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Relationship of regional brain b-amyloid
to gait speed

ABSTRACT

Objective: To investigate in vivo the relationship of regional brain b-amyloid (Ab) to gait speed in a
group of elderly individuals at high risk for dementia.

Methods: Cross-sectional associations between brain Ab as measured with [18F]florbetapir PET
and gait speed were examined in 128 elderly participants. Subjects ranged from healthy to mildly
cognitively impaired enrolled in the control arm of the multidomain intervention in the Multidomain
Alzheimer Preventive Trial (MAPT). Nearly all participants presented spontaneous memory com-
plaints. Regional [18F]florbetapir (AV45) standardized uptake volume ratios were obtained via
semiautomated quantitative analysis using the cerebellum as reference region. Gait speed was
measured by timing participants while they walked 4 meters. Associations were explored with
linear regression, correcting for age, sex, education, body mass index (BMI), and APOE genotype.

Results: We found a significant association between Ab in the posterior and anterior putamen,
occipital cortex, precuneus, and anterior cingulate and slow gait speed (all corrected p, 0.05). A
multivariate model emphasized the locations of the posterior putamen and the precuneus. Ab
burden explained up to 9% of the variance in gait speed, and significantly improved regression
models already containing demographic variables, BMI, and APOE status.

Conclusions: The present PET study confirms, in vivo, previous postmortem evidence showing an
association between Alzheimer disease (AD) pathology and gait speed, and provides additional
evidence on potential regional effects of brain Ab on motor function. More research is needed
to elucidate the neural mechanisms underlying these regional associations, which may involve
motor and sensorimotor circuits hitherto largely neglected in the pathophysiology of AD.
Neurology® 2016;86:36–43

GLOSSARY
Ab 5 b-amyloid; AD 5 Alzheimer disease; BMI 5 body mass index; CDR 5 Clinical Dementia Rating scale; CI 5 confidence
interval; MAPT 5 Multidomain Alzheimer Preventive Trial; MCI 5 mild cognitive impairment; SUVR 5 standard uptake value
ratio.

According to recent research, postmortem indices of Alzheimer disease (AD) pathology in older
adults are associated with decline in gait speed prior to death, suggesting that AD pathology may
account for a substantial proportion of not only cognitive but also motor decline.1 These
findings are in line with prior reports of declining gait speed in patients with mild cognitive
impairment (MCI)2 and in healthy adults converting to MCI years later.3 The mechanisms by
which AD pathology may lead to motor dysfunction remain unknown.

The striatum plays a pivotal role in neurodegenerative disorders characterized by motor
symptoms. Although this brain region is not conventionally associated with AD, striatal b-amy-
loid (Ab) plaques have been observed in patients with AD4 and in people without dementia.5

The striatum is also one of the earliest brain sites showing Ab deposition in presymptomatic
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familial AD,6 which is more commonly associ-
ated with extrapyramidal symptoms than spo-
radic AD. Composed anatomically of caudate
nucleus and putamen, the striatum can be par-
tialled further into subregions modulating func-
tionally distinct neural circuits according to their
cortical input.7,8 The dorsal posterior putamen
receives its primary input from the motor and
sensorimotor cortices and is hence particularly
important in the modulation of motor circuits.

Our objective was to examine the associa-
tion between regional Ab measured in vivo
and gait speed in a group of elderly individuals
with high risk for dementia. We hypothesized
that the disruption of motor circuits through
focal Ab toxicity, preferentially in the post-
commissural putamen, constitutes a potential
mechanism by which AD pathology leads to
motor dysfunction.

METHODS The Multidomain Alzheimer Preventive
Trial: Standard protocol approvals, registrations, and
patient consents. Data were obtained from an ancillary [18F]flor-

betapir PET study carried out in the context of the larger phase

III, multicenter, randomized, placebo-controlled Multidomain

Alzheimer Preventive Trial. The objective of the trial was to

assess the efficacy of omega-3 fatty acid supplementation in

combination with a multidomain intervention (consisting of

nutritional counseling, physical exercise, and cognitive

stimulation) in slowing cognitive decline in older adults

at risk of cognitive decline.9 The protocol is registered on a

public-access clinical trial database (www.clinicaltrials.gov)

(NCT00672685). Both MAPT and the PET substudy were

approved by the ethical committee in Toulouse (CPP SOOM

II). Written consent was obtained from all participants.

Participants. A total of 271 participants participated in the

MAPT-florbetapir PET study. At inclusion, participants were

aged 70 years or older and presented any one of spontaneous

memory complaint, limitation in one instrumental activity of

daily living, or gait speed #0.8 m/s. Participants with

dementia, severe depression, or limitations in basic activities of

daily living were excluded. To rule out potential effects of the

multidomain intervention on walking speed or amyloid levels,

analyses were carried out only on individuals from the

multidomain control group (n 5 130). Two further participants

were excluded due to having developed dementia at the time of the

visit closest to the PET scan, leaving a total of 128 participants in

the current analyses (see flowchart in figure 1).

Cognitive, functional, and physical assessments. MAPT

visits were carried out at baseline, at 6 months, and at 1, 2, and

3 years by independent research staff blinded to the participants’

treatment as described in detail elsewhere.9 Cognitive and func-

tional assessments included the Mini-Mental State Examination,

the Clinical Dementia Rating scale (CDR), the Alzheimer’s Disease

Cooperative Study–Activities of Daily Living Inventory, and the

Geriatric Depression Scale. Anthropometric measurements were

performed by a trained technician using standardized techniques.

Weight and height were measured by a beam balance scale and a

wall-mounted stadiometer, respectively. Body mass index (BMI)

was calculated as weight/height2 (kg/m2). Gait speed was

measured by timing participants while they walked 4 meters

at their usual walking pace.10 The procedure was carried out

twice, and the faster of the 2 walking trials was used to calculate

gait speed in meters/second. APOE status (e4 carrier/

noncarrier) was determined from blood samples and was

available for 113 participants.

[18F]Florbetapir PET scanning. [18F]Florbetapir scans were
acquired on 5 different hybrid PET-CT scanners, including

one PET CT 690 (GE Healthcare; Cleveland, OH), one

Discovery RX VCT (General Electric; Fairfield, CT), 2 True

Point HiRez (Siemens Medical Solutions; Malvern, PA), and

one Biograph 4 Emission Duo LSO (Siemens Medical

Solutions). PET sinograms were reconstructed with an iterative

algorithm, with corrections for randomness, scatter, photon

attenuation, and decay, which produced images with an

isotropic voxel of 2 3 2 3 2 mm3 and a spatial resolution of

approximately 5-mm full width at half maximum at the field of

view center. The acquisition data were processed using the

standard package delivered with each acquisition system. All

cerebral emission scans began 50 minutes after a mean

injection of 4 MBq/kg weight of [18F]florbetapir. For each

participant, 10- or 15-minute frames were acquired to facilitate

movement-free image acquisition.

[18F]Florbetapir PET analysis. Regional standard uptake

value ratios (SUVRs) were obtained via semiautomated quantita-

tive analysis using the cerebellum as reference region. [18F]Flor-

betapir images were coregistered with statistical parametric

mapping to a [18F]florbetapir template provided by Avid

Figure 1 Flowchart describing the participants/excluded in the current study

MAPT 5 Multidomain Alzheimer Preventive Trial.
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Radiopharmaceuticals (Philadelphia, PA).11 The following re-

gions of interest were defined using the Avid and Montreal Neu-

rological Institute templates: temporal cortex, parietal cortex,

medial orbitofrontal cortex, occipital cortex, precuneus, anterior

and posterior cingulate, anterior and posterior putamen, caudate,

semioval center, and pons. The pons region was included as a

negative control. A quality control procedure was carried out

using a semi-quantification-based method also facilitated by

Avid. The positivity threshold for amyloid PET was set at

mean cortical SUVR $1.17 as described elsewhere.12

Statistical analyses. The association between Ab levels and gait

speed was examined with linear regression using [18F]florbetapir

SUVR as predictor variable (appendix e-1 on theNeurology®Web

site at Neurology.org). First, each regional [18F]florbetapir SUVR

was examined separately. Then, regional effects were explored by

entering all regional [18F]florbetapir SUVRs as predictor variables

in a multivariate regression model. Models were corrected for age,

sex, education, BMI, APOE genotype (presence of at least one e4
allele), days since baseline at PET visit, and days between PET

scan and closest gait speed assessment (appendix e-2). Interaction

terms were explored in all models to determine whether

associations between amyloid burden and gait speed varied as a

function of any of the above covariates or disease severity as

measured with the CDR score.

Next, we quantified the proportion of variance in gait speed

explained specifically by regional amyloid levels. For this purpose,

we ran the following regression models for each regional SUVR

and examined the change in R2 from one model to the other:

Model 1 included age, sex, education, BMI, APOE, days since
baseline at PET visit, and days between PET scan and closest gait

speed assessment as predictor variables. Model 2 included, in

addition to the aforementioned covariates, regional florbetapir

SUVR. As we examined 13 regions of interest, there were 13

versions of model 2. A priori levels of significance were set at

0.05. For the examination of regional effects, p values were cor-

rected using the Bonferroni method (by applying a p value of

0.05/13 to account for repeated comparisons across regions).

Complete case analyses were carried out. Since APOE genotype

was available for 113 participants (15 cases with missing data),

analyses corrected for APOE genotype were carried out in 113

participants. Statistical analyses were performed using IBM (Ar-

monk, NY) SPSS Statistics 22.

RESULTS From the 128 participants included in the
current analyses (60.2% female), 99% presented
spontaneous memory complaints. A total of 53.9%
and 46.1% of volunteers had a CDR of 0 and 0.5,
respectively. Their demographic and clinical charac-
teristics are shown in table 1. Mean gait speed was
1.06 (0.25) m/s. Overall, 48.4% were considered
amyloid-positive. Time elapsed between baseline
and the PET scan date ranged between 58 and 978
days, with most participants being scanned after the
first year of being enrolled in the study (median 445
days). The clinical data reported are those acquired at
the study visit closest to each individual’s PET visit,
between 3 and 77.8 days apart (median 71 days).

Figure 2 shows the average [18F]florbetapir SUVR
in each region of interest (right column) and the
corresponding regression coefficients (B) on gait
speed (left). Results are corrected for age, sex, educa-
tion, BMI, days between PET and baseline, and days
between PET and closest clinical assessment. The 3
regions at the top of the graph correspond to the 3
subdivisions of the striatum: posterior putamen, ante-
rior putamen, and caudate, with the posterior puta-
men showing the strongest association with gait
speed. Regression coefficients were consistently neg-
ative across regions and showed overlapping 95%
confidence intervals (CI). After correction for multi-
ple comparisons, the association was significant for
the posterior and anterior putamen, the occipital cor-
tex, precuneus, and anterior cingulate (all corrected
p , 0.05). The multivariate analysis including all
regional SUVRs and covariates in the same model
was consistent with a preferential association between
gait and Ab in the posterior putamen and the
precuneus (B 5 21.55, p 5 0.006, 95%
CI 22.64, 20.47; and B 5 20.69, p 5 0.02,
95% CI 21.28, 20.11, respectively).

Table 1 Participant characteristics

Characteristics Values (total n 5 128)

Age, y 76.1 (4.55)

Female 60.2

Educationa 3.48 (1.33)

Participants meeting inclusion criteriab

Spontaneous memory complaint 99.2

Limitation on one instrumental activity of daily living 6.3

Slow gait speed (£0.8 m/s) 11.7

MMSE 28.12 (1.71)

CDR

0 53.9

0.5 46.1

ADCS-ADLI 38.9 (5.31)

GDS 3.07 (2.8)

APOE e4c 28.3

BMI 26.33 (3.74)

4-meter gait speed, m/s 1.06 (0.25)

Mean florbetapir SUVR 1.22 (0.19)

Amyloid-positive, % SUVR ‡1.17 48.4

Days enrolled in study at PET visit 445 (265–728)

Days between PET and gait assessment 71 (48–104)

Abbreviations: ADCS-ADLI 5 Alzheimer’s Disease Cooperative Study–Activities of Daily
Living Inventory; BMI 5 body mass index; CDR 5 Clinical Dementia Rating; GDS 5 Geriatric
Depression Scale; MMSE 5 Mini-Mental State Examination; SUVR 5 standard uptake vol-
ume ratio.
Data are expressed as mean (SD), %, or median (interquartile range).
a Years of education ranged from 1 to 5 (1 5 no diploma [5.6%], 2 5 primary school cer-
tificate [23%], 3 5 secondary education without high school diploma [24.6%], 4 5 high
school diploma [11.1%], 5 5 higher education [35.7%]).
b These are not mutually exclusive groups; see appendix e-3 for a more detailed breakdown
of participants. One data point was missing for the gait speed criterion.
c APOE status available for n 5 113.
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The association between amyloid burden and gait
speed did not vary as a function of age, sex, education,
APOE genotype, or disease severity (CDR) (all inter-
action terms were p . 0.05). Potential confounding
effects of interval events were ruled out (appendix e-4).

Table 2 shows the proportion of variance in gait
speed explained by regional amyloid and APOE gen-
otype. Amyloid pathology accounted for between 1%
and 9% of the variance observed in gait speed, de-
pending on the brain region examined. The contri-
bution of explained variance was significant for most
of the regions.

DISCUSSION The major findings of this study were
a significant association between gait speed and brain
Ab (measured with amyloid PET) in the posterior
and anterior putamen, the occipital cortex, precu-
neus, and anterior cingulate, independent of age,
APOE genotype, and disease stage. Ab burden ex-
plained up to 9% of the variance in gait speed, and
significantly improved regression models already con-
taining demographic variables, BMI, and APOE. Our
findings are consistent with previous neuropathologic
evidence showing a relationship between postmortem
AD pathology and rate of decline in gait speed prior

to death.1 The brain region showing the strongest
association (i.e., greatest regression coefficient) with
gait speed was the dorsal posterior putamen. This
region was also emphasized by the multivariate
analysis with all regions of interest included. These
findings partially support our a priori hypothesis con-
cerning the disruption of motor corticostriatal circuits
through focal Ab toxicity. However, more research is
needed, ideally using whole brain analyses, to confirm
and help interpret regional effects of brain Ab in rela-
tion to gait speed.

The observed relationship between Ab and gait
speed has several potential interpretations. First, it is
possible that Ab accumulation and slow gait speed
co-occur as the result of a common lifestyle factor
such as diet through childhood or adulthood, physical
activity, or smoking, or a common underlying meta-
bolic or cardiovascular factor, for example, diabetes or
hypertension.13 Exposure to the latter cluster of risk
factors, particularly during midlife, has been shown to
be predictive of dementia risk14 and poor motor per-
formance15 later in life, although causality has not
been established. Prevention trials addressing these
factors with methodologic rigor are needed to dissect
the relative contribution of these risk factors to the

Figure 2 Regression coefficients (B) of regional amyloid levels on gait speed

Error bars represent 95% confidence intervals (CI). Results are corrected for age, sex, education, body mass index, APOE
status, time of enrollment in study at PET visit, and time between PET visit and closest gait speed assessment. Striatal
regions are indicatedwith darker markers. The right column providesmeans and SDs of regional florbetapir standard uptake
value ratios (SUVRs). Associations that remained significant after multiple comparisons are indicated with an asterisk (all
corrected p , 0.05).
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independent vs joint development of AD dementia
and late-life motor dysfunction.

Second, slow gait speed may constitute a risk fac-
tor for AD. Gait speed is a marker of the frailty phe-
notype, which is thought to result from an age-related
reduction in physiologic reserve.16 Studies have
consistently shown that gait speed predicts major
health-related events, including future disability, hos-
pitalization, and death,17 but also dementia.18 Slow
gait speed possibly reflects a state characterized by
multisystemic changes that may turn the brain more
vulnerable to the accumulation of AD pathology and
subsequent damage. While this hypothesis has not
been tested, there is strong evidence that, conversely,
high levels of physical activity and cardiovascular fit-
ness, 2 parameters underlying gait speed, have pro-
tective effects against brain aging.19 In the current
study, all participants except for 2 scored within nor-
mal ranges of gait speed according to Fried et al.16

This suggests that the aforementioned changes may
already be detectable during the pre-frail stages.

A third potential explanation is that Ab pathology
in the brain causes slowing of gait speed, by a direct
neurotoxic effect, by accelerating tau deposition, or
by other mechanisms. According to the prevailing
amyloid cascade hypothesis, Ab leads to the forma-
tion of tau tangles, which are the primary cause
responsible for local synaptic dysfunction, neurode-
generation, and neuronal loss.20,21 Consistent with
this view, Ab-induced tau tangles but not amyloid

per se would be expected to have local neurotoxic
effects with implications for the regulation of motor
and sensorimotor circuits. However, there have been
reports of in vitro and animal studies that Ab, inde-
pendent of tau tangles, disrupts synaptic function in
the immediate vicinity of Ab plaques altering the
organization of related neural networks,22–24 support-
ing the notion that Ab toxicity can also cause neuronal
dysfunction. This latter hypothesis is further corrobo-
rated by studies of combined resting-state functional
MRI and amyloid PET showing an association
between Ab burden and functional connectivity
within large-scale intrinsic functional connectivity net-
works in elderly individuals,25 even within neural cir-
cuits devoid of early tau accumulation.26

The striatum is pivotal in the modulation of basal
ganglia–thalamocortical networks implicated in a
range of behaviors. These networks are organized into
functionally segregated parallel circuits involving dif-
ferent subregions of the striatum.7 Out of all striatal
subregions, the dorsal posterior putamen is uniquely
interlinked with primary motor, premotor, supple-
mentary motor, and primary somatosensory cortical
areas and therefore plays a pivotal role in the modu-
lation of motor circuits.8,27,28 Supported by evidence
that the distribution of Ab in the striatum mirrors the
topographic pattern of the functionally distinct corti-
costriatal circuits,29 we hypothesized that focal Ab,
preferentially in the dorsal posterior putamen, leads
to slow gait speed by disrupting motor circuits
through its neurotoxic effects. The importance of
the dorsal posterior putamen in motor function is
further underscored by the clinical observations in a
range of neurologic conditions known to affect this
brain region selectively (appendix e-5). Although we
observed a significant association between posterior
putamen Ab and gait speed, significant associations
were also observed for other brain regions, including
the precuneus and occipital cortex. The precuneus is
functionally connected with the motor, sensorimotor,
and visual cortices and plays a multimodal, integrative
functional role.30 The occipital cortex participates in
visual–motion perception.31

In addition to the identification of anatomical re-
gions that may play a role in the decline of mobility in
AD, a further key finding is that the Ab–gait speed
relationship was independent of the participants’
CDR status. A potential clinical implication of this
observation is that slow gait, in the presence of sub-
jective memory complaints, may represent an early
marker of AD pathology even in fully asymptomatic
individuals. This notion is consistent with previous
research showing that the co-presence of slow gait and
cognitive complaints is a better predictor of cognitive
decline than its individual components.32,33 Based on
this evidence, a novel clinical entity has recently

Table 2 Proportion of variance in gait speed explained specifically by amyloid,
defined by the increase in R2 between model 1 and model 2

Amyloid levels
(florbetapir SUVR)

Increase in R2 model 1
to model 2, % R2 model 2, % F change p Value

Posterior putamen 7.7 20.9 9.86 0.002

Anterior putamen 7.7 20.5 9.86 0.002

Caudate 5.3 18.5 6.62 0.012

Occipital 7.7 20.8 9.80 0.002

Semioval center 4.3 17.5 5.28 0.024

Temporal 4.6 17.7 5.60 0.02

Precuneus 9.1 22.2 11.79 0.001

Parietal 5.1 18.2 6.30 0.01

Anterior cingulate 7.5 20.7 9.60 0.003

Hippocampus 1.5 1.68 1.68 0.20

Posterior cingulate 4.1 17.3 5.06 0.03

Medial orbitofrontal cx 2.3 15.5 2.8 0.10

Pons 0.000 13.2 0.06 0.81

Abbreviation: SUVR 5 standard uptake value ratio.
Model 1 included demographic variables, time intervals, and APOE genotype as predictor
variables, whereas model 2 included regional amyloid in addition to the aforementioned
variables. Data are ordered according to the strength of association between regional amy-
loid levels and gait speed as depicted in figure 2.
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emerged entitled motoric cognitive risk syndrome.33

The syndrome has been defined as the presence of
cognitive complaints and slow gait in older individu-
als without dementia or mobility disability, and has
been shown to be a strong and early risk factor for
dementia. However, the pathophysiologic mecha-
nisms underlying the prognostic value of this syn-
drome remain unknown. Our findings are an
important contribution to this line of research in that
they suggest that the deposition of brain Ab in
selected brain regions may be one potential mecha-
nism by which slow gait speed (in the co-presence of
subjective cognitive impairment) is a powerful predic-
tor of future cognitive status. They also imply that
even gait speed scores considered as normal according
to current conventions (e.g., gait speed threshold
,0.08 m/s) may already index incipient neuropath-
ologic processes.

This PET study measured brain Ab, but not other
common co-pathologies that are also likely to con-
tribute to the slowing of gait speed. High-resolution
MRI data allowing quantification of atrophy and
white matter disease were not available in the current
analyses. Our findings might be explained by the neu-
rotoxic effects of tau tangles causing neurodegenera-
tion and neuronal death along neural circuits involved
in motor function. According to neuropathologic evi-
dence in older persons, gait speed is associated with
neurofibrillary tangles in the substantia nigra, a region
known to be key in the modulation of corticostriatal
circuits.34 Relationships of gait speed with tau in
other brain areas have not been explored. However,
Ab plaques but not neurofibrillary tangles have been
reported in the striatum of individuals predemen-
tia.5,35 Moreover, the topographic cortical distribu-
tion pattern of neurofibrillary degeneration in AD is
thought to spare the primary sensory and motor cor-
tices in the early stages of the disease.36,37 It is thus
possible that both Ab and tau exert neurotoxic effects
on motor networks via different pathways and at dif-
ferent time points of the disease.

This was a cross-sectional study, which does not
allow drawing conclusions about the direction, causal-
ity, or prognostic value of the observed association
between amyloid and gait. Also, our data were drawn
from an intervention study aiming to investigate the ef-
fects of a multidomain intervention and a dietary sup-
plement of omega-3 in participants at risk of developing
AD dementia. We included only participants in the
PET ancillary study who were enrolled in the control
arm of the multidomain intervention. However, we
could not control for between-participant differences
due to the omega-3 supplementation, as the randomi-
zation remains currently blinded.

Accumulating evidence suggests that gait speed
represents a key indicator of frailty with predictive

value of adverse health-related events in older persons,
even in well-functioning older people.17 Negative
outcomes include, in addition to dementia, falls, mor-
bidity, and mortality.17 In this context, gait dysfunc-
tion is typically explained as resulting from a range of
pathophysiologic processes that are inherently com-
plex and multifactorial.38 In the present work, we
focused on the specific contribution of amyloid
pathology to gait performance, without taking into
account other pathways known to also independently
contribute to frailty such as macroinfarcts or nigral
neuronal loss.1

This study showed an association between brain
Ab amyloid and slow gait speed in a population of
elderly participants with high risk for dementia rang-
ing from healthy to MCI. We provide several possible
interpretations of this association, including a neural
network perspective of how the neurotoxic effects of
regional Ab may be involved in the pathogenesis of
motor dysfunction. More research is needed to eluci-
date the neural mechanisms underlying this associa-
tion, ideally involving longitudinal study designs that
might enable cause-effect conclusions.
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