-9203-2
https://doi.org/10.1007/s00702-012-0926-4
https://doi.org/10.1007/s00702-012-0926-4
https://doi.org/10.1093/brain/aws373
https://doi.org/10.1016/j.neuroimage.2007.07.007
https://doi.org/10.1016/j.neuroimage.2007.07.007
https://doi.org/10.1006/nimg.2000.0582
https://doi.org/10.1006/nimg.2000.0582


Beauchet, O., Allali, G., Annweiler, C., Bridenbaugh, S., Assal, F., 
Kressig, R. W., & Herrmann, F. R. (2009). Gait variability among 
healthy adults: Low and high stride-to-stride variability are both a 
reflection of gait stability. Gerontology, 55, 702–706. https://​doi.​
org/​10.​1159/​00023​5905

Beauchet, O., Allali, G., Launay, C., Herrmann, F. R., & Annweiler, C. 
(2013). Gait variability at fast-pace walking speed: A biomarker 
of mild cognitive impairment? The Journal of Nutrition, Health & 
Aging, 17, 235–239. https://​doi.​org/​10.​1007/​s12603-​012-​0394-4

Beauchet, O., Allali, G., Montero-Odasso, M., Sejdić, E., Fantino, B., 
& Annweiler, C. (2014). Motor phenotype of decline in cogni-
tive performance among community-dwellers without dementia: 
Population-based study and meta-analysis. PLoS ONE, 9, e99318. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00993​18

Beauchet, O., Launay, C. P., Annweiler, C., & Allali, G. (2015). Hip-
pocampal volume, early cognitive decline and gait variability: 
Which association? Experimental Gerontology, 61, 98–104. 
https://​doi.​org/​10.​1016/j.​exger.​2014.​11.​002

Beauchet, O., Montembeault, M., Barden, J. M., Szturm, T., Bherer, L., 
Liu-Ambrose, T., Chester, V. L., Li, K., Helbostad, J. L., & Allali, 
G. (2019). Brain gray matter volume associations with gait speed 
and related structural covariance networks in cognitively healthy 
individuals and in patients with mild cognitive impairment: A 
cross-sectional study. Experimental Gerontology, 122, 116–122. 
https://​doi.​org/​10.​1016/j.​exger.​2019.​05.​001

Beaudart, C., Rolland, Y., Cruz-Jentoft, A. J., Bauer, J. M., Sieber, C., 
Cooper, C., Al-Daghri, N., Araujo de Carvalho, I., Bautmans, I., 
Bernabei, R., Bruyère, O., Cesari, M., Cherubini, A., Dawson-
Hughes, B., Kanis, J. A., Kaufman, J.-M., Landi, F., Maggi, S., 
McCloskey, E., … Fielding, R. A. (2019). Assessment of muscle 
function and physical performance in daily clinical practice : A 
position paper endorsed by the European Society for Clinical and 
Economic Aspects of Osteoporosis, Osteoarthritis and Musculo-
skeletal Diseases (ESCEO). Calcified Tissue International, 105, 
1–14. https://​doi.​org/​10.​1007/​s00223-​019-​00545-w

Bell-McGinty, S., Lopez, O. L., Meltzer, C. C., Scanlon, J. M., Whyte, 
E. M., Dekosky, S. T., & Becker, J. T. (2005). Differential corti-
cal atrophy in subgroups of mild cognitive impairment. Archives 
of Neurology, 62, 1393–1397. https://​doi.​org/​10.​1001/​archn​eur.​
62.9.​1393

Castrillo, A., Olmos, L. M. G., Rodríguez, F., & Duarte, J. (2016). 
Gait disorder in a cohort of patients with mild and moderate Alz-
heimer’s disease. American Journal of Alzheimer’s Disease & 
Other Dementiasr, 31, 257–262. https://​doi.​org/​10.​1177/​15333​
17515​603113

Cavanna, A. E., & Trimble, M. R. (2006). The precuneus: A review 
of its functional anatomy and behavioural correlates. Brain, 129, 
564–583. https://​doi.​org/​10.​1093/​brain/​awl004

Dahnke, R., Yotter, R. A., & Gaser, C. (2013). Cortical thickness and 
central surface estimation. NeuroImage, 65, 336–348. https://​doi.​
org/​10.​1016/j.​neuro​image.​2012.​09.​050

Desikan, R. S., Ségonne, F., Fischl, B., Quinn, B. T., Dickerson, B. 
C., Blacker, D., Buckner, R. L., Dale, A. M., Maguire, R. P., 
Hyman, B. T., Albert, M. S., & Killiany, R. J. (2006). An auto-
mated labeling system for subdividing the human cerebral cortex 
on MRI scans into gyral based regions of interest. NeuroImage, 
31, 968–980. https://​doi.​org/​10.​1016/j.​neuro​image.​2006.​01.​021

Doi, T., Blumen, H. M., Verghese, J., Shimada, H., Makizako, H., Tsut-
sumimoto, K., Hotta, R., Nakakubo, S., & Suzuki, T. (2017). Gray 
matter volume and dual-task gait performance in mild cognitive 
impairment. Brain Imaging and Behavior, 11, 887–898. https://​
doi.​org/​10.​1007/​s11682-​016-​9562-1

European GAITRite® Network Group, Kressig, R. W., & Beauchet, 
O. (2006). Guidelines for clinical applications of spatio-temporal 
gait analysis in older adults. Aging Clinical and Experimental 
Research, 18, 174–176. https://​doi.​org/​10.​1007/​BF033​27437

Hausdorff, J. M. (2005). Gait variability: Methods, modeling and 
meaning. Journal of Neuroengineering and Rehabilitation, 2, 19. 
https://​doi.​org/​10.​1186/​1743-​0003-2-​19

Hirjak, D., Wolf, R. C., Pfeifer, B., Kubera, K. M., Thomann, A. 
K., Seidl, U., Maier-Hein, K. H., Schröder, J., & Thomann, P. 
A. (2017). Cortical signature of clock drawing performance in 
Alzheimer’s disease and mild cognitive impairment. Journal of 
Psychiatric Research, 90, 133–142. https://​doi.​org/​10.​1016/j.​jpsyc​
hires.​2017.​02.​019

Karas, G. B., Scheltens, P., Rombouts, S. A. R. B., Visser, P. J., van 
Schijndel, R. A., Fox, N. C., & Barkhof, F. (2004). Global and 
local gray matter loss in mild cognitive impairment and Alz-
heimer’s disease. NeuroImage, 23, 708–716. https://​doi.​org/​10.​
1016/j.​neuro​image.​2004.​07.​006

Labriffe, M., Annweiler, C., Amirova, L. E., Gauquelin-Koch, G., Ter 
Minassian, A., Leiber, L.-M., Beauchet, O., Custaud, M.-A., & 
Dinomais, M. (2017). Brain activity during mental imagery of gait 
versus gait-like plantar stimulation: A novel combined functional 
MRI paradigm to better understand cerebral gait control. Frontiers 
in Human Neuroscience, 11, 106. https://​doi.​org/​10.​3389/​fnhum.​
2017.​00106

Liu, T., Sachdev, P. S., Lipnicki, D. M., Jiang, J., Cui, Y., Kochan, 
N. A., Reppermund, S., Trollor, J. N., Brodaty, H., & Wen, W. 
(2013). Longitudinal changes in sulcal morphology associated 
with late-life aging and MCI. NeuroImage, 74, 337–342. https://​
doi.​org/​10.​1016/j.​neuro​image.​2013.​02.​047

Montero-Odasso, M., Casas, A., Hansen, K. T., Bilski, P., Gutmanis, 
I., Wells, J. L., & Borrie, M. J. (2009). Quantitative gait analysis 
under dual-task in older people with mild cognitive impairment: 
A reliability study. J. Neuroengineering Rehabil., 6, 35. https://​
doi.​org/​10.​1186/​1743-​0003-6-​35

Montero-Odasso, M., Muir, S. W., & Speechley, M. (2012a). Dual-task 
complexity affects gait in people with mild cognitive impairment: 
The interplay between gait variability, dual tasking, and risk of 
falls. Archives of Physical Medicine and Rehabilitation, 93, 293–
299. https://​doi.​org/​10.​1016/j.​apmr.​2011.​08.​026

Montero-Odasso, M., Verghese, J., Beauchet, O., & Hausdorff, J. 
M. (2012b). Gait and cognition: A complementary approach to 
understanding brain function and the risk of falling. Journal of 
the American Geriatrics Society, 60, 2127–2136. https://​doi.​org/​
10.​1111/j.​1532-​5415.​2012.​04209.x

Pennanen, C., Testa, C., Laakso, M., Hallikainen, M., Helkala, E., Han-
ninen, T., Kivipelto, M., Kononen, M., Nissinen, A., Tervo, S., 
Vanhanen, M., Vanninen, R., Frisoni, G., & Soininen, H. (2005). 
A voxel based morphometry study on mild cognitive impairment. 
Journal of Neurology, Neurosurgery and Psychiatry, 76, 11–14. 
https://​doi.​org/​10.​1136/​jnnp.​2004.​035600

Perera, S., Mody, S. H., Woodman, R. C., & Studenski, S. A. (2006). 
Meaningful change and responsiveness in common physical per-
formance measures in older adults: Meaningful change and perfor-
mance. Journal of the American Geriatrics Society, 54, 743–749. 
https://​doi.​org/​10.​1111/j.​1532-​5415.​2006.​00701.x

Seiger, R., Ganger, S., Kranz, G. S., Hahn, A., & Lanzenberger, R. 
(2018). Cortical thickness estimations of freesurfer and the 
CAT12 toolbox in patients with Alzheimer’s disease and healthy 
controls. Journal of Neuroimaging: Official Journal of the Amer-
ican Society of Neuroimaging, 28, 515–523. https://​doi.​org/​10.​
1111/​jon.​12521

Tomadesso, C., Perrotin, A., Mutlu, J., Mézenge, F., Landeau, B., 
Egret, S., de la Sayette, V., Jonin, P.-Y., Eustache, F., Desgranges, 
B., & Chételat, G. (2015). Brain structural, functional, and cogni-
tive correlates of recent versus remote autobiographical memories 
in amnestic mild cognitive impairment. NeuroImage: Clinical, 8, 
473–482. https://​doi.​org/​10.​1016/j.​nicl.​2015.​05.​010

Verghese, J., Robbins, M., Holtzer, R., Zimmerman, M., Wang, C., 
Xue, X., & Lipton, R. B. (2008a). Gait dysfunction in mild 

237

1 3

Brain Imaging and Behavior (2022) 16:228–238

https://doi.org/10.1159/000235905
https://doi.org/10.1159/000235905
https://doi.org/10.1007/s12603-012-0394-4
https://doi.org/10.1371/journal.pone.0099318
https://doi.org/10.1016/j.exger.2014.11.002
https://doi.org/10.1016/j.exger.2019.05.001
https://doi.org/10.1007/s00223-019-00545-w
https://doi.org/10.1001/archneur.62.9.1393
https://doi.org/10.1001/archneur.62.9.1393
https://doi.org/10.1177/1533317515603113
https://doi.org/10.1177/1533317515603113
https://doi.org/10.1093/brain/awl004
https://doi.org/10.1016/j.neuroimage.2012.09.050
https://doi.org/10.1016/j.neuroimage.2012.09.050
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1007/s11682-016-9562-1
https://doi.org/10.1007/s11682-016-9562-1
https://doi.org/10.1007/BF03327437
https://doi.org/10.1186/1743-0003-2-19
https://doi.org/10.1016/j.jpsychires.2017.02.019
https://doi.org/10.1016/j.jpsychires.2017.02.019
https://doi.org/10.1016/j.neuroimage.2004.07.006
https://doi.org/10.1016/j.neuroimage.2004.07.006
https://doi.org/10.3389/fnhum.2017.00106
https://doi.org/10.3389/fnhum.2017.00106
https://doi.org/10.1016/j.neuroimage.2013.02.047
https://doi.org/10.1016/j.neuroimage.2013.02.047
https://doi.org/10.1186/1743-0003-6-35
https://doi.org/10.1186/1743-0003-6-35
https://doi.org/10.1016/j.apmr.2011.08.026
https://doi.org/10.1111/j.1532-5415.2012.04209.x
https://doi.org/10.1111/j.1532-5415.2012.04209.x
https://doi.org/10.1136/jnnp.2004.035600
https://doi.org/10.1111/j.1532-5415.2006.00701.x
https://doi.org/10.1111/jon.12521
https://doi.org/10.1111/jon.12521
https://doi.org/10.1016/j.nicl.2015.05.010


cognitive impairment syndromes: GAIT AND MCI. Journal of 
the American Geriatrics Society, 56, 1244–1251. https://​doi.​org/​
10.​1111/j.​1532-​5415.​2008.​01758.x

Verghese, J., Robbins, M., Holtzer, R., Zimmerman, M., Wang, C., 
Xue, X., & Lipton, R. B. (2008b). Gait dysfunction in mild cogni-
tive impairment syndromes. Journal of the American Geriatrics 
Society, 56, 1244–1251. https://​doi.​org/​10.​1111/j.​1532-​5415.​
2008.​01758.x

Verghese, J., Wang, C., Lipton, R. B., & Holtzer, R. (2013). Motoric 
cognitive risk syndrome and the risk of dementia. Journals of 
Gerontology Series A, Biological Sciences and Medical Sciences, 
68, 412–418. https://​doi.​org/​10.​1093/​gerona/​gls191

Viljanen, A., Kaprio, J., Pyykkö, I., Sorri, M., Koskenvuo, M., & 
Rantanen, T. (2009). Hearing acuity as a predictor of walking 

difficulties in older women. Journal of the American Geriatrics 
Society, 57, 2282–2286. https://​doi.​org/​10.​1111/j.​1532-​5415.​
2009.​02553.x

Zimmerman, M. E., Lipton, R. B., Pan, J. W., Hetherington, H. P., & 
Verghese, J. (2009). MRI- and MRS-derived hippocampal cor-
relates of quantitative locomotor function in older adults. Brain 
Research, 1291, 73–81. https://​doi.​org/​10.​1016/j.​brain​res.​2009.​
07.​043

Publisher’s note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

238 Brain Imaging and Behavior  (2022) 16:228–238

1 3

https://doi.org/10.1111/j.1532-5415.2008.01758.x
https://doi.org/10.1111/j.1532-5415.2008.01758.x
https://doi.org/10.1111/j.1532-5415.2008.01758.x
https://doi.org/10.1111/j.1532-5415.2008.01758.x
https://doi.org/10.1093/gerona/gls191
https://doi.org/10.1111/j.1532-5415.2009.02553.x
https://doi.org/10.1111/j.1532-5415.2009.02553.x
https://doi.org/10.1016/j.brainres.2009.07.043
https://doi.org/10.1016/j.brainres.2009.07.043

	Associations between gait speed and brain structure in amnestic mild cognitive impairment: a quantitative neuroimaging study
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Participants
	Ethics statement
	Gait assessment
	MRI data acquisition
	Image pre-processing
	Statistics
	Covariates

	Results
	Participant characteristics
	Association with gait parameters
	In CHI group
	In aMCI group


	Discussion
	References


