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A B S T R A C T   

Background: Gait and balance impairments are among the most troublesome and heterogeneous in Parkinson’s 
disease (PD). This heterogeneity may, in part, reflect genetic variation. The apolipoprotein E (APOE) gene has 
three major allelic variants (ε2, ε3 and ε4). Previous work has demonstrated that older adult (OA) APOE ε4 
carriers demonstrate gait deficits. This study compared gait and balance measures between APOE ε4 carriers and 
non-carriers in both OA and PD. 
Methods: 334 people with PD (81 APOE ε4 carriers and 253 non-carriers) and 144 OA (41 carriers and 103 non- 
carriers) were recruited. Gait and balance were assessed using body-worn inertial sensors. Two-way analyses of 
covariance (ANCOVA) compared gait and balance characteristics between APOE ε4 carriers and non-carriers in 
people with PD and OA, controlling for age, gender, and testing site. 
Results: Gait and balance were worse in people with PD compared to OA. However, there were no differences 
between APOE ε4 carriers and non-carriers in either the OA or PD group. In addition, there were no significant 
group (OA/PD) by APOE ε4 status (carrier/non-carrier) interaction effects for any measures of gait or balance. 
Conclusions: Although we found expected impairments in gait and balance in PD compared to OA, gait and 
balance characteristics did not differ between APOE ε4 carriers and non-carriers in either group. While APOE 
status did not impact gait and balance in this cross-sectional study, future work is needed to determine whether 
progression of gait and balance deficits is faster in PD APOE Ɛ4 carriers.   
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1. Introduction 

Parkinson’s disease (PD) is a common neurodegenerative disorder 
for which gait and balance deficits are some of the most troublesome 
motor symptoms. Gait and balance impairments respond poorly to 
current treatment options and therefore novel treatment targets are 
needed [1]. Gait and balance deficits demonstrate heterogeneity across 
patients. Heterogeneity in gait and balance may be due, in part, to ge-
netic variation which could drive differences in pathophysiology and 
impact disease diagnosis and progression [2]. Further understanding of 
heterogeneity would provide a more accurate prediction of disease 
trajectory for individual patients and therefore provide a personalized 
medicine approach for rehabilitation. 

The apolipoprotein E (APOE) gene has three major allelic variants 
(ε2, ε3, and ε4) and the APOE ε4 allele is associated with a higher risk 
and earlier onset of Alzheimer’s disease (AD) [3]. Evidence suggests that 
carriers of the APOE ε4 allele have higher cerebral amyloid-β (Aβ), a 
biomarker for AD pathology [3]. In the PD population, APOE ε4 allele 
carriers have a greater risk of cognitive decline and dementia [4,5] with 
specific impairments of memory encoding and learning and verbal 
memory [6,7] although this has been disputed by other studies [8]. 
Pathologically, the APOE ε4 allele causes greater Aβ plaques and 
increased white matter burden with pathological features associated 
with gait impairment in people with PD [9,10]. Due to the recognized 
cortical control of gait and balance in PD (i.e., attention and executive 
function) [11], carriers of the APOE ε4 allele with PD may also have 
poorer gait and balance leading to increased risk of falls and freezing of 
gait. 

Older adult (OA) carriers of the APOE ε4 allele have demonstrated 
poorer gait compared to non-carriers, including gait characteristics of 
stride length and double support time [12–14]. However, no differences 
have been observed in balance measures between OA with and without 
the APOE ε4 allele [13]. Other studies of OA APOE ε4 allele carriers have 
demonstrated more rapid decline in gait speed and gait variability 
[15,16]. Although several studies have suggested motor symptoms are 
no worse in PD APOE ε4 allele carriers [4], objective and comprehensive 
gait and balance characteristics have not yet been assessed which are 
likely to be more sensitive to underlying pathophysiology. To date, it 
remains unknown as to whether PD APOE ε4 allele carriers may have 
more impaired gait and balance compared to OA APOE ε4 carriers. Due 
to concomitant pathology, PD APOE ε4 allele carriers may demonstrate a 
greater impact on gait and balance characteristics over and above OA. 

This study examined people with PD and OA to determine differences 
in balance and gait dysfunction in those APOE ε4 allele carriers 
compared to non-carriers. We hypothesized that those with the APOE ε4 
allele in OA and, to a greater extent in PD, would demonstrate poorer 
gait and balance. 

2. Methods 

2.1. Participants 

OA and PD Participants were recruited and enrolled as part of the 
Pacific Udall Center (PUC) Clinical Core between 2010 and 2020 [17]. 
Participants were recruited and assessments were completed at three 
sites: Oregon Health and Science University/Portland VA Medical Cen-
ter, Portland, OR; University of Washington/VA Puget Sound Health 
Care System, Seattle, WA; and Stanford University, Palo Alto, CA. Par-
ticipants were included in the study if they (i) had no history of addi-
tional neurological disorders and (ii) were able to stand unsupported for 
a minimum of 30 s. Additionally, people with PD were recruited if they 
met the criteria for diagnosis of idiopathic PD using the United Kingdom 
Parkinson’s Disease Society Brain Bank Criteria. PD participants were 
assessed ‘on’ dopaminergic medication. All subjects provided informed 
consent approved by the joint Institutional Review Boards at Oregon 
Health & Science University, the VA Portland Health Care System, 

University of Washington, VA Puget Sound Health Care System and 
Stanford University, (Stanford University, IRB- 37967). 

One goal of the PUC Clinical Core was to assess balance and gait 
measures in genetic subgroups of OA and PD; therefore, our cohorts 
were enriched for specific subgroups. The PD cohort was enriched in 
individuals who carried either a GBA variant (including E326K muta-
tion) or APOE ε4 allele. All eligible GBA variant or APOE ε4 carriers in 
the existing PUC Clinical Core were invited to participate in this study. 
Those with ε2ε4 were removed from analysis (n = 4), due to the known 
protective effect of Ɛ2 [18]. As GBA variants with PD are known to have 
worse motor symptoms [19,20], sub-analysis was completed to ensure 
this did not impact on results. In addition, the OA cohort was enriched 
for APOE ε4 carriers, and all eligible APOE ε4 carriers in the PUC cohort 
were invited to participate. 

2.2. Demographic and clinical characteristics 

Age, gender, and years of education were recorded for all partici-
pants. PD motor severity was assessed using the Movement Disorders 
Unified Parkinson’s Disease Rating Scale part III (MDS-UPDRS III) and 
the modified Hoehn and Yahr scale (H&Y). For PD medication, daily 
dopaminergic dose was calculated using the levodopa equivalent daily 
dose score (LEDD). The Montreal Cognitive Assessment (MoCA) assessed 
global cognition. Cognitive status was determined via diagnostic 
consensus conference which were held biweekly using data from a 
comprehensive neuropsychological battery, clinical assessment, and 
primary caretaker interviews. Participants were assigned one of the 
following cognitive diagnostic categories: no cognitive impairment 
(NCI), mild cognitive impairment (MCI), or dementia, as described 
previously [17]. All medications were recorded for participants, these 
can be found in supplementary Table 1. 

2.3. Genotyping 

Genomic DNA was obtained from peripheral blood or saliva samples 
using standard procedures. All participants were genotyped for the 
APOE single nucleotide polymorphisms rs429358 and rs7412, which 
define the ε2, ε3, and ε4 alleles, using TaqMan Assays [6]. By design, our 
cohort was enriched for GBA carriers. GBA status was determined by 
screening the entire GBA coding region in every participant using Sanger 
sequencing to capture all known pathogenic mutations (defined as those 
reported in patients with Gaucher disease [21], and the E326K poly-
morphism (rs2230288). Here, we use the term GBA “variant” to refer to 
all pathogenic mutations and E326K collectively. All sequencing was 
performed at a single laboratory at the PUC site in Seattle using methods 
previously described [22]. 

2.4. Gait and balance assessment 

Participants performed an instrumented gait and balance assessment 
wearing six inertial sensors (Opal Version 1, APDM Inc., Portland, OR.). 
Inertial sensors were secured with elastic Velcro straps bilaterally on the 
wrists and feet as well as at the sternum and fifth lumbar vertebrae. For 
measurement of gait characteristics, participants were asked to walk at 
their normal pace back and forth on a straight 7 m walkway in a quiet 
hallway for two minutes, turning 180 degrees at either end. To assess 
balance, participants were asked to stand quietly for 60 s, focusing on an 
image ahead. At the start of each gait and balance trial, a template was 
used to achieve consistent foot placement (10 cm between left and right 
heel and 30-degree outward rotation of the feet). 

2.5. Gait and balance measures 

Measures were selected to represent a comprehensive range of gait 
and balance domains [23]. For gait, selected characteristics represented 
domains of pace/turning (gait speed, m/s; stride length, m; foot strike 
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angle [angle of forefoot at heel strike], deg; turn velocity, deg/s), 
rhythm (stride time, s; double support, % of gait cycle) and variability 
(stride length variability, m; stride time variability, s; foot strike angle 
variability, deg) [24]. The gait analysis via MobilityLab uses sensors on 
the feet to calculate gait variables during straight walking, excluding 
gait initiation and steps before and after a turn. Turn velocity was 
calculated from the sensor on the lumbar spine. The Unscented Kalman 
Filter was used to fuse information from the accelerometers, gyroscopes, 
and magnetometers. Gait variables were averaged over the 2-minute 
walking bout, and all variability measures were measured as the stan-
dard deviation. 

Balance characteristics were measured as previously described [25] 
and represented domains of sway area/jerk (jerkiness of sway (jerk) AP 
and ML, sway dispersion (root mean square, RMS [m/s2]) AP and ML), 
sway velocity (sway velocity (velocity, [m/s2]) AP and ML), sway fre-
quency antero-posterior (AP) (the highest frequency of sway comprising 
95% of the power, derived from acceleration (95 frequency, [Hz]) AP 
and sway frequency medio-lateral (ML) the highest frequency of sway 
comprising 95% of the power, derived from acceleration (95 frequency, 
[Hz]) ML). 

2.6. Statistical analyses 

Statistical analyses were performed using SPSS V24. Inspection of 
boxplots and histograms were undertaken to assess data distribution. 
Several balance characteristics were non-normally distributed and were 
transformed using natural log to improve normality. First, to determine 
differences in demographic and clinical data between carriers of at least 
one APOE ε4 allele and non-carriers for both OA and PD groups, student 
t-test and chi-square tests were used. A p value of ≤0.05 was used to 
determine statistical significance. 

Two-way analyses of covariance (ANCOVAs) were performed to 
assess both the effect of group (OA/PD) and APOE ε4 carrier status 
(carrier/non-carrier), adjusting for age, gender, and testing site. Sepa-
rate models were used per variable. Significant interactions were then 
followed up with post hoc comparisons. We further sought to determine 
the role of cognitive status on group and carrier differences, due to the 
known impact of APOE ε4 on cognition in both OA and PD. To assess the 
role of cognitive status, an additional model was analyzed adjusting for 
cognitive status (NCI, MCI, dementia) in addition to age, gender, and 
testing site. For all models, a more stringent p value of ≤0.01 to account 
for multiple comparisons. 

A small number of data points were missing (supplementary 
Table 2). As our cohort was enriched for GBA carriers [20], we also 

Table 1 
Demographic and Clinical data for OA and PD who are carriers and non-carriers of the APOE ε4 allele. Bold text denotes significant difference.   

Control 
(All) 
(n = 144) 

PD (All) 
(n = 334) 

Control 
v’s PD 
p 

Control APOE ε4 
Non-Carriers (n =
103) 

Control APOE ε4 
Carriers (n = 41) 

Control Carriers 
v’s Non-carriers p 

PD APOE 
ε4Non- 
Carriers  
(n = 253) 

PD APOE 
ε4Carriers  
(n = 81) 

PD Carriers v’s 
Non-Carriers p 

Age (years) 71.7 
(8.0) 

68.0 
(8.1)  

<0.001 71.9 (8.4) 71.3 (7.2)  0.667 68.5 (7.8) 66.1 (8.7)  0.020 

Gender M/F 70/74 210/124  0.004 50/53 20/21  0.980 157/96 53/28  0.584 
Years of 

education 
17.0 
(2.5) 

16.5 
(2.4)  

0.049 16.9 (2.6) 17.1 (2.5)  0.820 16.6 (2.3) 16.3 (2.7)  0.305 

MoCA 26.1 
(2.6) 

25.6 
(3.6)  

0.167 26.0 (2.6) 26.2 (2.6)  0.824 25.6 (3.5) 25.8 (3.0)  0.611 

MDS-UPDRS 
III 

3.0 (3.4) 24.1 
(12.2)  

<0.001 3.4 (3.7) 2.0 (2.6)  0.037 23.8 (12.2) 25.2 (12.3)  0.374 

Hoehn & Yahr 
n (%)*          

0.538 

1 NA 15 
(4.5%)  

NA NA  12 (5%) 3 (4%)  

1.5 NA 25 
(7.5%)  

NA NA  21 (8%) 4 (5%)  

2 NA 213 
(63.8)  

NA NA  156 (62%) 57 (70%)  

2.5 NA 56 (16.8)  NA NA  45 (18%) 11 (14%)  
3 NA 20 

(6.0%)  
NA NA  16 (6%) 4 (5%)  

4 NA 4 (1.2%)  NA NA  2 (1%) 2 (2%)   

APOE Genotype 
ε2ε2    3 0  1 0  
ε2ε3    12 0  51 0  
ε3ε3    88 0  201 0  
ε3ε4    0 36  0 77  
ε4ε4    NA 5  0 4  
LEDD NA 648.2 

(474.3)  
NA NA  641.7 (470.7) 668.9 (488.0)  0.658 

Disease 
duration 

NA 7.6 (5.6)  NA NA  7.5 (5.6) 7.9 (5.7)  0.623 

Cognitive 
status n (%) 
*    

<0.001    0.041    0.459 

NCI 91 (64%) 146 
(44%)  

71 (69%) 20 (50%)  113 (45%) 33 (41%)  

MCI 51 (35%) 157 
(47%)  

32 (31%) 19 (48%)  119 (47%) 38 (47%)  

Dementia 1 (1%) 30 (9%)  0 (0%) 1 (2%)  20 (8%) 10 (12%)  

Abbreviations: MoCA (Montreal Cognitive Assessment), MDS-UPDRS III (Movement Disorders Society Unified Parkinson’s disease Rating Scale), LEDD (Levodopa 
Equivalent Daily Dose), NCI (no cognitive impairment), MCI (mild cognitive impairment). *cases of missing data, percentages calculated for total group number. 
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completed a sub-analysis removing those positive for GBA variants to 
determine if this impacted on our findings. 

3. Results 

3.1. Demographic and clinical characteristics 

Demographic and clinical characteristics for APOE ε4 carriers and 
non-carriers in OA and PD groups are shown in Table 1. In our cohort, 
the prevalence of APOE ε4 was 28.5% in OA and 24.2% in PD, details of 
the APOE allele genotypes are provided in Table 1. Within the OA 
cohort, a larger proportion of APOE ε4 carriers had MCI compared to 
non-carriers (48% versus 31%, respectively, p =.041). Within the PD 
group, APOE ε4 carriers were slightly younger than non-carriers (p 
=.020) but there were no differences for other demographic and clinical 
data, including disease severity, disease duration, LEDD, and cognitive 
status. PD participants, both APOE ε4 carriers and non-carriers, had mild 
to moderate motor severity, with approximately half of PD participants 
having MCI. 

3.2. Gait and balance differences between PD and control subjects 

Descriptive data for gait and balance characteristics for OA and PD 
are shown in Table 2. When comparing OA and PD (APOE ε4 carriers and 
non-carriers combined), all characteristics of gait except for stride time 
and double support time (both rhythm domain) were significantly worse 
in those with PD (the PD group had slower gait speed, shorter stride 
length, reduced foot strike angle, slower turn velocity, increased stride 
length SD, increased foot strike angle SD and increased stride time SD) 
when controlling for age, gender, and testing site (Fig. 1A). All balance 
characteristics except for AP Frequency 95% and ML Frequency 95% 
were significantly different between the OA and PD groups in that those 
with PD had increased sway area, increased jerkiness of sway (ML and 
AP), increased sway RMS (ML and AP) and increased sway velocity (ML 
and AP) (Fig. 1B). 

3.3. Gait and balance differences between APOE ε4 carriers and non- 
carriers 

Gait characteristics for APOE ε4 carriers and non-carriers in the OA 
and PD groups are shown in Table 3, with box and scatter plots for select 
gait characteristics shown in Fig. 1A. In both the OA and PD group, no 
gait differences were found between APOE ε4 carriers and non-carriers. 
In addition, no significant interactions were found between group (OA/ 
PD) and APOE ε4 carrier status (carrier/non-carrier) for any of the gait 
characteristics. When including cognitive status in the model, there 
were no significant differences for gait characteristics between groups 
and no significant interaction effect (Table 3). When GBA variants (n =
40) were removed from analysis, there was still no difference in gait 
characteristics between PD APOE ε4 carriers and non-carriers (see sup-
plementary Table 3). 

Balance characteristics for APOE ε4 carriers and non-carriers in the 
OA and PD groups are shown in Table 3, with box and scatter plots for 
balance characteristics shown in Fig. 1B. No balance differences were 
found between carriers and non-carriers in either the OA or PD groups. 
There were no significant group by APOE ε4 carrier status interactions 
for any balance characteristics. When including cognitive status in the 
model, there were no significant differences for balance characteristics 
between groups and no significant interaction effect (Table 3). When 
GBA variants (n = 40) were removed from analysis, there was still no 
difference in balance characteristics between PD APOE ε4 carriers and 
non-carriers (see supplementary Table 3). 

4. Discussion 

This study is the largest to date to assess differences in 

comprehensive gait and balance characteristics in between carriers and 
non-carriers of the APOE ε4 allele in OA and people with PD. Contrary to 
our hypothesis, we identified no differences in gait or balance measures 
in either OA or people with PD when comparing carriers versus non- 
carriers of the APOE ε4 allele. 

The APOE ε4 allele is a major genetic risk factor for MCI and AD [3]. 
It is also thought that APOE ε4 carriers with PD are more susceptible to 
cognitive decline and dementia over time [26,27], although these 
findings are not consistent across the literature [8]. Previous findings 
from our group in a larger cohort of PD found the APOE ε4 allele was 
associated with cognitive impairment across several cognitive domains 
[6]. Due to the recognized cognitive control of gait and balance [11], we 
hypothesized that APOE ε4 allele carriers would also have more 
impaired gait and balance than non-carriers. However, our results 
indicated that this was not the case. 

Consistent with our findings, other cross-sectional work assessing 
gait under single task conditions in OA with no cognitive impairment 
also detected no differences between carriers versus non-carriers [15]. 
However, one study in older adults assessing gait under dual-task con-
ditions identified poorer gait in APOE ε4 carriers [12], suggesting that 

Table 2 
Gait and Balance differences between all control and PD participants (APOE Ɛ4 
carriers and non-carriers grouped together). Bold text denotes significant 
difference.    

Control (All, 
n = 144)  

PD 
(All, n =
334)  

Adjusted 
Difference 
p  

Mean (SD)  Mean (SD)  

Gait 
Gait Speed (m/s)  1.05 (0.15)  0.98 

(0.19)   
<0.001 

Stride Length (m)  1.16 (0.14)  1.10 
(0.18)   

<0.001 

Foot Strike Angle 
(deg)  

23.28 (4.95)  19.07 
(6.15)   

<0.001 

Turn Velocity 
(deg/s)  

178.55 
(35.26)  

152.32 
(34.71)   

<0.001 

Stride Time (s)  1.12 (0.10)  1.14 
(0.12)   

0.424 

Stride Length SD 
(m)  

0.048 (0.023)  0.056 
(0.024)   

0.004 

Foot Strike Angle 
SD (deg)  

2.193 (0.714)  2.537 
(0.909)   

<0.001 

Stride Time SD (s)  0.029 (0.012)  0.040 
(0.022)   

0.001 

Double Support 
Time (% GCT)  

21.82 (3.52)  21.97 
(3.89)   

0.383  

Balance 
Sway Area† 0.004 (0.004)  0.014 

(0.056)   
<0.001 

AP Jerk† 0.003 (0.004)  0.110 
(0.084)   

<0.001 

ML Jerk† 0.001 (0.002)  0.007 
(0.046)   

<0.001 

AP RMS† (m/s2)  0.078 (0.037)  0.101 
(0.075)   

<0.001 

ML RMS† (m/s2)  0.027 (0.017)  0.043 
(0.042)   

<0.001 

AP Velocity † (m/ 
s2)  

0.261 (0.232)  0.359 
(0.320)   

<0.001 

ML Velocity† (m/ 
s2)  

0.108 (0.096)  0.153 
(0.145)   

<0.001 

AP Frequency 95% 
(Hz)  

1.628 (0.405)  1.595 
(0.421)   

0.785 

ML Frequency 95% 
(Hz)  

2.310 (0.517)  2.311 
(0.534)   

0.816 

Adjusted for age, gender, and testing site. 
† Variables natural log transformed for statistical analysis. 
SD = standard deviation, GCT = gait cycle time, AP = anterior-posterior, ML =
medio-lateral, RMS = Root Mean Square. 
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assessment of gait under cognitively challenging conditions may provide 
a more sensitive measure of effects of APOE ε4. In comparison to gait, 
work assessing balance associations with APOE ε4 is very limited. One 

previous study assessed objective balance measures in OA, but no dif-
ferences were observed between carriers and non-carriers [13]. There-
fore, our cross-sectional findings of single-task gait and balance mirror 

Fig. 1. Figure 1A (Top Panel) Gait characteristics in older adult (OA) and Parkinson’s disease (PD) APOE ε4 carriers (ε4+) and APOE ε4 non-carriers (ε4-). A and B) 
stride length, C and D) turn velocity, E and F) stride time, and G and H) stride time variability. * denotes significance. 
Figure 1B (Bottom Panel) Balance characteristics in older adult (OA) and Parkinson’s disease (PD) APOE ε4 carriers (ε4+) and APOE ε4 non-carriers (ε4-). A and B) 
sway jerk AP C and D) sway jerk ML, E and F) sway velocity AP, and G and H) sway frequency AP. * denotes significance. 
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findings of those in OA and may demonstrate that APOE ε4 status is 
distinct from mobility deficits associated with both ageing and PD. Work 
needs to be done to assess gait under dual-task conditions to decipher 
whether assessing gait under more challenging conditions helps to 
differentiate between carriers and non-carriers of APOE ε4 in either OA 
or PD populations. 

Assessment of comprehensive gait and balance deficits in PD APOE 
ε4 carriers as disease progresses is also a future area of interest, as gait 
speed in healthy OA was found to decline more rapidly in APOE ε4 
carriers compared to non-carriers [15]. Although there is no work to 
date examining longitudinal changes in objective measures of gait and 
balance associated with APOE ε4, recent publications have used clinical 

Fig. 1. (continued). 

R. Morris et al.                                                                                                                                                                                                                                  



ClinicalParkinsonism
&

RelatedDisorders9(2023)100201

7

Table 3 
Gait and balance characteristics for older adults and Parkinson’s disease who are carriers and non-carriers of the APOE ε4 allele.   

OA APOE ε4 
Non-Carrier 
(N = 103) 

OA APOE 
ε4 Carrier 
(N = 41) 

OA 
Group†

OA APOE ε4 
Adjusted 
Cognitionψ  

PD APOE ε4 
Non-Carrier 
(N = 253)  

PD APOE 
ε4 Carrier 
(N = 81) 

PD 
Group†

PD APOE ε4 
Adjusted 
Cognitionψ  

Group*APOE 
ε4†

Group*APOE 
Adjusted 
Cognitionψ  

Mean (SD) Mean (SD) F p F p Mean (SD) Mean 
(SD) 

F p F p F p F p 

Gait 
Gait Speed 

(m/s) 
1.04 (0.15) 1.06 (0.16) 0.116 0.734 0.290 0.591 0.97 (0.20) 0.99 

(0.17) 
0.035 0.853 0.332 0.565 0.024 0.877 0.178 0.673 

Stride Length 
(m) 

1.16 (0.14) 1.19 (0.13) 1.62 0.205 1.93 0.168 1.09 (0.18) 1.12 
(0.17) 

0.388 0.534 1.32 0.252 0.204 0.651 0.529 0.467 

Foot Strike 
Angle (deg) 

22.94 
(5.27) 

24.12 
(3.98) 

1.46 0.229 1.65 0.201 18.87 
(6.16) 

19.68 
(6.14) 

0.248 0.619 0.837 0.361 0.322 0.571 0.619 0.432 

Turn Velocity 
(deg/s) 

175.87 
(34.23) 

185.30 
(37.29) 

1.99 0.160 2.00 0.160 152.13 
(35.39) 

152.92 
(32.70) 

0.040 0.842 0.000 0.988 1.61 0.205 2.00 0.158 

Stride Time 
(s) 

1.12 (0.09) 1.14 (0.11) 1.36 0.245 1.08 0.300 1.14 (0.12) 1.15 
(0.11) 

0.167 0.683 0.198 0.657 0.352 0.553 0.262 0.609 

Stride Length 
SD (m) 

0.048 
(0.020) 

0.048 
(0.028) 

0.001 0.975 0.028 0.866 0.058 
(0.025) 

0.053 
(0.022) 

1.99 0.159 2.22 0.138 0.582 0.446 0.436 0.509 

Foot Strike 
Angle SD 
(deg) 

2.177 
(0.704) 

2.232 
(0.745) 

0.455 0.501 0.160 0.689 2.568 
(0.890) 

2.440 
(0.964) 

1.26 0.262 1.49 0.224 0.880 0.349 0.553 0.457 

Stride Time 
SD (s) 

0.029 
(0.012) 

0.030 
(0.011) 

0.158 0.692 0.054 0.817 0.038 
(0.021) 

0.035 
(0.0255) 

1.15 0.284 1.81 0.180 0.660 0.417 0.392 0.532 

Double 
Support 
Time (% 
GCT) 

21.92 
(3.59) 

21.58 
(3.34) 

0.141 0.708 0.418 0.519 22.01 
(4.01) 

21.87 
(3.51) 

0.004 0.952 0.050 0.823 0.259 0.611 0.273 0.601 

Sway Area†

(m2/s5) 
0.004 
(0.004) 

0.004 
(0.004) 

1.43 0.234 1.15 0.286 0.013 
(0.037) 

0.016 
(0.092) 

0.844 0.359 1.15 0.285 1.43 0.232 1.18 0.279 

AP Jerk† (m2/ 
s5) 

0.003 
(0.003) 

0.004 
(0.005) 

1.23 0.270 1.67 0.199 0.007 
(0.020) 

0.022 
(0.167) 

0.440 0.507 0.627 0.429 0.956 0.329 0.909 0.341 

ML Jerk† (m2/ 
s5) 

0.001 
(0.002) 

0.001 
(0.001) 

0.490 0.485 0.643 0.424 0.007 
(0.049) 

0.006 
(0.037) 

0.330 0.566 0.635 0.426 0.398 0.528 0.313 0.576 

AP RMS† (m/ 
s2) 

0.076 
(0.037) 

0.083 
(0.037) 

2.11 0.148 0.991 0.321 0.103 
(0.070) 

0.094 
(0.091) 

1.65 0.200 1.62 0.204 2.99 0.084 2.36 0.125 

ML RMS† (m/ 
s2) 

0.027 
(0.018) 

0.027 
(0.015) 

0.368 0.545 0.227 0.635 0.044 
(0.041) 

0.040 
(0.044) 

0.226 0.635 0.430 0.513 0.408 0.523 0.260 0.611 

AP Velocity †

(m/s2) 
0.243 
(0.230) 

0.304 
(0.233) 

3.89 0.050 1.58 0.212 0.375 
(0.327) 

0.308 
(0.390) 

2.01 0.157 1.81 0.180 5.38 0.021 4.33 0.038 

ML Velocity†

(m/s2) 
0.109 
(0.102) 

0.104 
(0.083) 

0.021 0.885 0.002 0.963 0.157 
(0.151) 

0.142 
(0.123) 

0.002 0.966 0.019 0.890 0.019 0.890 0.001 0.976 

AP Frequency 
95% (Hz) 

1.584 
(0.385) 

1.740 
(0.437) 

4.82 0.030 6.09 0.015 1.595 
(0.438) 

1.597 
(0.366) 

0.182 0.670 0.075 0.784 2.24 0.135 2.37 0.125 

ML Frequency 
95% (Hz) 

2.316 
(0.518) 

2.296 
(0.520) 

0.50 0.823 0.058 0.810 2.313 
(0.542) 

2.304 
(0.509) 

0.050 0.823 0.161 0.688 0.011 0.915 0.030 0.863 

TAdjusted for age, gender, and testing site. 
ψ Adjusted for age, gender, testing site, and cognitive status. 
† Variables natural log transformed for analysis. 
SD = standard deviation, GCT = gait cycle time, AP = anterior-posterior, ML = medio-lateral, RMS = Root Mean Square. 
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motor assessments (MDS-UPDRS and H&Y) to determine motor pro-
gression of APOE ε4 carriers in PD. Motor symptom trajectories did not 
differ for APOE ε4 carriers compared to non-carriers in two studies 
[4,28], but one study identified that progression was quicker in carriers, 
but only in participants with high Aβ burden [29]. Interestingly, studies 
that did not identify a faster trajectory of motor progression did deter-
mine that cognitive function deteriorated at a quicker rate [4,28]. Given 
the association between motor function and cognition that is now well 
described in PD [11], with gait function predicting cognitive decline 
[30], it is of interest that motor and cognitive signs may not progress in 
parallel. These findings may indicate differing underlying pathology in 
APOE ε4 carriers, in which cognitive domains known to contribute less 
to the control of gait and balance, such as memory, are impacted in 
APOE ε4 carriers [30]. 

APOE ε4 is strongly associated with Aβ deposition [3], with higher 
Aβ deposition seen in APOE ε4 carriers compared to non-carriers [31]. In 
a cohort of newly diagnosed PD, low CSF levels of Aβ42 and Aβ40 pre-
dicted gait decline over three years suggesting a role for amyloid pa-
thology in gait deficits [9]. This determines a role for Aβ pathology for 
gait in PD that is perhaps distinct from other pathology, such as α-syn-
uclein. Furthermore, Aβ burden mediates the relationship between 
APOE ε4 and freezing of gait (FOG), an episodic gait impairment [31,32] 
known to have higher incidence in PD APOE ε4 carriers [31]. Future 
work should examine comprehensive characteristics of gait and balance 
longitudinally and associated with levels of Aβ burden to improve un-
derstanding of amyloid pathology underpinning gait and balance 
impairment. Furthermore, future work should study white matter 
hyperintensities in carriers and non-carriers to further inform the 
mechanisms proposed. 

4.1. Clinical implications 

A precision medicine approach to target heterogeneity in the pro-
gression of balance and gait impairment and the risk of falls is critical to 
improving rehabilitation. Unlike GBA- and LRRK2-related PD, those 
with the APOE ε4 allele demonstrate the same gait and balance perfor-
mance compared to those who are non-carriers. Therefore, knowledge of 
genetic status may impact how we rehabilitate our patients. However, 
progression of gait and balance impairment in APOE ε4 carriers may be 
faster than noncarriers so longitudinal studies are needed to inform 
prognosis. 

4.2. Strengths and limitations 

This study provided a large cohort of APOE ε4 carriers, both in OA 
and PD groups, with comprehensive measurements of gait and balance. 
However, there are several limitations that need to be addressed. First, 
we must acknowledge that there were a relatively smaller number of 
APOE ε4 carriers compared to non-carriers in the OA group, although 
our samples represented larger numbers than normal incidence within 
the population. Second, we had a disproportionately large number of PD 
patients with GBA variants within our study due to the enrichment na-
ture of study recruitment. Nevertheless, analysis was performed with 
removing this subgroup and had no impact on our findings. Third, this 
study assessed gait and balance in the ’on’ medication state. Medication 
has been shown to improve many measures of gait, while the effects of 
balance are mixed. It is unclear if medication would differentially 
impact PD APOE Ɛ4 carriers and versus non-carriers, though it might be 
expected that carriers would have lesser improvements in gait due to 
involvement of non-DA pathways. Future work is needed to determine 
whether dopaminergic medication differentially impacts people with PD 
based on APOE Ɛ4 status. Finally, the current study is limited to cross- 
sectional assessment and therefore the progression of impairment is 
not currently understood and should be examined in future work. 

4.3. Conclusions 

This study is the first, to our knowledge, to assess differences in 
balance and gait in both OA and people with PD who are carriers and 
non-carriers of the APOE ε4 allele. In this study, we identified no dif-
ferences in gait or balance measures in either OA or PD who carried the 
APOE ε4 allele compared to those who were non-carriers. Future work is 
needed to assess progression of gait and balance deficits in PD APOE ε4 
carriers to determine whether the trajectory of impairment is compa-
rable to non-carriers. 
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