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Abstract

Introduction:Gait impairment is common in neurodegenerative disorders. Specifically,

gait variability—the stride-to-stride fluctuations in distance and time—has been asso-

ciated with neurodegeneration and cognitive impairment. However, quantitative com-

parisons of gait impairments across the cognitive spectrumof dementias havenot been

systematically investigated.

Methods:Older adults (N= 500) with subjective cognitive impairment, Parkinson dis-

ease (PD), mild cognitive impairment (MCI), PD-MCI, Alzheimer’s disease (AD), PD-

dementia, Lewybodydementia, and frontotemporal dementia, aswell cognitivenormal

controls, whowere assessed for their gait and cognitive performance.

Results: Factor analyses grouped 11 quantitative gait parameters and identified four

independent gait domains: rhythm, pace, variability, and postural control, for group

comparisons and classification analysis. Among these domains, only high gait variabil-

ity was associated with lower cognitive performance and accurately discriminated AD

from other neurodegenerative and cognitive conditions.

Discussion: Our findings indicate that high gait variability is a marker of cognitive-

cortical dysfunction, which can help to identify Alzheimer’s disease dementia.
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1 INTRODUCTION

Abnormal gait is prevalent in established dementia,1 and can also

predict progression from normal cognition, cognitive complaints, and

mild cognitive impairment (MCI) to dementia syndromes.2–7 Quan-

titative gait parameters, particularly the variability in the stride-

to-stride fluctuations, have been shown to be a sensitive marker

of neurological dysfunction8–12 and associated with future mobility

disability13 and incident dementia. 14,15 Increased gait variability has

been seen especially in neurodegenerative diseases that affect cog-

nition, whereas not in those without cognitive involvement, suggest-

ing that the cortical networks involved in gait control are shared

with cognitive processes.16 For instance, gait variability increases

from early (ie, MCI)17,18 throughout all the stages of Alzheimer’s dis-

ease (AD) dementia,19,20 where mesial-temporal structures are mainly

affected, among other areas. High gait variability is also observed

in Lewy body dementia (LBD), where posterior cortical areas and

basal ganglia are predominantly affected21,22; and behavioral vari-

ant frontal temporal dementia (FTD), where anterior and subcortical

regions are mostly affected compared with other regions.23 In Parkin-

son disease (PD), there have been reports showing that gait vari-

ability increases with disease progression24 when cognitive decline

appears.25

Although previous studies consistently show associations between

increased gait variability with virtually all neurodegenerative condi-

tions, there is a lack of systematic comparisons across the spectrum of

neurodegenerative diseases that eventually affect cognition, including

pre-dementia stages.26 Moreover, it remains uncertain if gait variabil-

ity is associated with severity of cognitive dysfunction in neurodegen-

erative diseases across dementia subtypes.26

We hypothesized that among all gait parameters, gait variability

would be abnormally higher in neurodegenerative conditions with

cognitive involvement, and further would accurately identify demen-

tia subtypes, specifically AD and FTD. We used data from two large

cohorts in Canada: (1) the Comprehensive Assessment of Neurode-

generation and Dementia (COMPASS-ND; assembled by the Canadian

Consortium for Neurodegeneration in Aging [CCNA]27) and (2) the

Gait and Brain Study,28 which include a range of neurodegenerative

diseases affecting cognition.

2 METHODS

2.1 Participant selection

Participants were draw from the COMPASS-ND Cohort and the Gait

andBrainStudyCohort (NCT03020381).Details ondesignand recruit-

ment of the COMPASS-ND Cohort from the CCNA27 and from the

Gait andBrain Studyhavebeenpublishedelsewhere.28 Bothdatabases

were merged, since both studies have harmonized research protocols

and assessment, including gait assessments. This resulted in 500 eligi-

ble participantswith gait assessment compiled from four different sites

across Canada including University of Western Ontario-Parkwood

Institute and Gait & Brain Lab, University of Alberta-University Hos-

pital, University of Calgary-Hotchkiss Brain Institute, and University

of Toronto-Sunnybrook Institute. Participants were recruited from

clinics associated with these university sites described and all were

community-dwelling older adults. This research studywas approved by

the local ethics committee and followed the ethical code for research

with humans as stated by the Declaration of Helsinki. All participants

provided written informed consent to participate in this study.

2.2 General exclusion criteria

Exclusion criteria can be found in greater detail elsewhere for

COMPASS-ND and theGait and Brain Study,27 and can be summarized

as follows: the presence of significant known chronic brain disease (eg,

moderate to severe chronic static leukoencephalopathy and/or pre-

vious traumatic injury), multiple sclerosis, developmental disorders,

malignant tumors, Huntington disease, and other rarer brain illnesses;

ongoing alcohol or drug abuse; lack of a study partner; insufficient

proficiency in English or French; total score on the Montreal Cog-

nitive Assessment (MoCA) <13; or incapable of comprehending test

instructionsunassisted. Participants incapable ofwalkingmore than10

meters unassisted were excluded for this study.

2.3 Clinical group ascertainment

2.3.1 Controls with normal cognition

Participants were considered controls with normal cognition if they

fulfilled the following criteria: (1) 60 years of age or older; MoCA

score >26,29 (2) Verbal learning performance >5 words on Consor-

tium to Establish a Registry for Alzheimer’s Disease (CERAD) or Logi-

cal memory II>2, 4 ,or 8 correct responses depending on years of edu-

cation (0-7, 8-15, 16+ years), or Normal Rey Auditory Verbal Learning

delayed recall by age.30 Executive function MoCA sub-score >8, 10,

11 points depending on participant’s years of education (<10, 10-14,

16+ years). (3) Lawton & Brody Instrumental Activities of Daily Lliving

(IADL) = 21 points.31 (4) Controlled depressive symptoms objectively

assessed with the Geriatric Depression Scale32 and normal neurologi-

cal exam.
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2.3.2 Subjective cognitive impairment (SCI)

The criteria for SCI were from Jessen et al:33 (1) participants had

to have Global Clinical Dementia Rating (CDR) equal to 0 (ie, no

signs of objective cognitive impairment);34 (2) answered “yes” for

the question: “Do you think you have memory or thinking problems?”34

Addionally, no objective cognitive impairment should be present,

operationalized as: verbal memory- assessed with Logical Memory 2

above Alzheimer’s Disease Neuroimaging Initiative (ADNI) education-

adjusted cut-offs,35 Consortium to Establish a Registry for Alzheimer’s

Disease (or CERAD)36 word list recall score (>5 words (0-10)) or Rey

Auditory Verbal Learning-trial 7 (>6 words); and MoCA (0-30) total

score>24.

2.3.3 MCI

The National Institute on Aging—Alzheimer’s Association (NIA-AA)

Clinical Criteria for MCI37 was operationalized as self-reported con-

cern regarding a change in cognition and impairment in 1 or more

of the following neuropsychological tests: (1) Logical memory below

ADNI cut-offs, orCERADword list recall orMoCAscore<25, orGlobal

CDR 0.5. Participants also had to present preserved independence in

activities of daily living, based on Lawton & Brody scale score >14(0-

23); and absence of dementia based on Global CDR<1 .

2.3.4 PD

PD was diagnosed using the International Parkinson and Movement

Disorder Society (MDS) clinical diagnosis criteria.38 The MDS-Unified

Parkinson’s Disease Rating Scale-Motor section (MDS-UPDRS-III)39

was used to determine the severity of cardinal motor symptoms in our

patients (ie, tremor, bradykinesia, and rigidity).

2.3.5 AD

Participants were diagnosed with AD based on the NIA-AA criteria,40

as follows: (1) gradual progressive change inmemory and/or other cog-

nitive function over more than 6 months; (2) MoCA score <25; (2)

objective evidence of significant decline in at least two of the follow-

ing cognitive/behavioral domains: (a) episodic memory, (b) reasoning,

problem solving, (c) visuospatial abilities, (d) language; (4) CERADword

list recall<7 (0-10); (5) change in personality/behavior; (6) impairment

of functional abilities. All test thresholds for cognitive and functional

impairment aforementioned can be accessed elsewhere.27

2.3.6 PD-MCI

Participants were diagnosed with mild cognitive impairment in PD

based on the criteria of Litvan et al.(2012).41 The core criteria for

HIGHLIGHT

∙ Gait and cognitive performance are strongly linked in neu-

rodegenerative diseases.

∙ Gait variability (stride to stride changes) relies on higher

cortical brain control.

∙ High gait variability is associated with cognitive dysfunc-

tion in Alzheimer and Lewy body disorders.

∙ High gait variability discriminates Alzheimer’s disease

from age-related neurodegenerative disorders.

∙ High gait variability indicates cognitive-cortical dysfunc-

tion in neurodegeneration.

RESEARCH INCONTEXT

1. Systematic review: We searched the literature and

through a consensus methodology6 identified that gait

impairments have been found to be strongly associated

with cognitive decline and dementia. Here, we tested

the hypothesis that, among all gait parameters, variabil-

ity would best describe individuals with more advanced

cognitive impairments including Alzheimer’s disease (AD)

dementia.

2. Interpretation: We found that among all gait parame-

ters that only gait variability is associated with demen-

tias and worse global cognitive performance. This associ-

ation is stronger in patientswithADcomparedwith other

dementias. And it suggests that gait variability is mostly

regulated by neural substrates at cortical level.

3. Future directions: To add to our understanding of the

association between gait variability and the AD spec-

trum, future studies should investigate whether the neu-

ropathological substrates contributing to dementias and

specifically AD dementia correlate with gait variability

changes during the course of the disease.

PD-MCI were as follows: (1) diagnosis of PD as based on the Interna-

tional Parkinson Disease and Movement Disorder Society (IP-MDS) Crite-

ria; (2) gradual decline in cognitive ability, in the context of established

PD, reportedbyeither thepatient or informant, or observedby the clin-

ician; (3) cognitive deficits on either formal neuropsychological testing

or a scale of global cognitive abilities.MoCA<25 inclusive for PD-MCI;

(4) cognitive deficits not sufficient to interfere significantly with func-

tional independence, although subtle difficulties on complex functional

tasks may be present.
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2.3.7 Parkinson disease dementia (PDD)

Criteria for Diagnosis of probable PDD were from Emre et al., 200742

and Dubois et al., 2007.43 Patients were required to meet the IP-MDS

clinical diagnostic criteria for PD with subsequent impairment in more

than one cognitive domain assessed with MoCA subscores (Serial 7s

subtraction, Lexical Memory or Clock drawing, Figure copy, <3 words

in five-word recall)—representingadecline frompremorbid level—with

deficits severe enough to impair functional abilities, independent of the

impairment ascribable tomotor or autonomic symptoms.44

2.3.8 Lewy body dementia (LBD)

The clinical diagnosis of dementiawith Lewybodieswas basedonMcK-

eith criteria.45 Participants were diagnosed with LBD as follows: (1)

dementia defined as progressive cognitive decline of sufficient magni-

tude to interfere with normal social or occupational function, reported

by patient and/or informant over the course of at least one year; (2)

prominent or persistent memory impairment that was not necessar-

ily occurring in the early stages but typically evident with progression;

prominent deficits on specific tests of attention, executive function,

and visuospatial ability; MoCA score <25 inclusive on testing within

the last year; (3) two or more of the following core features by them-

selves, or one ormore if at least one suggestive feature (criteria below)

present: Fluctuating cognitionwith pronounced variations in attention

and alertness; recurrent visual hallucinations that are typically well

formed and detailed; spontaneous features of parkinsonism; (4) and

one or both of the following suggestive features: rapid eye movement

sleep behavior disorder; severe neuroleptic sensitivity.

2.3.9 Frontotemporal dementia (FTD)

Possible behavioral variant frontotemporal dementia (bvFTD) diag-

nosis was obtained as follows:46 (1) At least three of six diagnostic

features: disinhibition, apathy/inertia, loss of sympathy/empathy, per-

severative/compulsive behavior, hyperorality, and frontal neuropsy-

chological profile operationalized with a positive answer to impaired

functioning on the NACC-FTLD module bvFTD features checklist; (2)

frontal lobe atrophy or reduced frontal lobe metabolism for confirma-

tory diagnosis.

2.4 Gait assessment and ascertainment of gait
parameters

Gait assessments occurred close to the clinical and cognitive assess-

ment, on the same day when possible or within 6 days, on average.

The quantitative gait assessment protocol used has been described

elsewhere.47 In brief, participants were required to walk on a 6 meter

electronic walkway (GaitRite or Zeno- Protokinetics depending on the

assessment site). Both systems use similar pressure sensors embedded

in the rubber mat to record spatial-temporal gait parameters at a sam-

pling frequency of 120 Hz with a spatial resolution of 1.27 cm (0.5˝)
and have shown excellent reproducibility and high inter-correlation.48

Participants were instructed to walk three times at their self-selected

speed, and started 1 meter before the walkway and stopped 1 meter

after the walkway to prevent acceleration and deceleration effects on

gait performance. A total of three trials were performed towarrant the

minimumnumber of steps for reliable gait variability measurements.49

Gait speed was calculated using the distance from the first to last heel

contact divided by the time elapsed between them; double support

was calculated as the average time in which both feet spent touching

the floor within each stride; stride time and length were calculated

as the mean of all durations and distances (respectively) of subse-

quent heel contacts from the same foot of each leg during a gait trial;

temporal and spatial variability parameters were calculated using the

mean and SDs from stride time and length values (respectively), and

are both reported as coefficient of variation (CV) (CV = [Standard

deviation/mean] x 100).50 The CV has advantages over SD as a vari-

ability metric, because it removes the influence of absolute values,

thereby preventing unwanted influence of non-variability parameters

in the emerging factors. The swing phasewas calculated as the average

time in which only one foot was touching the floor within each stride,

during a gait trial; cadence (steps/min) is calculated by multiplying

the number of steps of one trial by 60 seconds (ie, 1 minute), divided

by trial duration in seconds. These calculations resulted in 11 gait

parameters: gait speed, stride length, stride time, double support time,

cadence, swing time, stride width, stride time variability, stride length

variability, double support time variability, and stride width variability.

These gait parameters were selected to harmonize our analysis with

previous published studies, thus facilitating interpretations.

2.5 Data analyses

Our statistical analysis included the following: (1) data reduction and

identification of gait domains; (2) associations among gait domain per-

formance and cognitive performance across groups; and (3) clinical

group classification through gait domain performance.

We first reduced the 11 gait parameters selected for this study into

4 major gait domains by applying factor analysis using the principal

components method to extract independent factors. To verify and

extract independent/uncorrelated gait factors, all gait parameters

were orthogonally rotated using the “Varimax” rotation method.51,52

Only factors with an eigenvalue >1.0 were rotated. Factor scores

yielded by the analysis were calculated with the Bartlett test.53 The

factor score represents the performance of aggregated gait param-

eters that obtained membership to its respective factor/domain. All

calculated factor scores were then adjusted by age, sex, years of

education, gait speed (only for factors loaded with variability param-

eters), and the participant’s number of co-morbidities. Co-morbidities

recorded included hypertension, chronic heart failure, atrial, fib-

rillation, and angina diabetes, anemia, osteoporosis, lung disease

osteoarthritis, cancer, hearing problems, dyslipidemia, depression,
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stroke, transient ischemic attack, cataracts, glaucoma, and macular

degeneration. Gait speed was added as covariate to control for the

influence of very slow or very fast speed on variability parameters.54

Adjustment of gait domains was performed by extracting the residuals

of the association between the factor score (dependent variable) and

the covariates (independent variables) entered in a linear regression

model.

Residuals for each linear regression model (ie, for each gait domain)

were then transformed into Z-scores and entered as dependent vari-

ables into a multivariate analysis of variance (MANOVA) for group

comparisons. The Pillai trace test was used to reveal potential linear

differences in the combined gait domains performance (ie, gait pat-

tern) across groups. If themultivariate test was statistically significant,

then we looked for statistically significant between-subject effects for

each gait domain, using univariate tests. If the between-subject effect

was significant, then contrast tests were applied to determine sig-

nificant differences between controls and other groups. The Bonfer-

roni method was applied to adjust P-values from contrast tests. This

allowed us to identify not only the between-subject effects for each

gait domain, but alsowhich clinical group presentedwith abnormal gait

performance, by comparing themwith all clinical groups.

To verify whether associations between gait variability and cogni-

tive impairment were not biased by clinical groups, all participants

were entered in a multivariable linear regression model with gait

domains as predictors of MoCA scores. Another multivariable lin-

ear regression model investigated the association between gait vari-

ability and MoCA score within the normal aging to AD spectrum55

(Controls+SCI+MCI+AD participants); and another linear regression

model for the PD spectrum (PD+PD-MCI+PDD participants) adjusted

for the severity of parkinsonian signs. Only gait domains with signifi-

cant between-subject effects in theMANOVAwere entered in themul-

tivariable regressionmodels.

Finally, to test identification capabilities of gait performance, gait

domains that obtained significant between-subject effects were then

entered together in the multilevel receiver-operating characteristic

(ROC) analysis. The area under the curve (AUC), calculated with

multilevel ROC analysis determined the accuracy estimate of each

parameter to classify a specific group from the others. This allowed

us to determine the gait domains with the best group classification

capabilities in terms of sensitivity and specificity. An AUC value of

1.0 indicates the highest sensitivity of a test to classify a specific

group without having false positives. In our study an AUC >.70 was

accepted as reliable diagnostic index56 but only after correcting the

AUC’s P-value for multiple comparisons (ie, abnormal gait domains

entered in the ROC analysis). To improve the clinical applicability of

our results, untransformed gait parameters were entered into the

ROC analyses to generate cut-off values for specificity and sensitivity

to classify neurodegenerative diseases and cognitive disorders. The

alpha level for statistical significance was set at P< 0.05 and corrected

for multiple comparisons when appropriate. Statistical analyses were

conducted using Statistical Package for the Social Sciences (v.26.0, IBM

Corporation, Chicago, IL). Missing values were replaced with group’s

mean of its respective variable following standardized procedures.57

3 RESULTS

3.1 Participant characteristics across clinical
groups

Table 1 summarizes participants’ characteristics and whether they

were different from controls. For easier visualization regarding their

cognitive spectrum in Table 1, groups were clustered into three sub-

groups as follows: normal global cognition, MCI, and dementia. Par-

ticipants differed in age, sex, years of education, co-morbidities, and

global cognition (MoCA score). Overall, MCI and AD participants were

older than controls. There was a significantly lower proportion of

female participants in PD, MCI, PD-MCI, AD, PDD, and LBD com-

pared with the control group. Participants in the MCI group had sig-

nificantly fewer years of education than controls. By definition, MCI,

PD-MCI, AD, PDD, LBD, and FTD had significantly worse global cogni-

tion compared with controls. The MDS-UPDRS-III score and the lev-

odopa dose (mg/d) were not compared between the groups because

not all groups had this assessment available; however, the PDD group

hadminimally clinically meaningful higher parkinsonian signs assessed

with MDS-UPDRS-III score (>4 point difference)58 compared to other

PD groups. All PD groups were tested while in the ‘on’ medication

state. The PD-MCI group took the highest levodopa dose followed

by PDD, PD, FTD (only one participant taking levodopa), and LBD.

Demographic and clinical differences between the groups mentioned

above were accounted in our statistical analysis to avoid misinter-

pretation of findings. Only three participants with MCI had missing

values for the number of years of education; and only one partic-

ipant with FTD had a missing value for number of co-morbidities.

These missing values were replaced using the group’s means. Miss-

ing data occurred due to different reasons including administrative

errors, participant’s verbal refusal, time constraints, and/or technical

problems.

3.2 Identifying gait domains with factor analysis

Crude (unadjusted) means and SDs of gait parameters (supplementary

material) were entered in the factor analysis. Table S2 shows the load-

ing scores for each gait parameter in its respective factor that emerged

from the factor analysis. Four independent factors emerged from the

analysis after orthogonal rotation. Higher loading scores inform how

strongly other gait parameters within a factor are correlated with that

specific gait parameter (see Table S2). Gait parameterswith the highest

loading scores in each factor have the ability to predict the variance of

other gait parameters within the factor where it obtained its member-

ship. Overall, most of the variance observed in gait performance was

explained by the rhythm factor (38.37%), followed by pace (19.22%),

variability (13.17%), and postural control (10.70%). The Bartlett test

was used to extract a single score for each factor, for each participant.

The factor score reflects the individual’s gait performance in a spe-

cific gait domain. The factor score for each gait domain was compared

between the groups.
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F IGURE 1 Gait domains performance as factors scores (Z-scores) for each clinical group adjusted for covariates. Circles represent means and
error bars represent 95% confidence interval. Positive scores for variability relate to high gait variability or worse variability performance.
Negative values for other domains relate to worse gait performance

3.3 Association between gait domains and clinical
groups

The MANOVA revealed a statistically significant difference between

the groups for the linear combination of all gait domains or the

overall gait performance (Pillai trace < .0001; Eta2 = .06). Figure 1

is a graphical representation of the overall gait performance of each

group. Univariate tests revealed that the difference in overall gait

performance detected by the Pillai Trace test (MANOVA), was driven

by significant differences between the groups (between-subject

effect) in specific domains including rhythm (F8,491= 3.08, P = .002;

Eta2 = .04), variability (F8,491= 8.50, P < .0001; Eta2 = .12), and

postural control (F8,491= 5.36, P < .0001; Eta2 = .08) (Table 2). The

between-subject effect for the pace domain was not statistically sig-

nificant (F8,491= 1.23, P = .27; Eta2 = .02), and therefore this domain

did not contribute significantly to overall gait performance difference

between the groups. Contrast tests adjusted for multiple comparisons

(Bonferroni) identified significant differences in gait performance

between controls and other groups, only for variability and postural

control domains, as shown in Table 2.

Only PD, AD, and PDD groups showed differences in gait compared

with controls (Table 2). Compared with controls, PD had higher (ie,

worse) variability and lower (ie, worse) postural control (P < 0.006),

AD had worse variability (P < 0.006) and postural control (P < 0.006),

andPDDhadworse variability (P<0.006). Additional analysis revealed

that each covariate entered in the model provoked attenuation in

groupeffect ofmore than10% for at least onegait domain.Ageentered

as the only covariate that strongly attenuated the group effect for pace

(P < .0001, eta2 = .68 to P = .058, eta2 = .30), being the strongest

covariate in the model. Comparisons of untransformed/unadjusted

gait values between the groups using a MANOVA model are found in

supplemental material (Table S1). Groups differed significantly in all

untransformed/unadjusted gait parameters except for double support

time.

3.4 Association between gait domain and global
cognitive performance

Gait domains that differed significantly between groups (rhythm, vari-

ability, and postural control), were included as predictors of MoCA

scores (global cognition) in a linear regression model to test their

association with progressive cognitive impairment. Among all affected

gait domains, only gait variability was significantly associated with

MoCA score in the whole sample (unstandardized Beta = −0.852,

95% CI -1.229 to -0.474; P < .0001). Gait variability was also

independently associated with MoCA score in the AD spectrum55

(Controls+SCI+MCI+AD participants) (P < .0001). In another linear

regression model in the PD spectrum of cognitive decline (PD+PD-

MCI+PDD) the association between gait variability and MoCA score

was also significant (unstandardized Beta, -1.569, P = .001) (see

Tables S3 to S5). This association, however, was attenuated by 33.6%

when we included the parkinsonism severity (UPDRS-III score) as a

covariate in the model, but remained statistically significant (unstan-

dardized Beta, -1.042, P = .02). There was a weak but significant asso-

ciation betweenparkinsonian signs and gait variability in thePDcohort

(unstandardizedBeta, .025,P= .01).WhenMoCAandUPDRS-III score

were included as predictors of gait variability, only MoCA was sig-

nificantly associated with gait variability (unstandardized Beta, -.066,

P = .04). To test whether gait variability better explained cognitive
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performance compared with a clinical motor scale, we modeled

another linear regression having UPDRS-III and gait variability as pre-

dictors of MoCA scores. The results showed that gait variability (Beta,

.30, P= .009) significantly explainedMoCA scores better thanUPDRS-

III (Beta, .16, P = .156). Overall, high gait variability was significantly

associated with low global cognition in AD and PD classes. ROC anal-

ysis showed that variability could not significantly classify or discrimi-

nate AD from the PD group (AUC= .48, P= .62).

3.5 Classifying accuracy of clinical groups of the
spectrum of neurodegenerative conditions through
gait domains (ROC analysis)

Because between-subject effectswere revealed for rhythm, variability,

and postural control, these gait domains were entered in the ROC

analysis to test their capability to accurately identify clinical groups.

We first entered the unadjusted rhythm, variability, and postural con-

trol domains together; then, after removing the unadjusted domains,

we entered the adjusted domains together. This allowed us to check

whether potential confounders biased classification capabilities of gait

domains. Table 3 shows the classification accuracy of the gait domains

for each clinical group based onROCanalysis, unadjusted and adjusted

for covariates. Gait variability emerged as the only domain with a

high accuracy (AUC = .82; P < .0001, and AUC fully adjusted = 0.77,

P < 0.0001; Figure 2) to identify AD group membership. To provide

clinical validity of these findings we modeled in a separate ROC anal-

ysis with unadjusted gait variability parameters composed of the gait

variability domainmeasures (Table S6). Stride time variability detected

AD groupmembership (AUC= 0.80, P-value< .0001) with a specificity

of 70%, sensitivity of 80%, and variability = 2.3%. Stride length vari-

ability detected AD group membership (AUC = 0.72, P-value < .0001)

with a specificity of 54%, sensitivity of 80%, variability = 2.58%.

Double support time variability detected AD group membership

(AUC = 0.79, P-value < .0001) with a specificity of 70%, sensitivity of

75%, and variability= 6.2%.

4 DISCUSSION

In this multisite study with 500 older adults across neurodegenerative

conditions we found that increased gait variability was associatedwith

dementia, particularly with AD dementia and PD dementia. Rhythm

and postural control domainswere also associatedwith dementias and

MCI; however, only gait variability was able to accurately discriminate

and classify individuals with AD.

We observed that only gait variability was significantly associated

with dementia and cognitive impairment compared with the other gait

domains. Stride time and length variabilities have been linked pre-

viously to gait performance in older adults in contexts that require

increased cognitive functioning.59–61 Our results of gait variability per-

formance in AD and PDD align with those of previous studies19,20,24

that have shown higher gait variability in advanced stages of these
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TABLE 3 Classification accuracy for each clinical group based on ROC analysis, unadjusted and adjusted for covariates

Rhythm Variability Postural control

Groups

classified

AUC

(unadjusted/

adjusted)

P-value
(unadjusted/

adjusted)

AUC

(unadjusted/

adjusted)

P value
(unadjusted/

adjusted)

AUC

(unadjusted/

adjusted)

P-value
(unadjusted/

adjusted)

SCI 0.478/0.539 0.677/0.456 0.421/0.452 0.13/0.352 0.574/0.518 0.153/0.73

PD 0.416/0.409 0.076/0.054 0.497/0.541 0.946/0.38 0.296/0.307 0.0001/0.00004

MCI 0.615/0.58 0.00001/0.002 0.463/0.439 0.153/0.019 0.634/0.64 <.0001/<.0001

PD-MCI 0.411/0.337 0.19/0.016 0.46/0.461 0.55/0.564 0.249/0.358 0.0002/0.035

FTD 0.438/0.483 0.499/0.856 0.438/0.478 0.504/0.813 0.24/0.284 0.005/0.02

LBD 0.453/0.381 0.597/0.176 0.492/0.525 0.927/0.775 0.336/0.397 0.063/0.243

AD 0.487/0.51 0.719/0.791 0.824/0.766 <0.0001*/< 0.0001* 0.402/0.409 0.008/0.014

PDD 0.327/0.21 0.076/0.003 0.64/0.507 0.151/0.943 0.193/0.305 0.002/0.045

Note –Bold values indicated significant classification accuracy (AUC>.70), and their respective significant P-values. Significant P-values adjusted formultiple

comparisons at P< 0.016 (α/3 domains).

AUC, area under the curve; ROC, receiver-operating characteristic.

*P= 1.22 x 10-18/= 4.76 x 10-13.

F IGURE 2 Comparedwith rhythm and postural control domains, gait variability accurately classified individuals with Alzheimer’s disease (AD)
from other clinical groups in both receiver-operating characteristic (ROC) curves. Covariates (ie, age, sex, years of education, number of
co-morbidities, and gait speed) were used to adjust ROCs (graph on the right). ROC curves representing the true positive fraction (sensitivity) and
false positive fraction (1-specificity) of gait domains that were significantly different between all clinical groups (see Table 2). Black straight
diagonal line (reference line) indicates area under the curves (AUCs)= .50, the point where variables are nonvalid/non-accurate as classifiers. The
higher the AUC, the better is the gait parameter to classify a neurodegenerative condition

diseases compared with earlier stages, thus reflecting cognitive and

cortical deterioration. This was corroborated by negative associations

between gait variability and global cognitive performance within the

cognitive spectrum of AD and PD. Our study, therefore, supports pre-

vious assumptions that cognitive performance is strongly associated

with gait variability, compared with other gait parameters, indepen-

dently of disease subtype.

In the PD samples, we found that global cognitive performance

was negatively and more strongly associated with gait variability than

with the MDS-UPDRS-III, suggesting that gait variability is a better

motor marker of cognitive performance than severity of parkinsonism.

A recent study62 found that gait performance of individuals with

dementia, particularly those with FTD and LBD, was significantly

influenced by age and age of onset, both relevant aspects given the fast

progression of disability in dementias. The impact of this particular

caveat on gait and cognitive decline is still unclear and should be

explored further in future studies. Although LBD and FTD show higher

gait variability compared with controls, as shown previously,21,23 this

was not significant. A potential reason for such dissonance could be

related to the limited sample size in these clinical groups and the

fact that individuals with LBD and FTD in our study were on average

younger than controls and patients from previous studies.

The gait variability domain that emerged in our factor analyses

includes the same gait parameters found in previous studies51,63 that
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assessed gait and cognitive relationships, which strengthens the grow-

ing theoretical framework11,64 that postulates the existence of shared

brain networks for gait control and cognition.65 Specifically, recent evi-

dence shows that gait variability in individuals with dementia is struc-

turally and functionally associated with the primary motor cortex, hip-

pocampus, prefrontal cortex, and basal ganglia—the same areas most

affected by AD and PDD pathology.11 Compared with pace, rhythm,

and postural control, we found that gait variability was strongly asso-

ciated with cognitive dysfunction, which suggests that increased vari-

ability expresses damage on brain areas and networks critical to sta-

bilizing gait performance.66 Moreover, variability provides real-time

information (ie, stride-to-stride) of subtle changes from one stride to

the next, that seems not to be well captured by other gait domains

thought to strongly depend on conscious or cortical control.60 Note-

worthy, as in previous studies,17,59 gait variability trended to differ

between controls and MCI in the expected direction but lacked statis-

tical significance (P = .06), probably due to statistical control for mul-

tiple factors or degrees of freedom in our analysis. Finally, among all

gait domains, gait variability had the highest accuracy to discriminate

individuals with AD, when compared with cognitive healthy controls

or other neurodegenerative conditions, with a high specificity, which

makes it potentially usable in the clinical setting.Confirming this impor-

tant finding in a validation cohort and establishing valid cut-offs for gait

variability is required to support potential applicability.

Our study has several strengths, including oneof the largest data set

of older adults with neurodegenerative conditions affecting cognition

that received comprehensive clinical, cognitive, and motor evaluations

with state-of-the-art quantitative gait analysis. Our analyses used

robust methodology controlling for multicollinearity, correcting for

multiple comparisons, and controlling for important confounders.

We should also acknowledge some limitations, including the cross-

sectional design that precludes us to perform cause-effect inferences.

Residual confounding can still exist, andmatchingwouldhave strength-

ened our models; however, due to the small sample size in some of the

clinical groups, matching and subgroup analyses were not feasible to

perform. Although we have adjusted for several covariates including

co-morbidities,wewerenot able to adjust our analyses formedications

taken, such as sedatives, that might affect gait performance. Partici-

pants with PD were tested during the ON state of anti-parkinsonism

medication effect, which can mask gait pathology.67 Our LBD and FTD

samples are smaller compared with previous studies, which may have

restricted the statistical power in our analysis. Moreover, unlike that in

PDD and AD, we did not include prodromal phases for LBD and FTD.

5 CONCLUSIONS

Increased gait variability may reflect the progression of cognitive

impairment in neurodegenerative diseases, and potentially with

specificity for Alzheimer’s disease dementia, which is the archetypal

cortical cognitive disorder. Our study, therefore, supports the notion

that, compared with other gait parameters, gait variability may be a

putative marker of cognitive-cortical deterioration in neurodegener-

ative disorders. A future study using a validation cohort is required to

confirm our findings.
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