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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 (aMCI), however further studies are needed. The aim of this study is to analyze cognitive tests results and brain‑
related measures over time in aMCI 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 aMCI to AD dementia, comparing those who converted to AD 
with those who remained with a stable aMCI diagnosis during the follow‑up.

Methods Four hundred two individuals with aMCI 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 aMCI is critical. We showed that in aMCI gait abnormalities lead to executive functions/atten‑
tion deterioration and conversion to AD dementia.
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Gait assessment

*Correspondence:
Cosimo Tuena
c.tuena@auxologico.it
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12877-023-04175-8&domain=pdf


Page 2 of 14Tuena et al. BMC Geriatrics          (2023) 23:462 

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 

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 ε4 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 

particular, we used the ADNI phase 1 database with a 
total of 402 participants (recruited in the North Amer-
ica; https:// www. adni3. org/ locat ions). 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 cutoff 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 

https://www.adni3.org/locations
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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/ metho ds/ docum ents/).

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

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 

Table 1 Summary of socio‑demographic and medical variables at baseline of the aMCI group by gait profiles

aMCI 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

Abnormal gait = 39 Normal gait = 363

N Mean SD N Mean SD p-value

Age (years) 39 77.93 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 3.12 363 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 5.72 4.62 360 3.68 4.42 0.001
BMI (kg/m2) 39 27.06 3.81 362 25.95 3.9 0.069

Polypharmacy (n°) 39 8.38 4.1 363 7.55 4.47 0.191

Medical conditions (n°) 39 7.95 2.34 363 6.3 2.52  < 0.001
GDS (points) 39 1.72 1.41 363 1.56 1.37 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 1.13 0.11 189 1.2 0.13 0.027
HP  (mm3) 28 6,051.43 1,099.64 292 6,432.45 1,069.97 0.051

MTL  (mm3) 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  (cm3) 38 1.18 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%

https://adni.loni.usc.edu/methods/documents/
https://adni.loni.usc.edu/methods/documents/
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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- analy sis/). Similarly, FDG-PET data 
were provided and computed by ADNI PET specialists 
(https:// adni. loni. usc. edu/ metho ds/ pet- analy sis- method/ 
pet- analy sis/). 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 

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 +  covariate1 +  covariate2 
+  covariaten + (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 robustlmm [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

aMCI 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

aMCI

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 (2.47) 3.29 (2.34) 0.658

RAVLT Forgetting (points) 4.67 (1.85) 4.66 (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) 6.44 (1.02) 6.53 (1.09) 0.567

DSB (points) 4.26 (0.92) 4.59 (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

https://adni.loni.usc.edu/methods/mri-tool/mri-analysis/
https://adni.loni.usc.edu/methods/mri-tool/mri-analysis/
https://adni.loni.usc.edu/methods/pet-analysis-method/pet-analysis/
https://adni.loni.usc.edu/methods/pet-analysis-method/pet-analysis/
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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 

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 (β = -0.03, SE = 0.01, p = 0.001) and a signifi-
cant gait profile by time interaction (β = -0.19, SE = 0.04, 
p =  < 0.001). In particular, the slope for the abnormal gait 
group (β = -0.22, SE = 0.04, p =  < 0.001) was steeper than 
the one (β = -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 (β = -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 (β = 0.17, SE = 0.04, p =  < 0.001). 
In particular, the slope in the abnormal gait group 
(β = 0.19, SE = 0.04, p < 0.001) was significant, whereas 
the slope for the normal gait group was not significant 
(β = 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 (β = 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 (β = 0.23, SE = 0.04, p < 0.001). 
In particular, the slope for the abnormal gait group 
(β = 0.26, SE = 0.04, p < 0.001) was significant, whereas 
the slope for the normal gait group was not significant 
(β = 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 (β = 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 (β = -0.06, SE = 0.02, p < 0.001) and a signifi-
cant gait profile by time interaction (β = -0.15, SE = 0.05, 
p < 0.001). In particular, the slope for the abnormal gait 
group (β = -0.21, SE = 0.05, p < 0.001) was steeper than 
the one (β = -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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not significant (β = -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 (β = 0.09, 
SE = 0.02, p < 0.001) but the main effect of gait (β = 0.03, 
SE = 0.19, p = 0.866) and its interaction with time 
(β = -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 
(β = -0.05, SE = 0.02, p = 0.004) but not by gait profile 
(β = 0.24, SE = 0.2, p = 0.225) and its interaction with time 
(β = -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 (β = 0.1, SE = 0.01, p < 0.001) and a signifi-
cant gait profile by time interaction (β = 0.02, SE = 0.01, 
p = 0.012). In particular, the slope for the abnormal gait 
group (β = 0.12, SE = 0.01, p < 0.001) was steeper than 
the one (β = 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 (β = 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 (β = -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 (β = 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 (β = -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 (β = 0.05, SE = 0.05, 
p = 0.34). The ICC was 0.32.

Fig. 1 Trends in the amnestic Mild Cognitive Impairment (aMCI) 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
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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 

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.

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

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% CI 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 

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 

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.

Abbreviations
ADNI  Alzheimer’s Disease Neuroimaging Initiative
AD  Alzheimer’s Disease
naMCI  Non‑amnestic type
aMCI  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 FDG‑PET of angular, temporal, and posterior cingulate 

cortices
HP  Hippocampal Volume
MLT  Medial Temporal Lobe Volume
V  Ventricles Volume
WMH  White Matter Hyperintensities Volume
MRI  Magnetic Resonance Imaging
PET  Positron Emission Tomography
MMSE  Mini‑Mental State Examination
ADAS‑13  Alzheimer’s Disease Assessment Scale‑Cognitive 13 items
RAVLT  Rey Auditory Verbal Learning Test
DSST  Digit Symbol Substitution Test
TMT‑A  Trail Making Test part A
TMT‑B  Trail Making Test part B
CDR  Clinical Dementia Rating
HR  Hazard Ratio
RLMM  Robust Linear Mixed‑Effects Models
ICC  Intra‑class Correlation Coefficient



Page 11 of 14Tuena et al. BMC Geriatrics          (2023) 23:462  

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12877‑ 023‑ 04175‑8.

Additional file 1. 

Additional file 2: Supplementary 2. All cognitive tests and predictors.

Acknowledgements
Data collection and sharing for this project were funded by the Alzheimer’s 
Disease Neuroimaging Initiative (ADNI) (National Institutes of Health Grant 
U01 AG024904) and DOD ADNI (Department of Defense award number 
W81XWH‑12‑2‑0012). ADNI is funded by the National Institute on Aging, the 
National Institute of Biomedical Imaging and Bioengineering, and through 
generous contributions from the following: AbbVie, Alzheimer’s Association; 
Alzheimer’s Drug Discovery Foundation; Araclon Biotech; BioClinica, Inc.; 
Biogen; Bristol‑Myers Squibb Company; CereSpir, Inc.; Cogstate; Eisai Inc.; 
Elan Pharmaceuticals, Inc.; Eli Lilly and Company; EuroImmun; F. Hoffmann‑La 
Roche Ltd and its affiliated company Genentech, Inc.; Fujirebio; GE Healthcare; 
IXICO Ltd.; Janssen Alzheimer Immunotherapy Research & Development, LLC.; 
Johnson & Johnson Pharmaceutical Research & Development LLC.; Lumosity; 
Lundbeck; Merck & Co., Inc.; Meso Scale Diagnostics, LLC.; NeuroRx Research; 
Neurotrack Technologies; Novartis Pharmaceuticals Corporation; Pfizer Inc.; 
Piramal Imaging; Servier; Takeda Pharmaceutical Company; and Transition 
Therapeutics. The Canadian Institutes of Health Research is providing funds 
to support ADNI clinical sites in Canada. Private sector contributions are 
facilitated by the Foundation for the National Institutes of Health (www. fnih. 
org). The grantee organization is the Northern California Institute for Research 
and Education, and the study is coordinated by the Alzheimer’s Therapeutic 
Research Institute at the University of Southern California. ADNI data are dis‑
seminated by the Laboratory for Neuro Imaging at the University of Southern 
California.
Alzheimer’s Disease Neuroimaging Initative
Lisa C.  Silbert1, Betty  Lind1, Rachel  Crissey1, Jeffrey A.  Kaye1, Raina  Carter1, 
Sara  Dolen1, Joseph  Quinn1, Lon S.  Schneider2, Sonia  Pawluczyk2, Mauricio 
 Becerra2, Liberty  Teodoro2, Karen  Dagerman2, Bryan M.  Spann2, James  Brewer3, 
Adam  Fleisher3, Helen  Vanderswag3, Jaimie  Ziolkowski4, Judith L.  Heidebrink4, 
Lisa Zbizek‑Nulph4, Joanne L.  Lord4, Colleen S.  Albers5, Ronald  Petersen5, Sara 
S.  Mason5, David  Knopman5, Kris  Johnson5, Javier Villanueva‑Meyer6, Valory 
 Pavlik6, Nathaniel  Pacini6, Ashley  Lamb6, Joseph S.  Kass6, Rachelle S.  Doody6, 
Victoria  Shibley6, Munir  Chowdhury6, Susan  Rountree6, Mimi  Dang6, Yaakov 
 Stern7, Lawrence S.  Honig7, Akiva  Mintz7, Beau  Ances8, John C.  Morris8, David 
 Winkfield8, Maria  Carroll8, Georgia Stobbs‑Cucchi8, Angela  Oliver8, Mary L. 
 Creech8, Mark A.  Mintun8, Stacy  Schneider8, David  Geldmacher9, Marissa Natel‑
son  Love9, Randall  Griffith9, David  Clark9, John  Brockington9, Daniel  Marson9, 
Hillel  Grossman10, Martin A.  Goldstein10, Jonathan  Greenberg10, Effie  Mitsis10, 
Raj C.  Shah11, Melissa  Lamar11, Patricia  Samuels11, Ranjan  Duara12, Maria T. 
Greig‑Custo12, Rosemarie  Rodriguez12, Marilyn  Albert13, Chiadi  Onyike13, 
Leonie  Farrington13, Scott  Rudow13, Rottislav  Brichko13, Stephanie  Kielb13, 
Amanda  Smith14, Balebail Ashok  Raj14, Kristin  Fargher14, Martin  Sadowski15, 
Thomas  Wisniewski15, Melanie  Shulman15, Arline  Faustin15, Julia  Rao15, Karen 
M.  Castro15, Anaztasia  Ulysse15, Shannon  Chen15, P. Murali  Doraiswamy16, 
Jeffrey R.  Petrella16, Olga  James16, Terence Z.  Wong16, Salvador Borges‑Neto16, 
Jason H.  Karlawish17, David A.  Wolk17, Sanjeev  Vaishnavi17, Christopher M. 
 Clark17, Steven E.  Arnold17, Charles D.  Smith18, Gregory A.  Jicha18, Riham El 
 Khouli18, Flavius D.  Raslau18, Oscar L.  Lopez19, MaryAnn  Oakley19, Donna M. 
 Simpson19, Anton P.  Porsteinsson20, Kim  Martin20, Nancy  Kowalski20, Melanie 
 Keltz20, Bonnie S.  Goldstein20, Kelly M.  Makino20, M. Saleem  Ismail20, Con‑
nie  Brand20, Gaby  Thai21, Aimee  Pierce21, Beatriz  Yanez21, Elizabeth  Sosa21, 
Megan  Witbracht21, Brendan  Kelley22, Trung  Nguyen22, Kyle  Womack22, Dana 
 Mathews22, Mary  Quiceno22, Allan I.  Levey23, James J.  Lah23, Ihab  Hajjar23, 
Jeffrey M.  Burns24, Russell H.  Swerdlow24, William M.  Brooks24, Daniel H.S. 
 Silverman25, Sarah  Kremen25, Liana  Apostolova25, Kathleen  Tingus25, Po H. 
 Lu25, George  Bartzokis25, Ellen  Woo25, Edmond  Teng25, Neill R Graff‑Radford26, 
Francine  Parfitt26, Kim Poki‑Walker26, Martin R.  Farlow27, Ann Marie  Hake27, 
Brandy R.  Matthews27, Jared R.  Brosch27, Scott  Herring27, Christopher H. van 
 Dyck28, Adam P.  Mecca28, Susan P.  Good28, Martha G.  MacAvoy28, Richard E. 
 Carson28, Pradeep  Varma28, Howard  Chertkow29, Susan  Vaitekunas29, Chris 
 Hosein29, Sandra  Black30, Bojana  Stefanovic30, Chris (Chinthaka)  Heyn30, 

Ging‑Yuek Robin  Hsiung31, Ellen  Kim31, Benita  Mudge31, Vesna  Sossi31, Howard 
 Feldman31, Michele  Assaly31, Elizabeth  Finger32, Stephen  Pasternak32, Irina 
 Rachinsky32, Andrew  Kertesz32, Dick  Drost32, John  Rogers32, Ian  Grant33, 
Brittanie  Muse33, Emily  Rogalski33, Jordan  Robson33, M.‑Marsel  Mesulam33, 
Diana  Kerwin33, Chuang‑Kuo  Wu33, Nancy  Johnson33, Kristine  Lipowski33, 
Sandra  Weintraub33, Borna  Bonakdarpour33, Nunzio  Pomara34, Raymundo 
 Hernando34, Antero  Sarrael34, Howard J.  Rosen35, Bruce L.  Miller35, Micheal 
W.  Weiner35, David  Perry35, Raymond Scott  Turner36, Kathleen  Johnson36, 
Brigid  Reynolds36, Kelly  MCCann36, Jessica  Poe36, Gad A.  Marshall37, Reisa 
A.  Sperling37, Keith A.  Johnson37, Jerome  Yesavage38, Joy L.  Taylor38, Steven 
 Chao38, Jaila  Coleman38, Jessica D.  White38, Barton  Lane38, Allyson  Rosen38, 
Jared  Tinklenberg38, Christine M.  Belden39, Alireza  Atri39, Bryan M.  Spann39, 
Kelly A.  Clark39, Edward  Zamrini39, Marwan  Sabbagh39, Ronald  Killiany40, Robert 
 Stern40, Jesse  Mez40, Neil  Kowall40, Andrew E.  Budson40, Thomas O.  Obisesan41, 
Oyonumo E.  Ntekim41, Saba  Wolday41, Javed I.  Khan41, Evaristus  Nwulia41, 
Sheeba  Nadarajah41, Alan  Lerner42, Paula  Ogrocki42, Curtis  Tatsuoka42, Parianne 
 Fatica42, Evan  Fletcher43, Pauline  Maillard43, John  Olichney43, Charles  DeCarli43, 
Owen  Carmichael43, Vernice  Bates44, Horacio  Capote44, Michelle  Rainka44, 
Michael  Borrie45, T‑Y  Lee45, Rob  Bartha45, Sterling  Johnson46, Sanjay  Asthana46, 
Cynthia M.  Carlsson46, Allison  Perrin47, Anna  Burke47, Douglas W.  Scharre48, 
Maria  Kataki48, Rawan  Tarawneh48, Brendan  Kelley48, David  Hart49, Earl A. 
 Zimmerman49, Dzintra  Celmins49, Delwyn D.  Miller50, Laura L. Boles  Ponto50, 
Karen Ekstam  Smith50, Hristina  Koleva50, Hyungsub  Shim50, Ki Won  Nam50, 
Susan K.  Schultz50, Jeff D.  Williamson51, Suzanne  Craft51, Jo  Cleveland51, Mia 
 Yang51, Kaycee M.  Sink51, Brian R.  Ott52, Jonathan  Drake52, Geoffrey  Tremont52, 
Lori A.  Daiello52, Jonathan D.  Drake52, Marwan  Sabbagh53, Aaron  Ritter53, 
Charles  Bernick53, Donna  Munic53, Akiva  Mintz53, Abigail O’Connelll54, Jacobo 
 Mintzer54, Arthur  Wiliams54, Joseph  Masdeu55, Jiong  Shi56, Angelica  Garcia56, 
Marwan  Sabbagh56, Paul  Newhouse57, Steven  Potkin58, Stephen  Salloway59, 
Paul  Malloy59, Stephen  Correia59, Smita  Kittur60, Godfrey D.  Pearlson61, Karen 
 Blank61, Karen  Anderson61, Laura A.  Flashman62, Marc  Seltzer62, Mary L. 
 Hynes62, Robert B.  Santulli62, Norman  Relkin63, Gloria  Chiang63, Athena  Lee63, 
Michael  Lin63, Lisa  Ravdin63

1Oregon Health & Science University
2University of Southern California
3University of California – San Diego
4University of Michigan
5Mayo Clinic, Rochester
6Baylor College of Medicine
7 Columbia University Medical Center
8 Washington University, St. Louis
9 University of Alabama—Birmingham
10 Mount Sinai School of Medicine
11 Rush University Medical Center
12 Wien Center
13 Johns Hopkins University
14 University of South Florida: USF Health Byrd Alzheimer’s Institute
15 New York University
16 Duke University Medical Center
17 University of Pennsylvania
18 University of Kentucky
19 University of Pittsburgh
20 University of Rochester Medical Center
21 University of California Irvine IMIND
22 University of Texas Southwestern Medical School
23 Emory University
24 University of Kansas Medical Center
25 University of California, Los Angeles
26 Mayo Clinic, Jacksonville
27 Indiana University
28 Yale University School of Medicine
29 McGill Univ., Montreal‑Jewish General Hospital
30 Sunnybrook Health Sciences, Ontario
31 U.B.C. Clinic for AD & Related Disorders
32 St. Joseph’s Health Care
33 Northwestern University
34 Nathan Kline Institute
35 University of California, San Francisco
36 Georgetown University Medical Center
37 Brigham and Women’s Hospital
38 Stanford University

https://doi.org/10.1186/s12877-023-04175-8
https://doi.org/10.1186/s12877-023-04175-8
https://www.fnih.org
https://www.fnih.org


Page 12 of 14Tuena et al. BMC Geriatrics          (2023) 23:462 

39 Banner Sun Health Research Institute
40 Boston University
41 Howard University
42 Case Western Reserve University
43 University of California, Davis – Sacramento
44 Dent Neurologic Institute
45 Parkwood Institute
46 University of Wisconsin
47 Banner Alzheimer’s Institute
48 Ohio State University
49 Albany Medical College
50 University of Iowa College of Medicine
51 Wake Forest University Health Sciences
52 Rhode Island Hospital
53 Cleveland Clinic Lou Ruvo Center for Brain Health
54 Roper St. Francis Healthcare
55 Houston Methodist Neurological Institute
56 Barrow Neurological Institute
57 Vanderbilt University Medical Center
58 Long Beach VA Neuropsychiatric Research Program
59 Butler Hospital Memory and Aging Program
60 Neurological Care of CNY
61 Hartford Hospital, Olin Neuropsychiatry Research Center
62 Dartmouth‑Hitchcock Medical Center
63 Cornell University

Authors’ contributions
Conceptualization: C.T.; Writing—original draft preparation: C.T., S.M.; Writing 
– reviewing and editing: S.S.; Statistical analyses: C.T.; Supervision: M.S.‑B., E.P., 
G.R. Funding: C.T. All authors have read and agreed to the published version of 
the manuscript.

Funding
This research is funded by the Italian Ministry of Health (SG‑2018–12368175) 
and partially supported by ’Ricerca Corrente’ (POSTECH 39C801_2018).

Availability of data and materials
Data used in the preparation of this article were obtained from the Alzheimer’s 
Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). As such, the 
investigators within the ADNI contributed to the design and implementation of 
ADNI and/or provided data but did not participate in the analysis or writing of this 
report. A complete listing of ADNI investigators can be found at: http:// adni. loni. 
usc. edu/ wp‑ conte nt/ uploa ds/ how_ to_ apply/ ADNI_ Ackno wledg ement_ List. pdf.
The data that support the findings of this study are available from ADNI but 
restrictions apply to the availability of these data, which were used under 
license for the current study, and so are not publicly available. Data can be 
accessed through application to ADNI database (https:// adni. loni. usc. edu/ 
data‑ sampl es/ access‑ data/).

Declarations

Ethics approval and consent to participate
Ethical approval for data collection and sharing was given by the institutional 
review boards of the participating institutions in the Alzheimer’s Disease 
Neuroimaging Initiative (ADNI).
This study will be conducted in accordance with good clinical practice guide‑
lines, the Declaration of Helsinki, US 21CFR Part 50—Protection of Human 
Subjects and Part 56—Institutional Review Boards, and in compliance with 
state and federal HIPAA regulations. Written informed consent for the study 
must be obtained from all subjects and / or authorized representatives and 
study partners before protocol‑specific procedures are performed.
The Ethics committees/institutional review boards that approved the ADNI 
study are: Albany Medical Center Committee on Research Involving Human 
Subjects Institutional Review Board, Boston University Medical Campus and 
Boston Medical Center Institutional Review Board, Butler Hospital Institutional 
Review Board, Cleveland Clinic Institutional Review Board, Columbia University 
Medical Center Institutional Review Board, Duke University Health System 
Institutional Review Board, Emory Institutional Review Board, Georgetown 
University Institutional Review Board, Health Sciences Institutional Review 
Board, Houston Methodist Institutional Review Board, Howard University Office 

of Regulatory Research Compliance, Icahn School of Medicine at Mount Sinai 
Program for the Protection of Human Subjects, Indiana University Institutional 
Review Board, Institutional Review Board of Baylor College of Medicine, Jewish 
General Hospital Research Ethics Board, Johns Hopkins Medicine Institutional 
Review Board, Lifespan—Rhode Island Hospital Institutional Review Board, 
Mayo Clinic Institutional Review Board, Mount Sinai Medical Center Institutional 
Review Board, Nathan Kline Institute for Psychiatric Research & Rockland Psychi‑
atric Center Institutional Review Board, New York University Langone Medical 
Center School of Medicine Institutional Review Board, Northwestern University 
Institutional Review Board, Oregon Health and Science University Institutional 
Review Board, Partners Human Research Committee Research Ethics, Board 
Sunnybrook Health Sciences Centre, Roper St. Francis Healthcare Institutional 
Review Board, Rush University Medical Center Institutional Review Board, St. 
Joseph’s Phoenix Institutional Review Board, Stanford Institutional Review 
Board, The Ohio State University Institutional Review Board, University Hospitals 
Cleveland Medical Center Institutional Review.
Board, University of Alabama Office of the IRB, University of British Columbia 
Research Ethics Board, University of California Davis Institutional Review Board 
Administration, University of California Los Angeles Office of the Human 
Research Protection Program, University of California San Diego Human 
Research Protections Program, University of California San Francisco Human 
Research Protection Program, University of Iowa Institutional Review Board, 
University of Kansas Medical Center Human Subjects Committee, University of 
Kentucky Medical Institutional Review Board, University of Michigan Medi‑
cal School Institutional Review Board, University of Pennsylvania Institutional 
Review Board, University of Pittsburgh Institutional Review Board, University of 
Rochester Research Subjects Review Board, University of South Florida Institu‑
tional Review Board, University of Southern, California Institutional Review Board, 
UT Southwestern Institution Review Board, VA Long Beach Healthcare System 
Institutional Review Board, Vanderbilt University Medical Center Institutional 
Review Board, Wake Forest School of Medicine Institutional Review Board, 
Washington University School of Medicine Institutional Review Board, Western 
Institutional Review Board, Western University Health Sciences Research Ethics 
Board, and Yale University Institutional Review Board.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Applied Technology for Neuro‑Psychology Lab, IRCCS Istituto Auxologico 
Italiano, Milan, Italy. 2 Department of Psychology, Università degli Studi Milano‑
Bicocca, Milan, Italy. 3 Faculty of Psychology, Università eCampus, Novedrate, 
Italy. 4 Department of Geriatrics and Cardiovascular Medicine, IRCCS Istituto 
Auxologico Italiano, Milan, Italy. 5 Humane Technology Lab, Università Cattolica 
del Sacro Cuore, Milan, Italy. 

Received: 21 June 2022   Accepted: 15 July 2023

References
 1. Montero‑Odasso M, Verghese J, Beauchet O, Hausdorff JM. Gait and 

cognition: a complementary approach to understanding brain function 
and the risk of falling. J Am Geriatr Soc. 2012;60:2127–36.

 2. Scherder E, Eggermont L, Swaab D, van Heuvelen M, Kamsma Y, de Greef 
M, et al. Gait in ageing and associated dementias; its relationship with 
cognition. Neurosci Biobehav Rev. 2007;31:485–97.

 3. Leisman G, Moustafa AA, Shafir T. Thinking, walking, talking: integratory 
motor and cognitive brain function. Front Public Health. 2016;4:94.

 4. Wennberg AMV, Savica R, Mielke MM. Association between various 
brain pathologies and gait disturbance. Dement Geriatr Cogn Disord. 
2017;43:128–43.

 5. Crook JE, Gunter JL, Ball CT, Jones DT, Graff‑Radford J, Knopman DS, et al. 
Linear vs volume measures of ventricle size. Neurology. 2020;94:e549–56.

 6. Savica R, Wennberg AMV, Hagen C, Edwards K, Roberts RO, Hollman JH, 
et al. Comparison of gait parameters for predicting cognitive decline: the 
mayo clinic study of aging. J Alzheimer’s Dis. 2016;55:559–67.

http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
https://adni.loni.usc.edu/data-samples/access-data/
https://adni.loni.usc.edu/data-samples/access-data/


Page 13 of 14Tuena et al. BMC Geriatrics          (2023) 23:462  

 7. Mielke MM, Roberts RO, Savica R, Cha R, Drubach DI, Christianson T, et al. 
Assessing the temporal relationship between cognition and gait: slow 
gait predicts cognitive decline in the mayo clinic study of aging. J Geron‑
tol A Biol Sci Med Sci. 2013;68:929–37.

 8. Verghese J, Lipton RB, Hall CB, Kuslansky G, Katz MJ, Buschke H. Abnor‑
mality of gait as a predictor of non‑Alzheimer’s dementia. N Engl J Med. 
2002;347:1761–8.

 9. Louis ED, Tang MX, Schupf N. Mild parkinsonian signs are associated with 
increased risk of dementia in a prospective, population‑based study of 
elders. Mov Disord. 2010;25:172–8.

 10. Pirker W, Katzenschlager R. Gait disorders in adults and the elderly. Wien 
Klin Wochenschr. 2017;129:81–95.

 11. Verghese J, Robbins M, Holtzer R, Zimmerman M, Wang C, Xue X, et al. 
Gait dysfunction in mild cognitive impairment syndromes. J Am Geriatr 
Soc. 2008;56:1244–51.

 12. Chou M‑Y, Nishita Y, Nakagawa T, Tange C, Tomida M, Shimokata H, et al. 
Role of gait speed and grip strength in predicting 10‑year cognitive decline 
among community‑dwelling older people. BMC Geriatr. 2019;19:186.

 13. Best JR, Liu‑Ambrose T, Boudreau RM, Ayonayon HN, Satterfield S, Simon‑
sick EM, et al. An evaluation of the longitudinal, bidirectional associations 
between gait speed and cognition in older women and men. J Gerontol 
A Biol Sci Med Sci. 2016;71:1616–23.

 14. Gale CR, Allerhand M, Sayer AA, Cooper C, Deary IJ. The dynamic 
relationship between cognitive function and walking speed: the English 
longitudinal study of ageing. Age (Omaha). 2014;36:9682.

 15. Smith EE, O’Donnell M, Dagenais G, Lear SA, Wielgosz A, Sharma M, et al. 
Early cerebral small vessel disease and brain volume, cognition, and gait. 
Ann Neurol. 2015;77:251–61.

 16. Inzitari M, Newman AB, Yaffe K, Boudreau R, de Rekeneire N, Shorr R, et al. 
Gait speed predicts decline in attention and psychomotor speed in older 
adults: the health aging and body composition study. Neuroepidemiol‑
ogy. 2007;29:156–62.

 17. Wechsler D. Manual for the Wechsler Adult Intelligence Scale ‑ Revised. 
In: San Antonio: Psychological Corporation; 1981.

 18. Camicioli R, Howieson D, Oken B, Sexton G, Kaye J. Motor slowing pre‑
cedes cognitive impairment in the oldest old. Neurology. 1998;50:1496–8.

 19. Dubois B, Feldman HH, Jacova C, DeKosky ST, Barberger‑Gateau P, Cum‑
mings J, et al. Research criteria for the diagnosis of Alzheimer’s disease: 
revising the NINCDS–ADRDA criteria. Lancet Neurol. 2007;6:734–46.

 20. Beauchet O, Annweiler C, Callisaya ML, De Cock A‑M, Helbostad JL, Kres‑
sig RW, et al. Poor gait performance and prediction of dementia: results 
from a meta‑analysis. J Am Med Dir Assoc. 2016;17:482–90.

 21. Kuate‑Tegueu C, Avila‑Funes J‑A, Simo N, Le Goff M, Amiéva H, Dartigues 
J‑F, et al. Association of gait speed, psychomotor speed, and dementia. 
Journal of Alzheimer’s Disease. 2017;60:585–92.

 22. Reitan RM. Validity of the Trail Making Test as an indicator of organic brain 
damage. Percept Mot Skills. 1958;8(3):271–76.

 23. Wennberg AMV, Savica R, Hagen CE, Roberts RO, Knopman DS, Hollman 
JH, et al. Cerebral amyloid deposition is associated with gait parameters 
in the mayo clinic study of aging. J Am Geriatr Soc. 2017;65:792–9.

 24. Dao E, Hsiung G‑YR, Sossi V, Tam R, Shahinfard E, Nicklin E, et al. Cerebral 
Amyloid‑β deposition is associated with impaired gait speed and lower 
extremity function. J Alzheimer’s Dis. 2019;71:S41‑9.

 25. Pieruccini‑Faria F, Black SE, Masellis M, Smith EE, Almeida QJ, Li KZH, et al. 
Gait variability across neurodegenerative and cognitive disorders: Results 
from the Canadian Consortium of Neurodegeneration in Aging (CCNA) 
and the Gait and Brain Study. Alzheimer’s Dementia. 2021;17:1317–28.

 26. Petersen RC. Mild Cognitive Impairment. First St SW. 
2011;364(23):2227–226.

 27. Doi T, Shimada H, Park H, Makizako H, Tsutsumimoto K, Uemura K, et al. 
Cognitive function and falling among older adults with mild cognitive 
impairment and slow gait. Geriatr Gerontol Int. 2015;15:1073–8.

 28. Buracchio T, Dodge HH, Howieson D, Wasserman D, Kaye J. The trajec‑
tory of gait speed preceding mild cognitive impairment. Arch Neurol. 
2010;67(8):980–6.

 29. Montero‑Odasso M, Speechley M, Muir‑Hunter SW, Sarquis‑Adamson 
Y, Sposato LA, Hachinski V, et al. Motor and cognitive trajectories 
before dementia: results from gait and brain study. J Am Geriatr Soc. 
2018;66:1676–83.

 30. Suzuki H, Kawai H, Hirano H, Yoshida H, Ihara K, Kim H, et al. One‑year 
change in the Japanese version of the montreal cognitive assessment 
performance and related predictors in community‑dwelling older adults. 
J Am Geriatr Soc. 2015;63:1874–9.

 31. Gillain S, Dramé M, Lekeu F, Wojtasik V, Ricour C, Croisier J‑L, et al. Gait 
speed or gait variability, which one to use as a marker of risk to develop 
Alzheimer disease? A pilot study. Aging Clin Exp Res. 2016;28:249–55.

 32. Tian Q, Studenski SA, An Y, Kuo P‑L, Schrack JA, Wanigatunga AA, 
et al. Association of combined slow gait and low activity fragmenta‑
tion with later onset of cognitive impairment. JAMA Netw Open. 
2021;4:e2135168.

 33. Sakurai R, Montero‑Odasso M. Apolipoprotein E4 allele and gait per‑
formance in mild cognitive impairment: results from the gait and brain 
study. J Gerontol Series A. 2017;72:1676–82.

 34. Montero‑Odasso M, Speechley M, Chertkow H, Sarquis‑Adamson Y, Wells 
J, Borrie M, et al. Donepezil for gait and falls in mild cognitive impairment: 
a randomized controlled trial. Eur J Neurol. 2019;26:651–9.

 35. Mueller SG, Weiner MW, Thal LJ, Petersen RC, Jack CR, Jagust W, et al. Ways 
toward an early diagnosis in Alzheimer’s disease: the Alzheimer’s Disease 
Neuroimaging Initiative (ADNI). Alzheimer’s Dementia. 2005;1:55–66.

 36. Meara J, Mitchelmore E, Hobson P. Use of the GDS‑15 geriatric depres‑
sion scale as a screening instrument for depressive symptomatology in 
patients with Parkinson’s disease and their carers in the community. Age 
Ageing. 1999;28:35–8.

 37. Nonnekes J, Goselink RJM, Růžička E, Fasano A, Nutt JG, Bloem BR. Neuro‑
logical disorders of gait, balance and posture: a sign‑based approach. Nat 
Rev Neurol. 2018;14:183–9.

 38. Pfeffer RI, Kurosaki TT, Harrah Jr CH, Chance JM, Filos S. Measurement 
of functional activities in older adults in the community. J Gerontol. 
1982;37(3):323–9.

 39. Jagust WJ, Bandy D, Chen K, Foster NL, Landau SM, Mathis CA, et al. The 
Alzheimer’s Disease Neuroimaging Initiative positron emission tomogra‑
phy core. Alzheimer’s Dementia. 2010;6:221–9.

 40. Folstein MF, Folstein SE, McHugh PR. “Mini‑mental state”: a practical 
method for grading the cognitive state of patients for the clinician. J 
Psychiatr Res. 1975;12:189–98.

 41. Mohs RC, Knopman D, Petersen RC, Ferris SH, Ernesto C, Grundman 
M, et al. Development of cognitive instruments for use in clinical 
trials of antidementia drugs: Additions to the Alzheimer’s disease 
assessment scale that broaden its scope. Alzheimer Dis Assoc Disord. 
1997;11(SUPPL):2.

 42. Goodglass H, Kaplan E. The Assessment of Aphasia and Related Disorders. 
In: Boston diagnostic aphasia examination booklet. 2nd ed. 1983.

 43. Rey A. L’Examen Clinique en Psychologie [Clinical Examination in Psychol‑
ogy]. Paris: Presses Universitaires de France; 1964.

 44. Geniole SN, Proietti V, Bird BM, Ortiz TL, Bonin PL, Goldfarb B, Watson 
NV, Carré JM. Testosterone reduces the threat premium in competitive 
resource division. Proc Biol Sci. 2019;286(1903):20190720. https:// doi. org/ 
10. 1098/ rspb. 2019. 0720.

 45. Koller M. robustlmm: An R Package for Robust Estimation of Linear Mixed‑
Effects Models. J Stat Softw. 2016;75:1–24.

 46. Therneau TM. A package for survival analysis in S. R package version. In: 
Survival. 2014.

 47. Jung YH, Park S, Jang H, Cho SH, Kim SJ, Kim JP, et al. Frontal‑executive 
dysfunction affects dementia conversion in patients with amnestic mild 
cognitive impairment. Sci Rep. 2020;10:772.

 48. Junquera A, García‑Zamora E, Olazarán J, Parra MA, Fernández‑Guinea S. 
Role of executive functions in the conversion from mild cognitive impair‑
ment to dementia. J Alzheimer’s Dis. 2020;77:641–53.

 49. Montero‑Odasso M, Almeida QJ, Bherer L, Burhan AM, Camicioli R, Doyon 
J, et al. Consensus on shared measures of mobility and cognition: from 
the Canadian Consortium on Neurodegeneration in Aging (CCNA). The J 
Gerontol Series A. 2019;74:897–909.

 50. Broadhouse KM, Mowszowski L, Duffy S, Leung I, Cross N, Valenzuela MJ, 
Naismith SL. Memory Performance Correlates of Hippocampal Subfield 
Volume in Mild Cognitive Impairment Subtype. Front Behav Neurosci. 
2019;13:259. https:// doi. org/ 10. 3389/ fnbeh. 2019. 00259.

https://doi.org/10.1098/rspb.2019.0720
https://doi.org/10.1098/rspb.2019.0720
https://doi.org/10.3389/fnbeh.2019.00259


Page 14 of 14Tuena et al. BMC Geriatrics          (2023) 23:462 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 51. Palm WM, Saczynski JS, van der Grond J, Sigurdsson S, Kjartansson O, 
Jonsson PV, et al. Ventricular dilation: association with gait and cognition. 
Ann Neurol. 2009;66:485–93.

 52. Annweiler C, Montero‑Odasso M, Bartha R, Drozd J, Hachinski V, Beauchet 
O. Association between gait variability and brain ventricle attributes: a 
brain mapping study. Exp Gerontol. 2014;57:256–63.

 53. Koziol LF, Budding DE, Chidekel D. From movement to thought: execu‑
tive function, embodied cognition, and the cerebellum. Cerebellum. 
2012;11:505–25.

 54. Vallet GT. Embodied cognition of aging. Front Psychol. 2015;6:463.
 55. Tuena C, Serino S, Pedroli E, Stramba‑Badiale M, Riva G, Repetto C. Build‑

ing embodied spaces for spatial memory neurorehabilitation with virtual 
reality in normal and pathological aging. Brain Sci. 2021;11:1067.

 56. Kuehn E, Perez‑Lopez MB, Diersch N, Döhler J, Wolbers T, Riemer M. 
Embodiment in the aging mind. Neurosci Biobehav Rev. 2018;86:207–25.

 57. De Scalzi M, Rusted J, Oakhill J. Embodiment effects and language com‑
prehension in Alzheimer’s disease. Cogn Sci. 2015;39:890–917.

 58. Tuena C, Mancuso V, Benzi IMA, Cipresso P, Chirico A, Goulene KM, et al. 
Executive functions are associated with fall risk but not balance in chronic 
cerebrovascular disease. J Clin Med. 2020;9:3405.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Prognostic relevance of gait-related cognitive functions for dementia conversion in amnestic mild cognitive impairment
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study sample
	Gait screening and medical baseline measurements
	Longitudinal measurements of cognitive functions and brain imaging
	Statistical analysis

	Results
	Effect of gait profiles on cognition
	Effect of gait profiles on structural and functional imaging
	Prognostic relevance of gait and gait-related measures on dementia conversion

	Discussion
	Conclusion
	Anchor 19
	Acknowledgements
	References


