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Abstract

Background: The apolipoprotein E polymorphism ε4 allele (ApoE4) and gait impairment are both known risk factors for developing cognitive 
decline and dementia. However, it is unclear the interrelationship between these factors, particularly among older adults with mild cognitive 
impairment (MCI) who are considered as prodromal for Alzheimer’s disease. This study aimed to determine whether ApoE4 carrier individuals 
with MCI may experience greater impairment in gait performance.
Methods: Fifty-six older adults with MCI from the “Gait and Brain Study” who were identified as either ApoE4 carriers (n = 20) or non-
ApoE4 carriers (n = 36) with 1 year of follow-up were included. Gait variability, the main outcome variable, was assessed as stride time 
variability with an electronic walkway. Additional gait variables and cognitive performance (mini-mental state examination [MMSE] and 
Montreal Cognitive Assessment [MoCA]) were also recorded. Covariates included age, sex, education level, body mass index, and number of 
comorbidities.
Results: Baseline characteristics were similar for both groups. Repeated measures analysis of covariance showed that gait stride time and stride 
length variabilities significantly increased in ApoE4 carriers but was maintained in the non-ApoE4 carriers. Similarly, ApoE4 carriers showed 
greater decrease in MMSE score at follow-up.
Conclusions: In this sample of older adults with MCI, the presence of at least one copy of ApoE4 was associated with the development of 
both increased gait variability and cognitive decline during 1 year of follow-up. ApoE4 genotype might be considered as a potential mediator 
of decline in mobility function in MCI; future studies with larger samples are needed to confirm our preliminary findings.
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Mild cognitive impairment (MCI) is conceptualized as a transitional 
phase between normal aging to dementia, particularly Alzheimer’s 
disease (AD). Although numerous studies have indicated an acceler-
ated rate of progression to AD in MCI older adults, almost one third 
of older adults with MCI will remain clinically stable or even revert 
to normal (1). A better understanding of this heterogeneity can help 
to accurately detect which individuals with MCI will progress to 
dementia.

A growing body of literature indicates that impaired motor per-
formance is associated with an increased risk for cognitive decline. 

For example, it has been indicated that slow gait speed is associ-
ated with an increased risk for MCI and dementia syndromes (2–4). 
Previous studies have also shown that temporal and spatial gait 
variability tend to increase in older adults with MCI (5), and these 
quantitative gait abnormalities predict risk of cognitive decline and 
dementia in initially nondemented older adults (6).

Another factor associated with age-related cognitive impairment 
and AD is the apolipoprotein E polymorphism ε4 allele (ApoE4). 
This genetic variation is also a known genetic risk factor for cerebral 
amyloid angiopathy (7). A previous meta-analysis has shown that 
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the odds of AD among ApoE4 carriers compared with noncarriers 
(e.g., E3/E3) increases to 14.9 times (7). It is also well documented 
that conversion of MCI to AD is accelerated by ApoE4 (8). Although 
the underlying mechanism(s) of this causal relationship is not 
fully understood, evidence has been presented suggesting ApoE4’s 
involvement with amyloid beta aggregation related to brain damage 
and atrophy (9).

Given the well-established association between cognitive perfor-
mance and gait (10–12), it has been hypothesized that ApoE4 may 
also be associated with impairment of gait performance. A number of 
epidemiological findings, indeed, suggest a relationship between gait 
performance and ApoE4 carrier status. Verghese et al. showed that 
the presence of ApoE4 was not significantly associated with overall 
gait speed decline, but it was associated with faster gait speed decline 
in older men (13). Buchman et al. showed that ApoE4 is associated 
with rapid motor decline, such as muscle weakness, among older 
adults (14). More recently, MacAulay et al. showed that the presence 
of ApoE4 was significantly associated with shorter stride length and 
greater dual-task decrement in stride length in older adults (15).

In MCI older adults, Doi et al. have recently shown a cross-sec-
tional association between ApoE4 carrier status and slow gait speed 
(16). However, the longitudinal relationship of ApoE4 carrier status 
with gait changes including quantitative gait parameters remains still 
unclear. Revealing the influence of ApoE4 on longitudinal changes in 
gait parameters, such as gait velocity and gait variability, could lead 
to a better understanding of the underlying mechanism of gait and 
cognition interaction in aging and neurodegeneration. The present 
longitudinal analysis therefore assessed whether ApoE4 is associated 
with greater change in gait parameters, specifically, stride time vari-
ability as the main endpoint; and gait velocity, stride time and length, 
and cognition as secondary endpoints in a well characterized cohort 
of older adults with MCI.

Materials and Methods

Participants
The Gait and Brain Study is a prospective cohort study designed to 
determine whether quantitative gait impairments can predict inci-
dent cognitive and mobility decline and progression to dementia 
among community-dwelling older adults free of dementia at base-
line (2). Design and logistics have been described in detail elsewhere 
(2,17,18) and additional information can be found at clinicaltrial.
gov, study identifier NTC03020381.

To be included in this analysis, participants needed to have MCI, 
as defined below; ApoE4 genotyping tested, and partake in two sub-
sequent assessments to complete at least 12 months of follow-up. 
Of a total of 70 participants with MCI included in the Gait and 
Brain study since 2010 when ApoE4 genotyping testing was started, 
61 agreed to have their blood drawn and 56 were included in this 
study since they had baseline, 6 month, and 12 month assessments 
completed at the moment of our analyses.

MCI was ascertained by scoring 0.5 on the global rating of the 
Clinical Dementia Rating (CDR) scale and by satisfying the fol-
lowing four criteria (19): (i) subjective cognitive complaints; (ii) 
objective cognitive impairment in at least one of the following cog-
nitive domains: memory, executive function, attention, and language 
(19,20); (iii) preserved activities of daily living confirmed by clini-
cian’s interviews; and (iv) absence of dementia using criteria from 
the Diagnostic and Statistical Manual of Mental Disorders, Fourth 
Edition revised. Exclusion criteria included having parkinsonism or 

any neurological disorder with residual motor deficit (e.g., stroke), 
musculoskeletal disorder detected by clinical examination which 
affects gait performance, active osteoarthritis affecting the lower 
limbs, use of psychotropic medication which can affect motor per-
formance, and major depression.

Ethics approval was obtained from the University of Western 
Ontario Health Sciences Research Ethics Board and participants’ 
signed informed consents were obtained at enrollment prior to study 
assessments. Data collection occurred between July 2010 and March 
2015.

Measurements
Data collected at baseline and during the 1 year of follow-up testing 
involved medical, cognitive, and gait assessments. ApoE4 genotype 
status was assessed at baseline visit. Cognition was assessed at each 
study visit using the Mini-Mental State Examination (MMSE, score 
ranging from 0 to 30) (21), and the Montreal Cognitive Assessment 
(MoCA, score ranging from 0 to 30) (22) with higher scores indi-
cating higher overall cognitive function. The MoCA test has been 
validated in our cohort for MCI identification (23).

Gait assessments
Gait performance, including gait velocity (cm/s), stride time (sec), 
stride time variability (%), stride length (cm), and stride length 
variability (%) was assessed using an electronic walkway (GaitRite 
Systems, 600 cm long and 64 cm wide) at each visit. Start and end 
points were marked on the floor 1 meter from both the walkway start 
and end point. These 1-meter markings were used in order to avoid 
recording participants’ acceleration and deceleration phases on the 
walkway. Each participant performed one practice trial walking on 
the mat at their usual pace. For the recorded walk, participants were 
again instructed to walk on the walkway at their usual pace. The gait 
trials occurred in a quiet, well-lit room, and participants wore com-
fortable footwear without any additional attached monitors. This 
gait assessment protocol has been validated in our cohort (17). Stride 
time variability has been selected as the main endpoint since previ-
ous research has shown that it is sensitive to impairment in cortical 
brain controls. Additionally, we have previously used it as the main 
endpoint in cross-sectional studies in MCI (2,24–26).

ApoE4 genotyping
Genomic DNA was extracted from whole blood samples using the 
Puregene DNA isolation kit (Gentra Systems Inc, Mississauga, ON, 
Canada). Genotypes were determined with TaqMan allelic discrimi-
nation assays (Applied Biosystems) for two single nucleotide poly-
morphisms, specifically rs429358 (ApoE 112)  and rs7412 (ApoE 
158) using standard methods. ApoE genotypes were classified into 
E2/E2, E3/E2, E3/E3, E4/E2, E4/E3, and E4/E4 based on the allele 
combinations for the two assays.

Covariates
Relevant sociodemographic and clinical variables, including age, sex, 
education level, body mass index, and number of comorbidities were 
recorded (Table  1) and assessed as covariates of the relationship 
between ApoE4 genotype and longitudinal changes in gait variables. 
The selected covariates have been previously associated with gait 
performance and used in a previous cross-sectional study examining 
the association between ApoE4 and physical function among MCI 
older adults with MCI (16).
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Statistical Analyses
Participants were assigned to either ApoE4 carriers (E4/E2, E4/
E3, and E4/E4) or non-ApoE4 carriers (E2/E2, E3/E2, and E3/E3). 
Descriptive statistics of the differences between ApoE4 carriers and 
non-ApoE4 carriers were analyzed using Chi-square tests and t-tests. 
Repeated measures analyses of covariance [ANCOVAs; time (i.e., 
baseline and follow-up) and ApoE4 genotype (i.e., ApoE4 carri-
ers and noncarriers) factors] adjusted for age, sex, education level, 
body mass index, number of comorbidities, and MoCA score (only 
for gait variables) were performed for the main endpoint, gait vari-
ability, assessed as stride time variability. Additional analyses were 
conducted for assessing associations between ApoE4 and gait veloc-
ity, stride time, stride length, stride length variability, and MMSE 
and MoCA. Statistical analyses were performed using IBM SPSS 
Statistics version 21.0 (SPSS Inc., Chicago, IL), with level of signifi-
cance set at p <.05.

Results

Fifty-six participants (mean age 73.8 ± 6.7 years, 42.9% women) 
were included in this analysis. No significant differences in baseline 
characteristics in ApoE4 carriers when compared with noncarriers 
were found (Table 1). Distribution of ApoE genotypes were E2/E2, 
1.8%; E3/E2, 8.9%; E3/E3, 53.6%; E4/E2, 1.8%; E4/E3, 28.6%; 
E4/E4, 5.4%.

Figure  1 shows baseline and follow-up gait variables changes 
among ApoE4 carriers and noncarriers. Repeated measures 
ANCOVAs adjusted for age, sex, education level, body mass index, 
number of comorbidities, and MoCA score showed a significant 
interaction between ApoE4 genotype and time factors for gait stride 
time variability (F1, 48 = 4.346, p = .042) and gait stride length vari-
ability (F1, 48 = 4.316, p =. 043) without any significant main effects. 
Subsequent post-hoc tests demonstrated that ApoE4 carriers showed 
greater increases in both gait stride time variability (p = .031) and 

gait stride length variability (p = .023) at 1-year follow-up compared 
with baseline; and significant difference in gait stride time variability 
between the two groups at follow-up (p = .034). There were no sig-
nificant main effects or interactions between the two factors for gait 
velocity, gait stride time, and gait stride length.

For cognitive functioning (Figure  2), repeated measures 
ANCOVAs adjusted for covariates showed significant main effects 
of time (F1, 49 = 5.701, p = .021) and ApoE4 genotype (F1, 49 = 4.424, 
p = .041) for MMSE score. A significant interaction also appeared 
between the two factors (F1, 49  =  4.384, p  =  .041). Subsequent 
post-hoc tests demonstrated that ApoE4 carriers showed greater 
decrease in MMSE score at 1 year follow-up compared with base-
line (p = .004) There was no significant interaction between the two 
factors for MoCA score.

Discussion

The present findings demonstrate that the presence of at least one 
copy of ApoE4 was a risk factor for impairment of gait control 
among MCI older adults. Gait stride time and stride length vari-
ability, valid markers of gait instability and previously associated 
with MCI (2,17,24), significantly increased in ApoE4 carriers but 
was maintained in the non-ApoE4 carriers. Moreover, ApoE4 carri-
ers showed greater decrease in MMSE score at follow-up compared 
with the baseline. These two parallel lines of findings are in agree-
ment with the concept that ApoE4 may mediate the decline in both 
gait and cognitive functions seen in MCI (16). To our knowledge, no 
previous studies have shown the longitudinal association of ApoE4 
carrier status with the development of higher gait variability in older 
adults with MCI.

Gait variability in stride time is thought to reflect the ability to 
generate consistent rhythmical step cycles by central control mech-
anisms, which are key to regulate gait and maintain a steady and 
stable walking pattern (24). Increased gait variability is associated 

Table 1. Baseline Characteristics Stratified by ApoE4 Carrier Status

Variables

All participants Non-ApoE4 carriers ApoE4 carriers

(n = 56) (n = 36) (n = 20) p value

Female, n (%) 24 (42.9) 16 (44.4) 8 (40.0) .747†

Age, mean (SD) 73.8 (6.7) 74.9 (7.2) 71.9 (5.1) .096‡

Number of years of education, mean (SD) 13.8 (2.7) 14.3 (2.6) 12.9 (2.7) .064‡

Body mass index, mean (SD) 26.6 (4.4) 26.7 (4.3) 26.4 (4.6) .788‡

Number of medications, mean (SD) 7.3 (4.1) 6.8 (3.6) 8.1 (5.0) .277‡

Number of comorbidities, mean (SD) 6.2 (2.6) 6.5 (2.4) 5.8 (3.0) .307‡

Hypertension, n (%) 32 (57.1) 21 (58.3) 11 (55.0) .809†

Diabetes mellitus, n (%) 8 (14.3) 6 (16.7) 2 (10.0) .495†

Osteoporosis, n (%) 6 (10.7) 4 (11.1) 2 (10.0) .898†

Fall within the past year, n (%) 18 (32.1) 13 (36.1) 5 (25.0) .394†

Fear of falling, n (%) 6 (10.7) 2 (5.6) 4 (20.0) .094†

MMSE, mean (SD) 28.2 (2.1) 28.4 (1.8) 27.9 (2.5) .372‡

MoCA, mean (SD) 25.1 (3.3) 25.2 (3.3) 25.0 (3.5) .796‡

Gait velocity, cm/s, mean (SD) 110.3 (22.3) 108.5 (23.2) 103.5 (20.8) .421‡

Gait stride time, ms, mean (SD) 1148.3 (103.2) 1151.3 (107.1) 1143.0 (98.3) .776‡

Gait stride time variability, (CoV)% 2.6 (1.6) 2.7 (1.8) 2.6 (1.31) .871‡

Gait stride length, cm, mean (SD) 126.2 (20.5) 124.8 (22.0) 128.7 (17.9) .498‡

Gait stride length variability, (CoV)% 3.1 (2.1) 3.2 (2.2) 3.0 (2.1) .735‡

Notes: CoV = coefficient of variation; MMSE = mini-mental state examination; MoCA = Montreal cognitive assessment; SD = standard deviation.
†Chi-square test.
‡t-test.
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with low executive function, poor performance in dual-task gait 
and with increased risk of falling (10,24). It has also been proposed 
that gait variability can be a marker of neurodegenerative processes 
(10,24–28) and specifically in MCI populations, increased gait vari-
ability has been associated with structural and neurochemistry brain 
changes (29,30).

Previous imaging studies in high-functioning community-dwell-
ing older adults demonstrated that greater gait variability is associ-
ated with white matter hyperintensities (WMH) severity (31). ApoE4 
is also shown to increase the risk of brain microvascular damage, 
resulting in WMH (9,32). Indeed, ApoE4 carriers with higher WMH 
volume are at higher risk of developing dementia (33). Thus, white 
matter lesions in ApoE4 carriers may be an underlying mechanism 
in the greater increase in gait stride time and stride length variability 
seen in our study.

Brain accumulation of beta amyloid is another possible mecha-
nism to explain the associations between ApoE4 carrier status and 
increase in gait variability in our study (34). Beta amyloid accumu-
lates not only in cognitive brain regions, but also in motor-related 
regions, including basal ganglia (35–37). Therefore, deposition of 
beta amyloid in the brain regions involved in gait control, such as 
basal ganglia, may explain why ApoE4 carriers may have increased 
gait variability.

In the present study, no relationship between ApoE4 and a lon-
gitudinal change in gait speed was found. This is partly inconsistent 
with previous findings in which carriers of ApoE4 among MCI older 
adults had lower gait speed than noncarriers (16). Although the 
reason for the difference between the present findings and previous 
findings can be related to lack of power of our sample size, studies 
examining the association of ApoE4 genotype and gait speed among 
nondementia older adults have also been inconsistent. A  previous 
larger study including 622 older adults failed to show a longitudinal 
association between ApoE4 genotype and gait speed (38). Similarly, 
no association between ApoE4 genotype and gait speed was found in 
a cross-sectional study including 1,010 participants (39). Conversely, 
two longitudinal studies showed that ApoE4 was associated with 
gait speed decline (13,40). Finally, one study reported only cross-
sectional association between the presence of ApoE4 and slower gait 
speed but not longitudinal association (41). Discrepancies in the pre-
vious findings could be explained by the number of ApoE4 alleles 
(e.g., E4/E3 or E4/E4), comorbidities, and level of executive function. 
Further studies are needed to examine the determinants of these dif-
ferent findings.

The ApoE4 has been involved in cognitive impairment seen 
with aging (42,43). This may be especially prominent in MCI older 
adults (8). Previous studies showed that ApoE4 is associated with 

Figure 1. Comparisons of gait variables at baseline and 1-year follow-up for ApoE4 carriers and non-ApoE4 carriers.
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AD pathology, such as decreased hippocampal volume and entorhi-
nal cortex thickness (44,45); likewise, MCI older adults who are 
ApoE4 carriers showed a higher risk of progression to AD (8,46). In 
line with these previous studies, we found that presence of ApoE4 
alleles was significantly associated with greater decreases in MMSE 
score. This implies the possibility that ApoE4 carriers among older 
adults with MCI may be at higher risk of both cognitive decline and 
increased gait variability and mobility decline. Overall, our find-
ings also raise the hypothesis that ApoE4 may modulate falls risk in 
MCI. In order to better address the role of ApoE4 in the increased 
risk of falls seen in MCI, further studies are needed. Interestingly, 
ApoE4 carriers did not show greater impairment of MoCA score. 
One possible explanation for this divergence can be related to the 
low sensitivity of MMSE for MCI which increases the likelihood 
of individuals with MCI to score within the normal range. Indeed, 
mean baseline MMSE score of our participants was 28.2. Therefore, 
among MCI older adults, MMSE scores might be sensitive to a sig-
nificant decrement during disease progression because baseline val-
ues were high.

Baseline gait and cognitive performances did not differ by ApoE4 
carrier status in our study, whereas a difference was observed at fol-
low-up. This is in line with previous cross-sectional studies using 
large samples which demonstrated that there were no significant 
associations between ApoE carrier status and physical (39) and cog-
nitive (16) functions. A possible explanation can be related to the 
fact that, at cohort inception, participants were recently diagnosed 
as MCI and thus, at this early stage, ApoE4 carriers might not yet 
manifest impeding cognitive and mobility decline. Additionally, there 
may be a possibility that the influence of ApoE4 on physical and 
cognitive function is modulated by the interaction between aging 
and other life style-related factor or comorbidities, such as a disorder 
of lipid metabolism (32).

Our study has limitations. First, our relatively small number of 
ApoE4 carriers could have affected the power to find significant 
additional associations with gait variables, such as gait velocity. 
Confirmation of our findings in a larger sample of subjects with 
MCI is needed. Second, 1 year of follow-up may not be long enough 
to detect larger influences of ApoE4 on gait performance. Finally, 
while our results were independent of important comorbidities, the 
role of metabolic abnormalities, including increased fasting plasma 
glucose and serum cholesterol was not explored (9,32). Despite 
these limitations, to the authors’ knowledge, this is the first report of 

longitudinal association between ApoE4 carrier status in MCI and 
gait performance decline.

Conclusion

Having at least one copy of the ApoE4 allele was associated with 
both future decline in gait performance, assessed as gait stride time 
variability and gait stride length variability, and global cognition 
among older adults with MCI. The findings of this study imply the 
possibility that ApoE4 may be a possible candidate risk factor for 
impairment of gait control in MCI. Our findings may also help to 
explain the increased risk of falling seen in MCI populations (10). 
Further studies are needed to confirm our results in other MCI 
cohorts.
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