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Abstract

Background Increasing research suggests that gait abnormalities can be a risk factor for Alzheimer’s Disease (AD).
Notably, there is growing evidence highlighting this risk factor in individuals with amnestic Mild Cognitive Impair-
ment (@MCl), however further studies are needed. The aim of this study is to analyze cognitive tests results and brain-
related measures over time in aMCl and examine how the presence of gait abnormalities (neurological or orthopedic)
or normal gait affects these trends. Additionally, we sought to assess the significance of gait and gait-related meas-
ures as prognostic indicators for the progression from aMCl to AD dementia, comparing those who converted to AD
with those who remained with a stable aMCl diagnosis during the follow-up.

Methods Four hundred two individuals with aMCl from the Alzheimer’s Disease Neuroimaging Initiative (ADNI)
database were included. Robust linear mixed-effects models were used to study the impact of gait abnormalities
on a comprehensive neuropsychological battery over 36 months while controlling for relevant medical variables
at baseline. The impact of gait on brain measures was also investigated. Lastly, the Cox proportional-hazards model
was used to explore the prognostic relevance of abnormal gait and neuropsychological associated tests.

Results While controlling for relevant covariates, we found that gait abnormalities led to a greater decline over time
in attention (DSST) and global cognition (MMSE). Intriguingly, psychomotor speed (TMT-A) and divided attention
(TMT-B) declined uniquely in the abnormal gait group. Conversely, specific AD global cognition tests (ADAS-13)

and auditory-verbal memory (RAVLT immediate recall) declined over time independently of gait profile. All the other
cognitive tests were not significantly affected by time or by gait profile. In addition, we found that ventricles size
increased faster in the abnormal gait group compared to the normal gait group. In terms of prognosis, abnormal gait
(HR=1.7), MMSE (HR=1.09), and DSST (HR=1.03) covariates showed a higher impact on AD dementia conversion.

Conclusions The importance of the link between gait and related cognitive functions in terms of diagnosis, progno-
sis, and rehabilitation in aMCl is critical. We showed that in aMCl gait abnormalities lead to executive functions/atten-
tion deterioration and conversion to AD dementia.
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Introduction

Walking is a physiological milestone of normal human
neurodevelopment as well as a crucial part of daily life,
and it is no longer regarded solely as a physical fac-
tor [1, 2]. Indeed, gait control is a complex process that
involves the integration of motor, perceptual, and cogni-
tive processes [2]. Specifically, the executive functions,
including attentional control, cognitive flexibility, psy-
chomotor processing, inhibition, and goal setting, share
with motor abilities and gait control a widespread brain
network of prefrontal cortical and subcortical regions
[3]. These include the prefrontal cortex, the medial tem-
poral lobe, and the nigrostriatal system but also the size
of ventricles, cerebellum, white matter tracts, and the
parietal lobes [2, 4, 5].

A consistent body of studies reported a relationship
between gait abnormalities and early signs of cognitive
decline among cognitively healthy participants [2, 6, 7].
Gait abnormalities include disorders that result in slow,
unsteady, staggering, shuffling, and/or asymmetrical
walking due to neurological, musculoskeletal, and/or
other acquired medical conditions [8—10]. Disorders of
gait can be evaluated through clinical visual inspection
or through quantitative parameters (e.g., speed, stride
length, swing, and stance time) that reflect the observed
gait abnormality [11]. The former is a useful and reliable
method in everyday clinical practice, whereas the latter
requires technological equipment that can be used to
further differentiate individuals according to their cogni-
tive status [8, 11].

For instance, there is considerable evidence showing
that gait abnormalities could predict a cognitive decline
over time measured with the Digit Symbol Substitution
Test (DSST) [6, 7, 12-16], a measure of psychomotor
speed and attention [17]. Furthermore, gait abnormali-
ties predict the decline in divided attention and cognitive
flexibility, as measured with the Trail Making Test part B
(TMT-B) [6, 7]. The presence of gait abnormalities is also
longitudinally associated with a decline in global cogni-
tion tests [6, 7]. Indeed, gait disorders have been identi-
fied as one of the factors associated with the development
of dementia [8].

Early evidence by Camicioli and colleagues [18] found
that slow gait is evident on clinical examination before
or coincident with the development of cognitive impair-
ment in healthy older people. Even though some diag-
nostic criteria include the presence of gait disturbances
in the exclusion criteria of Alzheimer’s disease (AD) [19],
a recent meta-analysis [20] suggested that gait perfor-
mance predicts AD dementia (Hazard Ratio—HR =1.03).
The longitudinal study of Kuate-Tegueu and co-authors
[21] showed that gait speed (HR=1.2) and Trail Making
Test part A (HR=1.4; TMT-A), which requires complex
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visual scanning and psychomotor speed [22], were asso-
ciated with incident AD. This is consistent with a recent
study showing that gait abnormalities (slower gait speed,
lower cadence, longer double support time, and greater
stance time variability) have been associated with AD
neuropathology (i.e., beta-amyloid) in cognitively healthy
older individuals [23]. Another study [24] showed that in
older people, cerebral deposition of beta-amyloid is asso-
ciated with slower gait speed and lower limbs function-
ing. A recent large multi-database study [25] showed that
higher gait variability can discriminate AD from other
neurodegenerative diseases (e.g., Parkinson’s disease,
frontotemporal dementia, dementia with Lewy bodies).
The authors concluded that high gait variability could
be a marker for cortical-related cognitive dysfunctions
which alter both cognition and gait control.

The concept of Mild Cognitive Impairment (MCI)
has offered a unique window to study the development
of AD. MCI is the transitional condition between nor-
mal and pathological cognitive aging [26]. In particu-
lar, the amnestic MCI (aMCI) type, namely individuals
who experience more memory loss than expected for
their age and education and are more likely to develop
AD than the non-amnestic type (naMCI), has received
increasing attention in the last decade [26]. In patients
with MCI, the prevalence of slow gait or neurological gait
abnormalities reaches 46%, almost threefold higher than
in healthy older adults without MCI; in addition, neu-
rological gait disorders were more common in patients
with aMCI than in those with naMCI [11]. Interestingly,
a growing body of studies revealed that gait disorders
may be a risk factor for cognitive deterioration in this
population. For instance, Doi and colleagues [27] found
that patients with MCI and slow gait reported greater
cognitive deficits on a comprehensive neuropsychologi-
cal battery, including the Mini-Mental State Examination
(MMSE), DSST, TMT-A, and TMT-B, compared to MCI
without slow gait, healthy older people with slow gait and
without slow gait.

Literature showed different longitudinal studies on
MCI or aMCI population, in which the influence of gait
abnormalities on cognition was analysed. Buracchio
and colleagues [28] demonstrated that a decline in gait
speed occurred about 12 years before MCI, therefore it
may be a sensitive marker of cognitive change. Further-
more, individuals with slow gait had 7 times the risk of
progressing to dementia and a higher attributable risk
than those with cognitive decline alone, who had 3 times
the risk of progressing [29]. Another study showed that
slower maximum walking speed and longer time on the
Test Timed Up and Go test were predictive of cognitive
decline, as assessed according to the Montreal Cognitive
Assessment-Japan score decline [30]. Evidence indicated
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that aMCI who developed AD had lower gait speed than
those who did not develop AD. Both gait speed and gait
variability could be markers to early identify aMCI at risk
to progress to AD [31]. Also, the study of Tian and co-
authors [32] confirmed that slower baseline gait speed
was associated with a higher hazard of developing aMCI/
AD. A study [33] showed that the presence of at least one
copy of apolipoprotein E polymorphism €4 allele in MCI
is longitudinally associated with a decline in both gait
performance and global cognition. Intriguingly, one ran-
domized controlled trial [34] showed that administering
donepezil to improve cholinergic neurotransmission in
MCI improves gait speed during dual-task, possibly due
to an enhancement in frontal functions.

Despite convincing evidence that specific gait param-
eters can be a risk factor for dementia conversion, no
previous studies have investigated which neuropsycho-
logical tests would show a greater decline among aMCI
patients with and without gait disorders, and what is the
prognostic relevance of gait and related neuropsychologi-
cal functions.

We want to explore if individuals with abnormal gait at
the beginning of the study due to neurological (e.g., slow,
broad-based, unsteady, stooped, or asymmetrical gait)
or musculoskeletal (e.g., injury, pain) deficits, will show
a steeper decline on a set of neuropsychological tests,
possibly the ones that assess, in addition to global cog-
nition, psychomotor speed, attention, and/or executive
functions. In addition, we expect that these findings are
the result of the gait profile (i.e., abnormal vs. normal)
itself and its possible neural altered mechanisms (e.g.,
AD pathology) rather than functional, medical (e.g., cer-
ebrovascular accidents, multimorbidity, polypharmacy),
and cognitive confounding factors at baseline. Second-
arily, we also wanted to explore if the presence of gait
disorders is associated with gait related brain measures
(e.g., medial temporal regions volume, ventricles size,
brain metabolism) Lastly, we want to explore what is the
prognostic impact of gait disorders and the significantly
affected tests on conversion to AD dementia in aMCI.

Methods

Study sample

Data used in the preparation of this article were obtained
from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database (adni.loni.usc.edu). The ADNI was
launched in 2003 as a public—private partnership, led by
Principal Investigator Dr. Michael W. Weiner, MD. The
primary goal of ADNI has been to test whether serial
magnetic resonance imaging (MRI), positron emission
tomography (PET), other biological markers, and clini-
cal and neuropsychological assessment can be combined
to measure the progression of MCI and early AD. In
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particular, we used the ADNI phase 1 database with a
total of 402 participants (recruited in the North Amer-
ica; https://www.adni3.org/locations). 210 (52%) aMCI
individuals did not convert to dementia from baseline to
the last time-point considered (36 months) in this study;
174 (43%) converted to dementia and 18 (5%) reverted to
normal cognition during the follow-up window. Other
socio-demographic and clinical characteristics are shown
in Table 1.

In the ADNI protocol [35], MCI individuals were diag-
nosed according to the Petersen criteria [26] of aMCI
(in this study, both single and multiple domain aMCI
are considered). In the aMCI group, participants were
included if: there was a memory complaint by subject
or caregiver that is verified by a study partner; abnor-
mal memory function documented by scoring below the
education adjusted cutoft on the logical memory II sub-
scale from the Wechsler memory scale — revised; MMSE
score was between 24 and 30; Clinical Dementia Rating
(CDR) was 0.5; general cognition and functional perfor-
mance were sufficiently preserved such that a diagnosis
of AD cannot be made by the site physician at the time of
the screening visit; the modified Hachinski score was <4;
they had an age between 55 and 90 years old; they had
permitted medications stable for at least 4 weeks prior to
screening; if the Geriatric Depression Scale (GDS) [36]
score was < 6; they had adequate visual and auditory acu-
ity to allow neuropsychological testing and good general
health with no additional diseases; willing and able to
complete all baseline assessments and to participate in
a 3-year protocol; willing to undergo MRI 1.5 Tesla neu-
roimaging and provide DNA for ApoE assessments and
banking as well as plasma samples at protocol specified
time points; completed 6 grades of education (or had a
good work history sufficient to exclude mental retarda-
tion); fluent in English or Spanish.

MCI participants were excluded if there was any signifi-
cant neurologic disease other than suspected incipient AD
or history of significant head trauma followed by persistent
neurologic defaults or known structural brain abnormali-
ties; evidence of infection, infarction, or other focal lesions,
multiple lacunes or lacunes in a critical memory region;
presence of pacemakers, aneurysm clips, artificial heart
valves, ear implants, metal fragments or foreign objects
in the eyes, skin or body; major depression, bipolar disor-
der within the past 1 year, psychotic features, agitation or
behavioral problems within the last 3 months, history of
schizophrenia; history of alcohol or substance abuse or
dependence within the past 2 years; any significant sys-
temic illness or unstable medical condition; clinically sig-
nificant abnormalities in vitamin B12, rapid plasma regain
test, or thyroid function tests; residence in skilled nursing
facility; current use of specific psychoactive medications
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Table 1 Summary of socio-demographic and medical variables at baseline of the aMCl group by gait profiles
Abnormal gait=39 Normal gait=363
N Mean SD N Mean sD p-value

Age (years) 39 7793 6.47 363 74.42 7.38 0.003
Gender 39 363 0.123

Female 9 23% 134 37%

Male 30 77% 229 63%
Education (years) 39 16.03 312 363 15.6 3.02 0.388
Ethnic group 39 363 0.751

Am. Indian/Alaskan 0 0% 1 0%

Asian 1 3% 8 2%

Black 0 0% 15 4%

More than one 0 0% 1 0%

White 38 97% 338 93%
Marital status 39 363 0.114

Divorced 0 0% 25 7%

Married 31 79% 291 80%

Never married 2 5% 5 1%

Widowed 6 15% 42 12%
FAQ (points) 39 572 462 360 3.68 442 0.001
BMI (kg/mz) 39 27.06 3.81 362 2595 3.9 0.069
Polypharmacy (n°) 39 838 4.1 363 755 447 0.191
Medical conditions (n°) 39 7.95 234 363 6.3 252 <0.001
GDS (points) 39 172 141 363 1.56 137 0.498
ApoE4 alleles 39 363 0.184

0 23 59% 164 45%

1 14 36% 154 42%

2 2 5% 45 12%
FDG-PET (SUV) 16 113 0.11 189 12 0.13 0.027
HP (mm3) 28 6,051.43 1,099.64 292 643245 1,069.97 0.051
MTL (mm?) 28 18,020.93 2,717.03 292 18,742.46 3,016.69 0.150
V (mm3) 38 55,807.34 28,637.46 356 43,368.73 22,861.64 0.011
WMH (cm?) 38 118 2.59 363 0.87 2.76 0.084
CVA (n°) 38 0.21 0.58 359 0.11 0.63 0.054
Gait type 39 363 <0.001

Neurologic 20 51% 0 0%

Normal 0 0% 363 100%

Orthopedic 19 49% 0 0%

aMCl Amnestic Mild Cognitive Impairment, BMI Body Mass Index, GDS Geriatric Depression Scale, FAQ Functional Activities Questionnaires, ApoE4 Apolipoprotein E4,
CVA Cerebrovascular Accidents, FDG-PET average metabolism FDG-PET of angular, temporal, and posterior cingulate cortices, HP Hippocampal Volume, MLT Medial
Temporal Lobe volume, SUV Standardized Uptake Value for regional cerebral metabolic rate of glucose, V Ventricles volume, WMH White Matter Hyperintensities

volume. Mean and SD are reported. Bold values represent significant p-values

and warfarin; participation in clinical studies involving
neuropsychological measures being collected more than
one time per year. This information was extracted from the
ADNI phase 1 [35] clinical protocol section (https://adni.
loni.usc.edu/methods/documents/).

Ethical approval for data collection and sharing was
given by the institutional review boards of the participat-
ing institutions in the ADNL

Gait screening and medical baseline measurements

Neurological gait examination was carried out accord-
ing to the ADNI clinical protocol by licensed specialists
at screening visits to ensure patient eligibility before the
baseline assessment. The ADNI specialist determined
whether gait was normal or abnormal after visual inspec-
tion of gait patterns (e.g., walking for a short distance)
and balance (i.e, tandem walk, Romberg test). Gait


https://adni.loni.usc.edu/methods/documents/
https://adni.loni.usc.edu/methods/documents/

Tuena et al. BMC Geriatrics (2023) 23:462

examination for each patient was described by the ADNI
specialist and this information was retrieved from the
neurological examination ADNI file (NEUROEXM.csv).
Patients were categorized, according to the description
reported in this file, independently by two authors (C.T.,
S.M.) as having orthopedic (e.g., antalgic, orthopedic
injury/surgery, arthritis, musculoskeletal problems), neu-
rologic (e.g., broad-based, slow, unsteady gait, positive
Romberg, difficulty with the tandem walk, different arms
swing), or unclear (e.g., mixed, unable to determine) gait
using the sign-based approach table proposed by Non-
nekes and co-authors [37]. To exclude any confound-
ing effect of cerebrovascular lesion on gait examination,
white matter hyperintensities and the number of cerebro-
vascular accidents at screening visit were included (see
Table 1).

Baseline assessment included the number of medica-
tions taken (including integrators), the number of medi-
cal conditions in the patient’s history before the screening
visit, functional activities questionnaires (FAQ; [38],
GDS, body mass index (BMI), as well as ADNI phase 1
brain-related measured. These included hippocampal,
medial temporal lobe, and ventricles volumes and aver-
age metabolism of angular, temporal, and posterior cin-
gulate regions assessed by FDG-PET (fluorodeoxyglucose
positron emission tomography) (see Table 1).

MRI data (hippocampi, medial temporal lobes, and
ventricles) were provided and structures volumes were
computed by ADNI specialists as reported in the MRI
methods web-page (https://adni.loni.usc.edu/metho
ds/mri-tool/mri-analysis/). Similarly, FDG-PET data
were provided and computed by ADNI PET specialists
(https://adni.loni.usc.edu/methods/pet-analysis-method/
pet-analysis/). As described by ADNI PET Core, FDG-
PET was computed with a meta-ROI (regions of inter-
ests) method of 5 AD-related cortices of the brain (right
and left temporal, right and left angular, and posterior
cingulate) [39].

Longitudinal measurements of cognitive functions

and brain imaging

Eight neuropsychological tests were considered for the
analyses. Tests were administered at baseline (0), 6, 12,
18, 24, and 36 months. These included: global cognition
(MMSE, [40]; Alzheimer’s Disease Assessment Scale-
Cognitive 13 — ADAS-13, [41]), constructional apraxia
(Clock Drawing Test — CDT, [42]), working memory
(Digit Span Backward — DSB, [17]), short-term memory
(Digit Span Forward — DSF, [17]), long-term memory
(Rey Auditory Verbal Learning Test — RAVLT, [43]), psy-
chomotor speed and attention (DSST, [17]), psychomo-
tor speed and visual search (TMT-A, [22]), and divided
attention (TMT-B, [22]). See Supplementary Material 1
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for test description. Table 2 shows descriptive statistics of
baseline neuropsychological tests in the two populations
by gait profiles. Secondarily, we examined the longitu-
dinal changes in the hippocampi, medial temporal lobe,
ventricles size, and FDG-PET (right and left temporal,
right and left angular, and posterior cingulate metabo-
lism). See Table 1 for baseline characteristics of these
variables in the two groups.

Statistical analysis

Statistical analyses were done with R software (v. 3.6.3).
To explore the trends of neuropsychological functions
over time according to gait profiles we used regression
as in a similar study [6]. To handle unbalanced groups,
missing values, and violations of linear model assump-
tions, separate Robust Linear Mixed-Effects Models
(RLMM) were used to study the impact of gait on each
cognitive measure for the whole aMCI group (N=402),
regardless of the conversion status during the follow-up.
A nested random effect formula with random intercept
[cognitive test~gait profile*time + covariate' + covariate?
+ covariate™ + (1|Site ID:Patient ID)] was used to account
for the hierarchical structure of patients assessed in dif-
ferent medical sites. P-value significance of RLMM was
calculated as suggested by Geniole and co-authors [44].
R package used for RLMM was robustimm [45]. Numeri-
cal variables of all the regressions were standardized
(z-score) to improve estimates interpretation. The Intra-
class Correlation Coefficient (ICC) was used as a meas-
ure for the variance explained by the random effects.

Table 2 Results of baseline neuropsychological tests in the two
populations by gait profiles

aMcl

Abnormal gait Normal gait  p-value
MMSE (points) 26.62 (1.65) 27.06 (1.79) 0.138
ADAS-13 (points) 20.44 (6.59) 11.40 (4.37) 0.112
RAVLT Immediate (points) ~ 28.05 (8.43) 30.90 (9.09) 0.087
RAVLT Learning (points) 3.15(47) 3.29(2.34) 0.658
RAVLT Forgetting (points)  4.67 (1.85) 466 (2.28) 0.793
DSST (points) 35.15 (8.86) 37.00(11.37) 0.327
CDT (points) 3.95(1.07) 4.19(0.99) 0.141
DSF (points) 644 (1.02) 6.53 (1.09) 0.567
DSB (points) 4.26 (0.92) 459 (1.13) 0.077
TMT-A (seconds) 42.54 (13.24) 45,08 (23.48) 0.690
TMT-B (seconds) 139.44 (67.99) 130.55 (74.15)  0.273

aMCl Amnestic Mild Cognitive Impairment, MMSE Mini-Mental State
Examination, ADAS-13 Alzheimer’s Disease Assessment Scale-Cognitive 13,
RAVLT Rey Auditory Verbal Learning Test, DSST Digit Symbol Substitution Test,
CDT Clock Drawing Test, DSF Digit Span Forward, DSB Digit Span Backward,
TMT-A Trail Making Test part A, TMT-B Trail Making Test part B. Mean and SD are
reported. For numerical variables, an F-test is performed, while for categorical
variables, a Chi-squared test is used
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Lastly, Cox regression model, using the survival pack-
age [46], was used to see which of the significant cogni-
tive tests (see Results sections) and gait profiles (normal
vs. abnormal) had a significant prognostic relevance
for dementia conversion in aMCI. For this analysis, we
included only stable aMCI (non-converter) which had
all the longitudinal visits until month-36 (N=128) and
converter aMCI which developed AD dementia during
the follow-up (N=174). aMCI which reverted to normal
cognition were not included in this analysis (N=18). Sta-
ble aMCI were patients who had a stable diagnosis dur-
ing the 36 months according to Petersen criteria [26];
reverted aMCI were participants who no longer satisfied
such criteria and reverted to a normal cognitive status
during the follow-up period. As a higher DSST score rep-
resent better performance and, in the TMT-AB a higher
score indicates worse functioning, we reversed the DSST
score with the formula (the maximum possible score of
93-patient’s score) and the MMSE score with the for-
mula (the maximum possible score of 30-patient’s score)
to make the HR comparable to the HR direction of the
TMT-AB.

To evaluate differences between the two gait pro-
files, non-parametric tests were used due to unbalanced
groups (Wilcoxon rank-sum test for numeric dependent
variables and Chi-square test for categorical variables).
Variables with significant differences between the gait
groups were used as covariates in the aMCI group (see
sample differences in Tables 1 and 2). Age, FAQ, num-
ber of medical conditions, volumes of the ventricles, and
FDG-PET metabolism of angular, temporal, and pos-
terior cingulate regions were put as covariates in each
model. In addition, for brain-related measures (hip-
pocampal, medial temporal lobe, and ventricles volume-
try and FDG-PET) we adjusted the four RLMM for the
baseline values (e.g., hippocampal RLMM adjusted for
age, FAQ, number of medical conditions, volumes of the
ventricles, FDG-PET, and baseline hippocampi volume-
try) in the two gait profiles. The significance level for all
the analyses was set to 0.05.

Results

Tables 1 and 2 provide a summary of baseline socio-
demographics and clinical measures. The abnormal gait
group were older, had greater functional impairment,
more medical conditions, reduced FDG-PET metabo-
lism, and larger ventricles. Conversely no difference was
observed in the cognitive tests reported in Table 2.

Effect of gait profiles on cognition

RLMM regressions with covariates were used to test
if the interaction of time by gait condition at screen-
ing significantly predicted the neuropsychological test
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performances over time by controlling for the effect of
age, gait condition at screening, time, the number of pre-
vious medical conditions, FAQ, volumes of the ventri-
cles, and FDG-PET metabolism of the angular, temporal,
and posterior cingulate regions. Disorders of abnormal
gait were due to neurologic (51%; N=20) or orthopae-
dic (49%; N=19) conditions. We found a significant time
by gait profile interaction on the MMSE, DSST, TMT-A,
and TMT-B tests (see Fig. 1).

Regarding the DSST, we found a significant main effect
of time (fp=-0.03, SE=0.01, p=0.001) and a signifi-
cant gait profile by time interaction (p=-0.19, SE=0.04,
p=<0.001). In particular, the slope for the abnormal gait
group (p=-0.22, SE=0.04, p= <0.001) was steeper than
the one (f=-0.03, SE=0.01, p=0.009) of the normal gait
group. That is to say that over time, aMCI patients with
abnormal gait declined faster than the normal gait group
on the DSST performance. The main effect of gait was
not significant (B=-0.19, SE=0.22, p=0.408). The ran-
dom effect ICC for the DSST was 0.85.

Regarding the TMT-A, we found a significant gait pro-
file by time interaction ($=0.17, SE=0.04, p= <0.001).
In particular, the slope in the abnormal gait group
(B=0.19, SE=0.04, p<0.001) was significant, whereas
the slope for the normal gait group was not significant
(B=0.02, SE=0.01, p=0.083). That is to say that over
time, only aMCI patients with abnormal gait declined on
the TMT-A performance. The main effect of gait was not
significant (=0, SE=0.13, p=0.994). The random effect
ICC for the TMT-A was 0.67 (i.e., proportion of vari-
ance of the dependent variable explained by the random
factors).

Concerning the TMT-B, we found a significant gait
profile by time interaction (=0.23, SE=0.04, p<0.001).
In particular, the slope for the abnormal gait group
(B=0.26, SE=0.04, p<0.001) was significant, whereas
the slope for the normal gait group was not significant
(B=0.03, SE=0.01, p=0.066). That is to say that over
time, only aMCI patients with abnormal gait declined
on the TMT-B performance. The main effect of gait was
not significant (p=0.04, SE=0.17, p=0.827). The ran-
dom effect ICC for the TMT-B was 0.75. Figure 1 shows
the regression lines of these neuropsychological tests of
interest.

Concerning the MMSE, we found a significant main
effect of time (p=-0.06, SE=0.02, p<0.001) and a signifi-
cant gait profile by time interaction (p=-0.15, SE=0.05,
p<0.001). In particular, the slope for the abnormal gait
group (p=-0.21, SE=0.05, p<0.001) was steeper than
the one (p=-0.06, SE=0.06, p <0.001) of the normal gait
group. That is to say that over time, aMCI patients with
abnormal gait declined faster than the normal gait group
on the MMSE performance. The main effect of gait was
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Fig. 1 Trends in the amnestic Mild Cognitive Impairment (aMCl) group by gait profile. A negative z-score for The Digit Symbol Substitution Test
(DSST) and Mini-Mental State Examination (MMSE) represents lower scores, conversely, a positive z-score for the Trail-Making Test Part A and B
(TMT-A, TMT-B) represents higher completion times. Gray shades in the plot represent the standard error of the regression line

not significant (p=-0.06, SE=0.16, p=0.714). The ran-
dom effect ICC for the TMT-B was 0.74. Figure 1 shows
the regression lines of these neuropsychological tests of
interest.

Conversely, the ADAS-13 and the RAVLT (imme-
diate recall) declined over time independently of the
gait profile variable. In particular, we found a signifi-
cant main effect of time for the ADAS-13 (=0.09,
SE=0.02, p<0.001) but the main effect of gait (}=0.03,
SE=0.19, p=0.866) and its interaction with time
(B=-0.03, SE=0.05, p=0.491) were not significant. The
random effect ICC for the ADAS-13 was 0.74. Lastly,
the RAVLT (immediate recall) was affected by time
(p=-0.05, SE=0.02, p=0.004) but not by gait profile
(B=0.24, SE=0.2, p=0.225) and its interaction with time
(B=-0.03, SE=0.05, p=0.605). The random effect ICC
for the RAVLT was 0.7.

For the complete list of the predictors/covariates analy-
ses of all the neuropsychological tests included in this
study see Supplementary Material 2.

Effect of gait profiles on structural and functional imaging

RLMM regressions with covariates were used to test
if the interaction of time by gait condition at screen-
ing significantly predicted neurophysiological changes
over time by controlling for the effect of age, gait condi-
tion at screening, time, the number of previous medi-
cal conditions, FAQ, volumes of the ventricles, and
FDG-PET metabolism of the angular, temporal, and
posterior cingulate regions and dependent variable
baseline scores. Four RLMM models were fitted for

this purpose (Hippocampal model, in addition to the
abovementioned covariates, adjusted also for baseline
hippocampi volumetry; medial temporal lobe model,
in addition to the abovementioned covariates, adjusted
also for baseline medial temporal volumetry; ventricles
model and FDG-PET model were adjusted only with
the abovementioned covariates).

For the ventricles model, we found a significant main
effect of time (f=0.1, SE=0.01, p<0.001) and a signifi-
cant gait profile by time interaction (=0.02, SE=0.01,
p=0.012). In particular, the slope for the abnormal gait
group (f=0.12, SE=0.01, p<0.001) was steeper than
the one (B=0.1, SE=0.01, p<0.001) of the normal gait
group. That is to say that over time, aMCI patients with
abnormal gait had a faster enlargement of the ventricles
than the normal gait group. The main effect of gait was
not significant (3=0.01, SE=0.02, p=0.683). The ran-
dom effect ICC for the TMT-B was 0.74. See Fig. 2 for
this result.

For the hippocampal model, we only found a signifi-
cant main effect of time (f=-0.13, SE=0.01, p<0.001).
Regardless of the gait profile, hippocampi volumes
declined over time. The main effect of gait profile was not
significant ($=0.08, SE=0.04, p=0.083). The ICC was
0.36.

For the medial temporal lobe model, we only found
a significant main effect of time (p=-0.11, SE=0.01,
p<0.001). Regardless of the gait profile, medial tempo-
ral regions volumes declined over time. The main effect
of gait profile was not significant ($=0.05, SE=0.05,
p=0.34). The ICC was 0.32.
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Fig. 2 Trends in the amnestic Mild Cognitive Impairment group by
gait profile on the ventricles size (volume). Positive z-score indicates
larger ventricles. Gray shades in the plot represent the standard error
of the regression line

Prognostic relevance of gait and gait-related measures

on dementia conversion

A Cox proportional-hazards regression model was used
to test the prognostic relevance of each of the five covari-
ates of interest (gait profile, MMSE, DSST, TMT-A, and
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TMT-B) on conversion to dementia over the 36 months.
Assumptions of the proportional hazards based on the
scaled Schoenfeld residuals (all covariates and global
model p>0.05). This highlights a non-significant rela-
tionship between time and the residuals. In addition, the
p-value (p<0.001) for all three model tests (likelihood
ratio, Wald, and score) were significant, indicating that
the model is significant. Hence, we proceeded with the
proposed analysis.

We found that among the covariates included in the
model the MMSE, DSST, and gait profile were signifi-
cant. The presence of abnormal gait increases the risk
of developing dementia in aMCI by 70% (HR=1.7,
p<0.03), A decrease in one point of the MMSE
increases the risk of developing dementia by 9%
(HR=1.09, p<0.001), similarly a decrease in one point
of the DSST increases the risk of developing dementia
by 3% (HR=1.03, p=0.004). We also found a statistical
tendency for the TMT-B (HR=1, p=0.046). The con-
cordance index of 0.72 implies moderate concordance
between risks and event time. Figure 3 shows the for-
est plot with HR, 95% CI of the HR, score test, and con-
cordance index of this model.

Hazard ratio

GAIT ’(",f;r:”z"% ) reference .
g (10552574

MMSE (N=302) (1.0%'40 ] 13)

DSST (N=302) (1.008°7.04) -

TMT-A (N=302) (0.98‘89 ??.00) .

TMT-B (N=302) (102)‘(? E)%.00) -

# Events: 159; Global p-value (Log-Rank): 2.8976e-13 :
AIC: 1616.54; Concordance Index: 0.72 1

L] { 0.0303 *

<0.001 ***

0.0044 **

0.1795

0.0464 *

Mean HR and 95% CI are depicted in the plot. AIC: Akaike information criterion.

Fig. 3 Forest plot of the Cox proportional-hazards model. A higher hazard ratio represents an increased risk of Alzheimer’s disease dementia

conversion

Mean HR and 95% Cl are depicted in the plot. AIC: Akaike information criterion
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Discussion

The present study aimed at investigating the longitudi-
nal trends in cognitive functions in the aMCI population,
based on gait profiles at baseline and the prognostic rele-
vance of gait and its related neuropsychological functions.

To our knowledge, there are no longitudinal studies
in aMCI that evidence the influence of gait on a set of
cognitive tests depending on gait disorders at a specific
time point. This study analyzes the effect of the presence
of gait disorders on repeated cognitive assessments and
structural/functional brain imaging over time and evalu-
ate the prognostic relevance of gait disorders and the sig-
nificantly affected neuropsychological tests.

We found that gait abnormalities detected by a routinely
neurological gait examination are associated with differ-
ent trends in cognitive tests over time in aMCI. More pre-
cisely, when compared to the normal gait group, attention
(DSST) and global cognition (MMSE) tests declined faster
in the abnormal gait group compared to the normal gait
group. Importantly, TMT part A and B uniquely declined
over time in the abnormal gait group but not in the nor-
mal gait group. In addition, we showed that only ventricles
volumes declined faster in the abnormal gait group, how-
ever this measure declined also for the normal gait group.
Importantly, the presence of gait disorders (HR=1.7) and
the decline in the performance of two (MMSE, HR=1.09;
DSST, HR=1.03) gait-related cognitive tests were associ-
ated with a greater risk of AD dementia conversion in the
global aMCI ADNI population.

Our explorative analysis concerning the effect of the
presence of gait disorders on a set of cognitive tests
showed that some tests decline faster in aMCI with gait
abnormalities than in aMCI with a normal gait, whereas
other functions decline independently of this grouping
variable. Crucially, we showed that psychomotor speed
(TMT-A) and divided attention/cognitive flexibility
(TMT-B) seem to be uniquely affected by gait abnormali-
ties in aMCI. Less specific tests of cognitive functioning
(MMSE, DSST), despite declining faster in the abnor-
mal gait group, are not sensitive to gait disorders. Our
findings regarding the link between gait and DSST and
TMT-A are supported by previous studies on aging [6,
7, 12-16, 21] and MCI [27]. Concerning the results of
TMT-B, our finding is in line with previous research on
aging [6, 7] and MCI [27]. This suggests that psychomo-
tor speed, attention, and executive functions are affected
by gait and possibly by neuropathological changes in
aMCI. A recent study found that additional frontal-exec-
utive dysfunction in aMCI increased the risk of dementia
conversion compared with single-domain aMCI and that
those patients showed diffuse cortical thinning, especially
in the frontal areas [47]. Another research demonstrated
that in aMCI the probability of developing dementia in
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the Alzheimer’s clinical syndrome a year later was sig-
nificantly predicted by dysexecutive deficits [48]. Regard-
ing global cognition, our result is in line with previous
research that showed that gait abnormalities in healthy
older people are longitudinally associated with global
cognition performance [6, 7, 30], this has also been found
in MCI [27]. Here, we extended the present literature by
showing that such tests decline in aMCI with gait abnor-
malities and found that TMT-AB could be a sensible test
to gait disorders in aMCI, rather than more general cog-
nitive tests like MMSE or DSST. Indeed, the TMT-AB
test is considered a core neuropsychological test to assess
cognition and mobility in aging by the Canadian Consor-
tium on Neurodegeneration in Aging [49].

Conversely, AD-related global cognition (ADAS-13)
and auditory-verbal memory (immediate recall) decline
over time independently of the presence of abnormal or
normal gait. This suggests that in aMCI the decline in
global cognition and memory is due to the presence of
specific pathological changes potentially associated with
AD [50], rather than with alterations in gait-related brain
regions and functions.

Regarding brain alterations related to gait profiles, we
showed that ventricles size increases faster in the abnor-
mal compared to the normal gait group. FDG-PET, hip-
pocampal size, and medial temporal lobe size declined
regardless of the grouping variable. It could be argued
that gait abnormalities are longitudinally associated with
faster enlargement of the ventricles because of cortical
brain atrophy [51]. For instance, a study [52] showed that
enlargement of temporal horns and posterior portion of
the ventricles is associated with gait instability in healthy
older adults. It might be possible that the faster enlarge-
ment in the ventricles in the abnormal gait group is due
to widespread cortical atrophy and possibly cognitive
decline in executive functions/attention. Interestingly,
the aMCI group with abnormal gait examination showed
larger ventricles and lower FDG-PET metabolism at
baseline, suggesting a link between gait disorder and ven-
tricular size and temporoparietal brain metabolism.

In addition, we showed that the presence of gait dis-
orders and MMSE and DSST score decline increased
the risk of developing dementia. In accordance with our
results, previous studies demonstrated that, in MCI, gait
speed may be a sensitive marker of cognitive changes [28]
and that individuals with deficits in gait velocity had a
higher risk of progressing to dementia [29]. Furthermore,
in aMCI, gait speed and gait variability may be markers for
early detection of the likelihood of progression to AD [31].
Besides, slower baseline gait speed was associated with a
higher hazard of developing aMCI/AD [32]. Recently, a
large multicenter study [25] showed that higher gait vari-
ability could be a marker of AD. In addition to previous
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studies, we showed that gait-related measures decline, and
in particular, the score of the MMSE and DSST tests, are
risk markers of future dementia conversion. In contrast to
our prediction, the TMT-A and TMT-B were not a prog-
nostic marker for dementia conversion in aMCI despite
being negatively affected by gait disorders. Indeed, the
study by Kuate-Tegueu and co-authors [21] demonstrated
that a low TMT-A score increased the risk of developing
dementia; however, this study did not focus on aMCI but
rather on healthy older persons.

Lastly, the presence of gait disorders hampers the
autonomy (FAQ) of the individual. Indeed, we found that
baseline reduced autonomy (higher FAQ score) and larger
ventricles negatively influenced the DSST performance,
whereas higher metabolism of the angular, temporal, and
posterior cingulate regions (FDG-PET) positively influ-
enced the score in the DSST performance. Conversely, the
opposite directions were found for the TMT-A and TMT-
B. The number of medical conditions at baseline was not
associated with the decline in these tests, possibly because
its effect is covered by the other covariates.

The findings of this work are also interesting consid-
ering the novel theoretical framework emphasizing the
role of embodiment processes in aging. According to the
embodiment theories, executive functions/attention and
psychomotor speed are grounded in the ability to control
and plan motor actions [53]. The notion that such func-
tions are embodied in the sensorimotor system is also
supported by a shared network of brain regions between
motor and executive functions [3]. Indeed, some models
of embodiment in aging suggest the importance of bod-
ily information for the maintenance of cognitive abili-
ties [54-56]. Spared motor processing in AD is thought
to support cognitive abilities that are not affected by the
disease in the early stages, such as motor planning and
language comprehension [57]. Considering this theoreti-
cal proposal, we showed that gait in prodromal AD could
affect neuropsychological functions related to motor exe-
cution and control of gait, raising the issue of the impor-
tant role of bodily information on cognition. In addition,
we found that the presence of gait disorders and executive
functions/attention decline are risk factors for develop-
ing dementia. This hints that embodiment markers can be
useful to detect individuals at greater risk of developing
dementia even when the risk factor (i.e., gait and execu-
tive decline) is not a core clinical presentation of AD [19].

This study has certain limitations that must be considered.
First, within the aMCI group, there is a strong numerical
unbalance between normal gait and abnormal gait group
sample size. Due to this disparity, appropriate statistical
methods were used accordingly. Second, the neurologi-
cal gait examination carried out according to the ADNI
clinical protocol is categorical; a continuous outcome for
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walking performance could have improved our results and
highlighted subtle changes also in other cognitive domains
in aMCI [6]. Future research in the field of cognitive neuro-
science could study embodiment with a specific motor task
[57] in combination with neurophysiological instruments
to deepen the understanding of embodiment markers in
AD and aMCI. From the clinical point of view, future stud-
ies could design preventive cognitive training on executive
functions/attention and psychomotor speed in aMCI with
an abnormal gait. Indeed, gait and dual-task interventions
should be tested to prevent motor and cognitive decline
[58]. Finally, we propose that cognitive decline be monitored
using DSST, TMT-A, and TMT-B in patients with aberrant
gait aMCI so that test findings can detect probable neuro-
physiological alterations and signal faster cognitive decline
and possible dementia.

Conclusion

In conclusion, the study of the complex interaction
between the motor and cognitive domains can help to
better understand aging and neurodegenerative dis-
eases and consequently to design innovative non-phar-
macological interventions that target both domains.
This study points out the impact of motor abilities and
gait functioning on cognition supporting the interac-
tion between physical and neuropsychological aspects.
Importantly, clinicians and researchers should con-
sider, in addition to memory, the importance of these
functions for diagnostic, prognostic, and rehabilitative
outcomes in aMCI.
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