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Abstract

Background: Motoric cognitive risk (MCR) syndrome is a cognitive-motor syndrome associated
with increased risk of transition to dementia. The clinical phenotype of MCR is not yet
established.

Objective: To systematically assess clinical gait abnormalities in older adults with MCR.

Methods: Of the 522 community-dwelling non-demented adults aged 65 and older enrolled in
the Central Control of Mobility in Aging study, 43 were diagnosed with MCR (47% women)
based on presence of cognitive complaints and slow gait velocity (MCRv). Four additional
subtypes of MCR were defined by substituting slow gait with short stride length (MCRsl, n=41),
slow swing time (MCRsw, 7= 21), high stride length variability (MCRslv, 7= 24), and high swing
time variability (MCRswv, /7= 25). The prevalence of clinical gait abnormalities (neurological or
non-neurological) in MCR overall (7= 81) and subtypes was studied. We also examined if gait
abnormalities predicted further cognitive and functional decline in MCR cases.

Results: Most clinical gait abnormalities were mild (walked without assistance) in the five MCR
subtypes (44 to 61%). Neurological (range 24 to 46%) and non-neurological gait abnormalities (33
to 61%) were common in all MCR subtypes. Neurological gaits were most frequent in MCRsl
(46%) and non-neurological gaits in MCRv (61%). Over a median 3.02 years of follow-up,
presence of gait abnormality in MCR cases at baseline predicted worsening disability scores
(estimate 0.17, p-value = 0.033) but not decline on cognitive scores (p-value = 0.056).

Conclusion: Clinical gait abnormalities are common in MCR syndrome and its subtypes, and
are associated with accelerated functional decline.
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INTRODUCTION

Motoric cognitive risk (MCR) syndrome is a pre-dementia syndrome characterized by the
presence of subjective cognitive complaints and slow gait velocity [1, 2]. Individuals with
MCR are at high risk for transitioning to dementia; both Alzheimer’s disease and vascular
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dementia [2, 3]. In a 17-country study with over 26,000 older adults, MCR was shown to be
common with a prevalence of 9.7% [3] and incidence of 65/1000 person-years [1]. In
addition to dementia, studies have shown that MCR increases risk for a number of other
adverse outcomes in aging including cognitive decline [3], falls [4], disability [5], and
mortality [6].

The gait criterion in MCR was based on extensive research that has shown that slowing of
gait occurs early in the course of dementia [7-10] and predicts progression to dementia in
cognitively normal adults as well as those with mild cognitive impairment (MCI) [9]. The
MCR diagnostic procedure is independent of the MCI diagnosis as well as results of
complex cognitive tests or assays, increasing its clinical utility. Gait velocity can be easily
measured in clinics and enhances the accessibility of MCR as a dementia risk assessment
tool. But MCR subtypes have also been defined using gait parameters other than velocity
[11], and were shown to have commonalities and differences in cognitive profiles and risk
factors [11]. This concept is similar to that of amnestic and non-amnestic MCI subtypes,
which are characterized by impairments in different domains of cognitive function, and have
been shown to have different risk profiles [12, 13] and be predictive of Alzheimer’s and non-
Alzheimer’s dementias, respectively [14].

The clinical phenotype of MCR is not yet established. While slow gait is associated with
clinical gait abnormalities [15], the relationship is not absolute. In a community-based
sample of 380 older adults, we reported that of the 59 individuals with slow gait, 44 (74%)
had either neurological or non-neurological gait abnormalities, and the rest (26%) were not
diagnosed with a gait abnormality as assessed by the study clinician [15]. Based on previous
evidence showing an association between clinically defined gait abnormalities and
objectively measured slow gait [15], we hypothesized that patterns of neurological and non-
neurological clinical gait abnormalities would differ by MCR subtypes. As clinical gait
abnormalities and MCR have been shown to predict outcomes such as dementia and
disability [5, 16], as a secondary objective, we also examined the influence of clinical gait
abnormalities on cognitive and functional decline in these individuals. Determining gait
phenotypes in MCR cases may provide insights into underlying etiologies and improve
prognostication.

METHODS

Study population

We studied community-residing adults age 65 and older enrolled in the “Central Control of
Mobility in Aging” (CCMA) study [17]. The objective of CCMA is to determine cognitive
processes and brain substrates controlling mobility [17-20]. CCMA procedures have been
reported [17, 21, 22]. In brief, research assistants interviewed potential participants living in
lower Westchester County by telephone to assess eligibility, and to rule out dementia using
cognitive screeners [17-20]. Individuals who passed the telephone interview and expressed
interest in participating in the study were invited to our center where they underwent
detailed demographic and medical history ascertainment, clinical assessments, and
neuropsychological testing [17-20]. Dementia diagnoses were assigned at consensus case
conferences after review of all clinical and neuropsychological data [23]. Exclusion criteria
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for CCMA were presence of dementia, inability to walk (even with assistance), active
neurological or psychiatric disorders severe enough to interfere with study assessments,
presence of major visual or hearing loss, and recent or planned surgical procedures
restricting walking. All participants provided written informed consents. The Einstein
institutional review board approved the study protocol.

Study clinicians determined whether gaits were normal or abnormal following visual
inspection of gait patterns and turns while subjects walked up and down a well-lit hallway at
their normal pace, as previously described [16, 24]. Study clinicians further determined
whether abnormal gaits were due to neurological or non-neurological causes. Neurological
gaits were subtyped as unsteady, ataxic, frontal, Parkinsonian, neuropathic, hemiparetic, and
spastic as previously described (see references [16, 24] for detailed description and web
links to videos of neurological gait subtypes [16]). Non-neurological gaits were subtyped
into causes such as arthritis, cardiac disease, chronic lung disease, and peripheral vascular
disease. In cases, where an individual was diagnosed with more than one neurological or
non-neurological gait subtype, the subtype that contributed most to the clinical presentation
in the judgment of the study clinician was reported (Table 2). If abnormal gaits in the
judgment of the clinician resulted from both neurological and non-neurological causes, they
were classified as “combined.” As it is likely that the neurological or non-neurological
diseases resulting in these combined gait subtypes would both contribute to the outcomes,
we included these cases in both neurological and non-neurological models. Gait
abnormalities were graded as mild (walks unassisted), moderate (uses walking aids), or
severe (wheelchair-bound) [25]. We reported 89% agreement on classifying gait as
neurological or non-neurological on evaluations one year apart in 189 participants in the
Bronx Aging Study [24]. Inter-rater reliability between clinicians using this gait protocol
was found to be very good (kappa 0.8) [24].

Quantitative gait

Research assistants conducted quantitative gait studies, independent of clinicians’
evaluations of gait, using a computerized walkway (180%35.5x0.25 inches) with embedded
pressure sensors (GAITRIte, CIR systems) [8]. Subjects were asked to walk on the mat at
their ‘normal pace’ for two trials in a quiet well-lit hallway wearing comfortable footwear
and without any attached monitoring devices. Start and stop points were marked by white
lines on the floor, and included three feet from the walkway edge for initial acceleration and
terminal deceleration. From footfalls recorded on the walkway, the software automatically
computes gait parameters as the mean of two trials. The GAITRite system is widely used in
clinical and research settings, and has excellent reliability [8].

Motoric cognitive risk syndrome and subtypes

MCR syndrome was diagnosed in participants based on established criteria [1-3]. MCR is
defined as presence of subjective cognitive complaints and slow gait velocity in older
individuals without dementia or mobility disability [1-3]. MCR builds on definitions of
MCI; substituting the objective cognitive impairment criterion with slow gait. Cognitive
complaints were assessed by one or more of the following: cognitive symptoms noted by the
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study clinician [26], a score of =1 on the AD8-dementia screener [27], or a ‘yes’ response
the memory item on the Geriatric Depression Scale [28]. Gait speed and parameters were
measured as described above. Slow gait was defined as walking speed one SD or more
below age and sex specific means, as previously described [1-3]. Though gait dysfunction is
multifactorial in nature, previous studies have shown that slow gait predicts cognitive decline
irrespective of the underlying etiology [8].

For the purpose of the current study, we defined MCR based on the operational definition
(described earlier) of presence of cognitive complaints and slow gait velocity (cm/s) as MCR
velocity (MCRv). We adapted this definition to define four additional subtypes of MCR, as
previously described [11], by substituting the slow gait criterion with abnormalities in other
quantitative gait variables. These variables were selected as they had the highest loading on
three previously described domains of gait (pace, rhythm and variability) [8, 29] and include
stride length (cm), swing time (), stride length variability (standard deviation (SD)) and
swing time variability (SD). For the additional subtypes, we substituted slow gait with
abnormalities in the other quantitative gait variables: MCR stride length (MCRsl), MCR
swing time (MCRsw), MCR stride length variability (MCRslv), and MCR swing time
variability (MCRswv). Short stride length and slow swing time were defined as one SD or
more below age and sex-appropriate mean values in our cohort. High stride length variability
and high swing time variability was one SD or more above age and sex-appropriate mean
values. The remaining three MCR criteria (cognitive complaints, no dementia, and no
mobility disability) remained the same. These MCR subtypes were not mutually exclusive.

An extensive neuropsychological test battery was administered at all visits. We examined
performance on the Repeatable Battery for the Assessment of Neuropsychological Status
(RBANS), a widely used omnibus test of general cognition as well as various cognitive
domains [30]. It is a valid and reliable tool for detecting cognitive deficits across different
age levels and diagnostic groups, and consists of 12 subtests making up five indices:
immediate memory, delayed memory visuospatial/constructional, language, and attention
[30]. Index scores as well as total scores were calculated; scores range from 62 to 138 with
higher scores reflecting better performance. For the purpose of this study, we examined
baseline and annual change in continuous RBANS total scores over follow-up.

Functional status

Seven activities of daily living were assessed by a disability scale developed for use in
community-based cohorts [31]: bathing, dressing, grooming, feeding, toileting, walking
around home, and getting up from a chair. Subjects were asked by the research assistant if
they were able to perform an activity unassisted (0 points), unassisted but with difficulty (1
point), or whether they required assistance or were unable to do the activity (2 points). A
summary disability score was then computed (range 0 to 14, higher worse) [7, 31]. The scale
was administered at baseline and annual study visits [7].
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Participants were interviewed at each visit about socio-demographic variables and medical
illnesses. A summary comorbidity index (range 0-10) was calculated as described
previously [8] by summing the following self-reported physician diagnosed diseases:
diabetes, chronic heart failure, arthritis, hypertension, major depression, stroke, Parkinson’s
disease, chronic obstructive lung disease, angina, and myocardial infarction.

Data analysis

RESULTS

Demographic characteristics and variables of interest were tabulated per diagnostic group
and compared using ANOVA and Chi-square tests [32]. Prevalence of clinical gait
abnormalities was compared across MCR subtypes. We compared cognitive test
performance at baseline in MCR overall (all subtypes combined) by clinical gait abnormality
status (overall, neurological, and non-neurological). We then examined if clinical gait
abnormality status (overall, neurological, and non-neurological) in individuals diagnosed
with MCR at baseline would predict subsequent decline on total RBANS and increasing
disability scores cases over follow-up using linear mixed effects models. The ‘time’ term in
the models (summarized in Table 3) represents average rate of change in performance on the
cognitive and functional assessments over follow-up. The two-way interaction term
represents the longitudinal effect of baseline measure of gait abnormality on the annual rate
of decline on the RBANS or disability scores. “Time” was calculated in years from baseline
to each study visit. An interaction between individual clinical gait abnormality diagnosis
(overall, neurological, and non-neurological) and time was included to model the effect of
presence of a clinical gait abnormality on rate of change in cognitive and functional
assessments. Results are reported as parameter estimates with 95% confidence intervals (Cl).
The linear mixed effects model can accommodate unbalanced data resulting from missing
data points, unequal numbers of follow-up visits, and unequal intervals between visits. A
random intercept was included in the model to allow entry point to vary across individuals.
Analyses were performed with SAS 9.4 (SAS Institute Inc., Cary, NC) statistical software.

Study population

Between June 2011 and August 2018, 522 (90.5%) out of 589 CCMA participants received
detailed clinical and gait assessments. Reasons for not obtaining assessments included
clinician or tester unavailability (17), incomplete study visit (32), dementia diagnosed at
consensus case conferences (9), or refusal (9). Subjects who did and did not receive the
study assessments were similar in terms of age, sex and education, but had significantly
worse performance on the RBANS total score (p = 0.026) at enrollment.

Of the 522 eligible participants, 81 met MCR criteria (any subtype): 43 MCRyv, 41 MCRsl,
21 MCRsw, 24 MCRslv, and 26 MCRswyv. Baseline demographic and medical
characteristics are presented in Table 1. MCR subtypes were not mutually exclusive: 44
participants (54.3%) met criteria for two or more of the five subtypes. MCR diagnosis was
independent of MCI diagnosis or cognitive testing. Of the 81 participants who met criteria
for any MCR subtype, 27 also had a MCI diagnosis at baseline (4 amnestic, 9 non-amnestic,
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and 14 combined). Over a median follow-up of 3.0 years, 9 (11.1%) of the participants with
any subtype of MCR converted to dementia.

Clinical gait abnormalities

Cognition

Disability

Table 2 presents clinical gait abnormalities in MCR overall (all subtypes combined) and by
different MCR subtypes. Of the 81 participants with MCR overall (any subtype), 52 (64.2%)
had clinical gait abnormalities as diagnosed by the study clinician. Neurological gaits were
seen in 28 (34.6%) of the MCR overall group, and non-neurological gaits in 39 (48.1%). Of
the 81 participants in the sample, 15 (18.5%) were diagnosed with combined neurological
and non-neurological gait abnormalities. Figure 1 presents the pattern of clinical gait
abnormalities overall and by MCR subtype. Most clinical gait abnormalities were mild
(walked without assistance or walking aid) in MCR overall (54.3%) and in MCR subtypes
(44.0 to 61.0%). Neurological (range 23.8 to 46.3%) and non-neurological gait
abnormalities (33.3 to 60.5%) were common in all MCR subtypes. Neurological gaits were
most frequent in MCRsl and non-neurological gaits in MCRv. Neuropathic and unsteady
gait subtypes accounted for 28.4% of the neurological gait abnormalities in MCR overall.
Acrthritis accounted for 30.9% of non-neurological gait abnormalities in MCR overall.
Longitudinal follow-up time did not differ between groups with and without clinical gait
abnormalities (2.5 versus 3.2 years, p= 0.154), with and without neurological gait
abnormalities (2.3 versus 3.0 years, p= 0.109), or with and without non-neurological gait
abnormalities (2.6 versus 2.9 years, p = 0.623).

Table 3 shows that after controlling for age, sex, education years, ethnicity and comorbidity
index, participants with MCR overall and abnormal gait did not perform different on the
RBANS from MCR cases without a gait abnormality at baseline (p= 0.728). Average rate of
change in cognitive scores was not significant for either group. Presence of gait
abnormalities in MCR overall was not a predictor of longitudinal change in RBANS scores.
Neurological or non-neurological abnormalities also did not predict decline in RBANS.

Table 3 shows that after controlling for age, sex, education years, ethnicity and comorbidity
index, participants with MCR overall and abnormal gait had worse (higher) disability scores
at baseline compared to MCR cases without gait abnormalities (group difference 0.84 points,
p=0.010). Participants with non-neurological gaits had worse disability scores at baseline
compared to those without non-neurological gait (group difference 0.85 points, p= 0.005).
There was no difference in disability scores for those with and without a neurological gait
abnormality at baseline. Of the seven activities of daily living assessed at baseline, the most
common activities that participants reported difficulty with were bathing (43.2%), getting up
from a chair (35.8%), using the bathroom (35.8%) and walking inside their home (28.4%).
Four participants (4.9%) reported that they required assistance to get up from a chair and one
participant also reported needing assistance to bathe, groom, and eat.

Presence of gait abnormalities in participants with MCR overall (Table 3) predicted
longitudinal worsening in disability scores (0.17 points/year, p = 0.033). Results remained
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significant after additional adjustment for depressive symptoms and presence of MCI
(estimate 0.18, 95% CI1 0.02-0.34, p= 0.032). After additionally adjusting for baseline
disability scores, gait abnormalities remained a significant predictor of longitudinal change
in disability scores (estimate 0.17, 95% CI 0.01-0.34, p = 0.040). Non-neurological gaits in
participants with MCR predicted longitudinal change in disability scores (0.22 points/year, p
= 0.008) over follow-up.

In fully adjusted models, participants with MCRv and abnormal gait scored 1.05 points
higher (worse) on the disability scale compared to those with MCRv and no gait abnormality
(p=10.025) at baseline. Presence of gait abnormalities in MCRYv predicted longitudinal
change in disability scores (estimate 0.36 points/year, 95% CI1 0.19-0.53, p< 0.001).

In sensitivity analyses excluding the 15 individuals with combined neurological and non-
neurological gaits from the analysis, the association of non-neurological gaits with
functional decline did not change (estimate 0.29, 95% CI1 0.13-0.44, p< 0.001). The
association of non-neurological gaits with cognitive decline and neurological gaits with both
cognitive and functional decline still remained non-significant in models excluding these
individuals. The non-significant association between gait abnormalities and cognitive
decline was unchanged when 9 individuals who developed dementia over follow-up were
excluded.

DISCUSSION

Our findings show that clinical gait abnormalities are common in older adults diagnosed
with MCR in a large well-characterized community-based cohort. Gait abnormalities were
most common in MCRy, and were strongly predictive of functional decline.

Presence and type of clinical gait abnormalities differed by MCR subtype. Non-neurological
gait abnormalities were more common than neurological in MCR overall, and neurological
gaits were most frequent in MCRsl. Our previous findings showing different cognitive and
risk factor profiles in the different MCR subtypes in the same cohort [11] likely accounts for
the differing clinical gait profiles observed in this study. Caveats include the relatively small
samples and overlap in individuals between MCR subgroups.

While, to our knowledge, this is the first report on clinical gait abnormalities in MCR, the
prevalence of gait abnormalities has been reported to be high in other pre-dementia
syndromes such as MCI [33]. In the Einstein Aging Study, neurological gaits were present in
31% of participants with amnestic subtype of MCI and in 19% of participants with non-
amnestic MCI [33]. The prevalence of neurological (34%) and non-neurological gaits (48%)
was, as may be expected for a pre-dementia syndrome defined based on gait impairment,
higher in MCR than MCI. Neuropathic and unsteady gait accounted for the majority of
neurological gait abnormalities. Parkinsonian gaits were rare in this sample; reflecting the
older age group. Cerebrovascular lesions, which may result in specific neurological gaits
[16], is common in MCR [1-3]. Cerebrovascular disease has also been linked to quantitative
gait measures in older adults [34]. Hence, vascular risk factors such as hypertension and
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diabetes could be the common etiological link between these neurological gait subtypes and
MCR [1, 3, 16].

Slow gait is associated with gait abnormalities in older adults, and is predictive of cognitive
decline regardless of underlying etiology [8]. Gait abnormalities, especially neurological,
predict dementia in healthy older adults [16]. But the presence of gait abnormalities in MCR
patients was not associated with worse cognitive function at cross-section or longitudinally
in this analysis. Our findings suggest that once individuals meet criteria for slow gait and
MCR, then presence of gait abnormalities does not add to prognostication. This hypothesis
is supported by preliminary analysis from our group that shows that gait velocity at the time
of MCR diagnosis does not predict future transition from MCR to dementia [35]. This does
not mean that neurological gaits in individuals with MCR are not reflective of underlying
brain pathology [36, 37]. Neurological gaits in MCR could be a marker of brain pathologies
that result in gait impairment in their earliest stages. The progression to dementia in
participants with MCR may reflect the worsening and spread of dementia related pathology
into areas of the brain responsible for other non-motor behaviors and cognitive impairments
associated with dementia [36, 37]. Furthermore, clinical gait abnormalities are examiner
dependent, and subtle or early abnormalities may be missed by even experienced clinicians.
More research, including clinicopathological investigations, is needed to build on these
findings. Alternatively, our negative findings may be due to the short follow-up time and low
sample size. A previous study by Allali et al. [11], examining MCR subtypes in the same
cohort, indicated a distinct pattern of cognitive profiles for each subtype. For example, only
MCRv and MCRsl predicted global cognitive decline, whereas MCRswv predicted decline
in memory and visuospatial domains. Hence, our analysis combining the subtypes may have
weakened the effect of the subtypes in predicting global cognitive decline as measured by
RBANS. The smaller samples of MCR subtypes precluded us from examining decline in
specific cognitive domains, and should be explored in larger samples.

Our findings are consistent with prior studies in our and other cohorts reporting an
association between cognitive disorders and functional decline [5, 38]. For instance,
participants with MCRYv in a Japanese cohort had an increased risk of developing disability
(hazard ratio 1.7) over a short period of time (mean 29 months) compared to those without
MCRv. Our results corroborate those findings, and provide further evidence that clinical gait
impairments, particularly those related to a non-neurological conditions increase risk for
functional decline in participants with MCR.

Strengths of this study include our large sample size with systematic gait assessments,
validated diagnostic procedures, and application of MCR criteria independent of clinical gait
assessments. Limitations include the relatively small sample size of MCR cases and the
relatively short follow-up time. Gait abnormalities are dependent on clinicians and may be
missed if only subtle or early signs are present. Furthermore, our study was not designed to
address whether slow gait preceded appearance of clinical gait abnormalities, and this
temporal association will be addressed in future longitudinal analyses.

Our findings show that clinical gait abnormalities are common in MCR and its subtypes, and
are associated with accelerated functional decline in this high-risk population. Longer
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follow-up time and larger samples are needed to explore the role of clinical gait
abnormalities in participants with MCR on cognitive decline. Future studies are also needed
to explore the biological pathways of MCR overall as well as within the individual subtypes.
A recent neuroimaging study of MCR conducted in the same cohort found gray matter
atrophy associated with MCR in the motor, insular, and prefrontal cortex regions, indicating
that MCR is associated with atrophy in brain regions linked to the control aspects of gait
[36]. These regions have also been linked to cognitive functions of attention and memory
awareness providing further evidence of MCR as a cognitive syndrome [39, 40].
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Fig. 1.
Gait abnormalities by MCR status. MCR, motoric cognitive risk; MCRv, MCR velocity;

MCR

sl, MCR stride length; MCRsw, MCR swing time; MCRslv, MCR stride length

variability; MCRswv, MCR swing time variability.
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