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Falls Associate with Neurodegenerative
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Abstract.
Background: Behavioral markers for Alzheimer’s disease (AD) are not included within the widely used amyloid-tau-
neurodegeneration framework.
Objective: To determine when falls occur among cognitively normal (CN) individuals with and without preclinical AD.
Methods: This cross-sectional study recorded falls among CN participants (n = 83) over a 1-year period. Tailored calendar
journals recorded falls. Biomarkers including amyloid positron emission tomography (PET) and structural and functional
magnetic resonance imaging were acquired within 2 years of fall evaluations. CN participants were dichotomized by amyloid
PET (using standard cutoffs). Differences in amyloid accumulation, global resting state functional connectivity (rs-fc) intra-
network signature, and hippocampal volume were compared between individuals who did and did not fall using Wilcoxon
rank sum tests. Among preclinical AD participants (amyloid-positive), the partial correlation between amyloid accumulation
and global rs-fc intra-network signature was compared for those who did and did not fall.
Results: Participants who fell had smaller hippocampal volumes (p = 0.04). Among preclinical AD participants, those who
fell had a negative correlation between amyloid uptake and global rs-fc intra-network signature (R = –0.75, p = 0.012). A
trend level positive correlation was observed between amyloid uptake and global rs-fc intra-network signature (R = 0.70,
p = 0.081) for preclinical AD participants who did not fall.
Conclusion: Falls in CN older adults correlate with neurodegeneration biomarkers. Participants without falls had lower
amyloid deposition and preserved global rs-fc intra-network signature. Falls most strongly correlated with presence of
amyloid and loss of brain connectivity and occurred in later stages of preclinical AD.
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INTRODUCTION

Falls are a leading cause of injury, premature place-
ment into skilled nursing facilities, injury-related
mortality, and long-term disability among older
adults [1]. Individuals diagnosed with Alzheimer’s
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disease (AD) have more than twice the risk of seri-
ous falls compared to the general population [2, 3].
As more individuals are diagnosed with AD in the
United States [4], the number of devastating falls will
rise.

Preclinical AD is characterized by biomarkers
including amyloid (A), tau (T), and neurodegen-
eration (N) [5, 6]. The progression to AD has
been hypothesized to occur with amyloid, then
tau, followed by neurodegenerative changes [6].
Changes in these biomarkers [5, 7] occur decades
before cognitive symptoms develop [8]. Amyloid
deposition can be measured by positron emission
tomography (PET). Individuals can be categorized
as either “amyloid-positive” or “amyloid-negative”
[9]. Neurodegeneration can be identified by structural
(volumetrics) or functional (resting state functional
connectivity [rs-fc] intra-network) magnetic reso-
nance imaging (MRI) changes. Hippocampal volume
loss [10] and decreases in rs-fc intra-network strength
have been observed during the conversion to symp-
tomatic AD [11, 12].

Individuals in the preclinical stages of AD have
also demonstrated a higher risk of falls [13, 14],
suggesting that falls could potentially serve as a
behavioral marker. However, it remains unknown
when falls occur in the AT(N) cascade of changes that
are used to define individuals at risk for conversion
to AD. To address this gap, we explored the rela-
tionship between PET amyloid accumulation, brain
volumetrics, global rs-fc intra-network signature, and
falls in cognitively normal (CN) individuals with and
without preclinical AD.

METHODS

Participants

Participants were followed by the Knight
Alzheimer’s Disease Research Center at Washington
University in St. Louis. These community-dwelling

individuals participate in longitudinal studies of
memory and aging. Individuals were invited to
participate if they: 1) were 65 years or older, 2)
had normal cognition as determined by a Clini-
cal Dementia Rating (CDR) of 0 at the time of
assessment, and 3) underwent an imaging study
within 2 years of CDR assessment. Additional
details of the study have been previously described
[13]. All participants underwent amyloid PET and
MRI (structural and functional) within 2 years of
enrollment. Eighty-three participants met these
criteria (Table 1). This study was approved by the
Institutional Review Board at Washington University
in St. Louis. All procedures were done in accordance
with the Washington University in St. Louis ethical
standards committee for experiments using human
subjects.

CDR status

A licensed clinician administered a standard clin-
ical and cognitive assessment to all individuals. The
CDR was used to assess the level of cognitive impair-
ment [15]. CDR scores range from 0 (cognitively
normal) to 3 (severe dementia); CDR 0.5 indicates
very mild dementia. All participants in this study were
CDR 0 at the time of evaluation.

APOE status

DNA samples were obtained and genotyped
according to previously published methods [16].
Either an Illumina 610 or Omniexpress chip was
used for genotyping. To include the effects of the
Apolipoprotein �4 (APOE) gene in this analysis,
APOE status was converted from a genotype to a
binary variable. Participants were deemed “APOE-
positive” if they possessed at least one copy of the
APOE �4 allele, and “APOE-negative” otherwise.

Table 1
Participant characteristics do not differ when stratified by amyloid status and fall occurrence

Fallers Non-Fallers
Amyloid-positivea Amyloid-negative Amyloid-positivea Amyloid-negative p

N 13 37 10 23
Age (y) (SD) 73.6 (6.3) 73.1 (5.4) 73.3 (2.9) 71.5 (4.6) 0.56
Gender (% female) 69.2% 9/13 70.3% 26/37 50.0% 5/10 56.5% 13/23 0.53
Education (y) (SD) 15.4 (2.9) 15.4 (2.9) 16.7 (2.1) 15.5 (2.7) 0.61
Race (% white) 100% 13/13 97.3% 36/37 100% 10/10 95.7% 22/23 0.81
APOE �4+ 53.8% 7/13 8.1% 3/37 30.0% 3/10 34.8% 8/23 0.01
aAmyloid positivity defined by cutoff ≥1.42 for standardized uptake value ratio (SUVR) 12APOE, apolipoprotein E; SD, standard deviation.
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Falls

A 12-month calendar journal was given to each par-
ticipant to record whether or not a fall had occurred
each day. The calendar journals were tailored for each
participant, with birthdays and important personal
dates serving as cues for accurately recalling when
a fall occurred [17]. The calendar journal included
pages to record additional details if a fall occurred.
Participants underwent a telephone training session
to learn how to use the calendar journal. A fall was
defined as any unintentional movement to the floor,
ground, or an object below knee level [18]. Monitor-
ing of fall documents and gathering details of falls
was performed monthly [18]. A gift card was mailed
to each participant after they returned a completed
calendar journal each month. If a fall was reported, a
research team member interviewed the participant to
verify that the fall met the operational definition.

Amyloid PET acquisition and processing

PET imaging was acquired within 2 years of MRI
using previously described methods [19, 20]. Par-
ticipants were injected with 12–15 mCI of [11C]
Pittsburgh compound B (PiB), and dynamic scans
were acquired. The post-injection time window
for quantification was 30–60 min. A PET Unified
Pipeline (github.com/ysu001/PUP) was implemented
to process the data. Briefly, a region of inter-
est (ROI) segmentation approach was used with
FreeSurfer 5.3 (Martinos Center for Biomedical
Imaging, Charlestown, MA, USA). A tissue mask
was created based on ROI segmentation, and par-
tial volume correction was applied [19]. A standard
uptake ratio (SUVR) was obtained for each ROI,
with the cerebellar gray matter serving as a reference
region. A summary value (mean cortical uptake ratio)
of the partial-volume corrected SUVR was derived
from cortical regions affected by AD [9].

Structural MRI acquisition and analysis

MRI was acquired using a 3T Siemens scan-
ner (Erlangen, Germany) as previously described
[10]. T1-weighted scans were acquired with 1 mm
isotropic resolution, and T2-weighted images were
acquired for registration. Segmented regional vol-
umes were adjusted for intracranial volume using a
linear regression. Left and right hippocampal vol-
umes were converted to Z scores and averaged

to generate a single hippocampal volume Z score
[21–23].

Functional MRI acquisition and analysis

rs-fc scans were obtained using 36 contiguous
slices (approximately 4.0 mm isotropic voxels) [24].
During the rs-fc scans, participants were instructed
to fixate on a small plus sign and to not fall asleep.
rs-fc preprocessing followed previously documented
methods [24––26]. ROIs were specified in a seed-
based manner [27]. A 298 functional ROI matrix
was assembled into 13 resting state networks (RSNs).
These RSNs included the auditory, visual, memory,
ventral attention, dorsal attention, salience, default
mode, sensorimotor, sensorimotor-lateral, cingulo-
opercular, subcortical, cerebellum, and frontoparietal
networks [28]. Thirteen composite scores from each
RSN were generated by obtaining the average of
the Pearson correlations between all ROIs within a
network. These results were Fisher-Z transformed.
Singular value decomposition was performed on the
13 RSN composite scores to acquire a global rs-
fc intranetwork signature [29]. To obtain this single
summary signature score for each individual, the
eigenvector of the first principal component was mul-
tiplied by each individual’s intranetwork connections
[30]. This global rs-fc intranetwork signature is a
weighted combination of the 13 intranetwork connec-
tions, with a higher score indicating greater network
specificity [31].

Statistical analysis

We used a previously established amyloid PET
cutoff level of 1.42 [9, 19], derived from cortical
regions to define amyloid positivity. Participants were
classified as having low global rs-fc intra-network
connectivity if their global rs-fc signature value was
below the median, and they were classified for amy-
loid on the basis of amyloid positivity. To compare the
cohort on the basis of amyloid status and whether the
individual had a history of falls, we performed t-tests
for continuous variables and chi-squared tests for cat-
egorical variables. We performed a non-parametric
Wilcoxon rank sum test to test for differences in amy-
loid level, global rs-fc intra-network signature, and
hippocampal volume between individuals who doc-
umented a fall and individuals who did not have a
fall. Individuals were further separated by amyloid
status. Finally, we calculated the partial correlation
between cortical amyloid accumulation and global rs-
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fc intra-network signature, correcting for differences
in age, sex, and education. Rather than computing
a single partial correlation, we separated the cohort
into four groups: amyloid positive-individuals who
fell, amyloid-negative individuals who fell, amyloid-
positive individuals with no recorded falls, and
amyloid-negative individuals with no recorded falls.
We also calculated the partial correlation between
hippocampal volume and global rs-fc intra-network
signature, correcting for differences in age, sex,
and education. We then performed maximum likeli-
hood model selection to test for differences between
individuals who fell and those who did not fall
with respect to their relative hippocampal volumes
and global rs-fc intra-network signatures. To assess
whether participants who fell were more likely to
have high amyloid and low global rs-fc intra-network
connectivity, we performed a test for equal pro-
portions. All analyses were conducted in R [32].
Partial correlation calculations used ppcor [33]. Fig-
ures were generated with ggplot [34] and ggpubr [35].

RESULTS

Within the CN cohort, there were no significant dif-
ferences in demographic variables, except for APOE
�4 status, between those with or without preclinical
AD (amyloid-positive) and those who did or did not
have a recorded fall (Table 1). There was no differ-
ence in amyloid PET positivity between participants
who fell and those who did not (p = 0.45).

After applying singular value decomposition, the
first principal component of the global rs-fc intra-

network signature explained 37% of the variance in
the data. This component was primarily composed of
the lateral somatomotor network, which accounted
for nearly 60% of the signature. The other significant
networks included primary sensory networks (Fig. 1).
Notably, the memory and default mode networks,
typically associated with AD [36], had relatively
small contributions to the global rs-fc intra-network
signature. There was no difference in global rs-fc
intra-network signature between participants who fell
and those who did not (p = 0.52).

There was a significant difference in hippocam-
pal volume, which is a marker of neurodegeneration,
between participants who fell and those who did
not fall (p = 0.02) (Fig. 2). When amyloid-positive
and amyloid-negative CN participants were analyzed
together, no significant interactions were found with
amyloid PET accumulation and global rs-fc intra-
network signature between individuals who had a
recorded fall and those who did not have a fall.
After isolating amyloid-positive participants for anal-
ysis (n = 23), amyloid-positive individuals who fell
had a significant negative correlation between amy-
loid level and global rs-fc intra-network signature
(R = –0.75, p = 0.012). In contrast, amyloid-positive
individuals who did not have a recorded fall had
a trend-level positive correlation between amy-
loid level and global rs-fc intra-network signature
(R = 0.70, p = 0.081) (Fig. 3).

In both individuals who fell and those who did not
fall, there was a positive correlation between global
rs-fc intra-network signature and hippocampal vol-
ume (Supplementary Figure 1). Among participants

Fig. 1. The global resting state functional connectivity (rs-fc) intra-network signature is dominated by the lateral somatomotor network,
followed by other primary sensory networks.
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Fig. 2. Whether or not a participant falls is correlated with hippocampus volume, but not with amyloid accumulation or global rs-fc
intra-network signature strength.

Fig. 3. Participants with falls versus those without a fall show inverse correlations between amyloid accumulation and global rs-fc intra-
network signature.

who had a fall, a trend-level association was seen,
with these individuals more likely to have both low
global rs-fc intra-network signature and high amyloid
PET (p = 0.0558, chi-squared = 3.66).

DISCUSSION

This study provides preliminary evidence that falls
in CN older adults correlate with markers of neurode-
generation, including hippocampal volume. It also
suggests that amyloid alone does not lead to falls,
but a combination of amyloid and impaired rs-fc
increases the risk of falling.

Our estimation of global rs-fc intra-network
signature was primarily composed of the lateral
somatomotor network and primary sensory networks.
As the somatomotor network is related to motor
planning, motor function, and balance, and the pri-
mary sensory networks are related to obtaining and

using information from our sensory systems, this
may explain why individuals with deficits in these
networks are at increased risk of falling. This is
consistent with a known progression: a decline in
motor and sensory function tends to precede cognitive
impairment [37–39].

Whether or not a participant fell was correlated
with hippocampal volume but not with amyloid
accumulation or global rs-fc intra-network signature
strength. This finding suggests that falls may occur
later along the continuum of the AT(N) framework.
We observed that the presence of falls was associated
with neurodegeneration and was closer to the onset
of cognitive changes (see Supplementary Figure 1).
Although the sample was relatively small, inter-
esting preliminary findings suggest a relationship
between amyloid positivity and neurodegeneration.
CN individuals who were amyloid-positive and who
had a reduced global rs-fc intra-network signature
had a greater risk of falls. It is possible that these
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individuals could compensate for amyloid accumu-
lation if functional connections remain intact. This
compensation ceases with the onset of neurodegen-
eration, and fall risk subsequently increases. In our
cohort, participants who did not fall had either high
amyloid and relatively preserved global rs-fc intra-
network signature or low amyloid and low global
rs-fc intra-network connectivity. Our findings suggest
that falls are likely to occur during the neurodegen-
eration phase of preclinical AD, approximately 0–5
years before symptom onset.

These preliminary findings suggest that additional
studies to understand falls among individuals with
preclinical AD should occur to elucidate the rela-
tionship between current molecular biomarkers and
behavioral biomarkers (such as falls). Network con-
nections, hippocampal volume, and level of amyloid
accumulation appear to be related to fall risk. A
better understanding of when an increased risk of
falls occurs in the progression of the AT(N) model
is important for our understanding of the progres-
sion of the disease and for classification purposes.
Understanding whether and when falls occur dur-
ing preclinical AD is important for several reasons.
First, if falls are occurring because of amyloid accu-
mulation or neurodegeneration, it is possible that
current fall prevention treatments will not be effective
for this population. Second, if falls are a behavioral
biomarker of AD, understanding when they occur
during the preclinical phase of the disease will pro-
vide new insight into AD.

Advantages of this study include a well-
characterized cohort who had rs-fc imaging. We
used a new method of examining intra-network con-
nections by calculating a global rs-fc intra-network
signature for each individual [29]. However, findings
should be interpreted with caution. The small cohort
was predominantly female and white. The analysis
of the relationship between amyloid accumulation
and global rs-fc intra-network signature included a
relatively small number of individuals who had falls
(n = 23). Another limitation of this study was our lack
of access to tau-related data (both cerebrospinal fluid
and tau PET) for these participants. Although we see
associations between falls and later, but not earlier,
stages of the AT(N) framework, we were unable to
evaluate falls during the middle stage (tau). The find-
ings may only apply to this population and cannot
be generalized to other populations, and the small
sample size may not have enough power to general-
ize results. Despite limitations, these preliminary data
add to our growing understanding of the relationship

between observable behaviors (such as falls) and
molecular biomarkers of AD. Further longitudinal
studies from a larger cohort are needed.
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