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Abstract

The relationship between late-life body mass index (BMI) and Alzheimer’s disease (AD) is poorly
understood due to the lack of research in samples with autopsy-confirmed AD neuropathology
(ADNP). The role of cerebrovascular disease (CVD) in the interplay between late-life BMI and
ADNP is unclear. We conducted a retrospective longitudinal investigation and used joint modeling
of linear mixed effects to investigate causal relationships among repeated antemortem BMI
measurements, CVD (quantified neuropathologically), and ADNP in an autopsy sample of
subjects across the AD clinical continuum. The sample included 1,421 subjects from the National
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Alzheimer’s Coordinating Center’s Uniform Data Set and Neuropathology Data Set with
diagnoses of normal cognition (NC; n=234), mild cognitive impairment (MCI; n=201), or AD
dementia (n=986). ADNP was defined as moderate to frequent neuritic plaques and Braak stage
[11-V1. Ischemic Injury Scale (11S) operationalized CVD. Joint modeling examined relationships
among BMI, 11S, and ADNP in the overall sample, and stratified by initial visit Clinical Dementia
Rating (CDR) score. Subject-specific random intercept for BMI was the predictor for ADNP due
to minimal BMI change (p=0.3028). Analyses controlling for demographic variables and APOE
e4 showed lower late-life BMI predicted increased odds of ADNP in the overall sample (p<0.001),
and in subjects with CDR of 0 (p=0.0021) and 0.5 (p=0.0012), but not >1.0 (p=0.2012). Although
higher 1IS predicted greater odds of ADNP (p<.0001), BMI did not predict 1IS (p= 0.2814). The
current findings confirm lower late-life BMI confers increased odds for ADNP. Lower late-life
BMI may be a preclinical indicator of underlying ADNP.
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INTRODUCTION

A definitive diagnosis of Alzheimer’s disease (AD) requires neuropathological examination
and histopathological evidence for amyloid-B plaques and neurofibrillary tangles [1]. AD
can now be reliably detected and diagnosed during life due to validated /n7 vivo biomarkers,
such as volumetric magnetic resonance imaging (MRI), amyloid positron emission
tomography (PET) imaging, and/or cerebrospinal fluid (CSF) protein markers of
neurodegeneration [2-5]. In addition to disease detection, these biomarker tools play an
important role in determining the efficacy of new therapeutic agents currently being
examined in AD clinical trials (e.g., Anti-Amyloid Treatment in Asymptomatic Alzheimer’s
Disease [A4]). Advanced neuroimaging modalities and CSF analysis can be time-intensive,
expensive, invasive, and typically only administered after initial risk screening methods.
There is a need, therefore, to identify brief and easily assessed risk factors for AD that can
assist in disease detection and facilitate early intervention and treatment planning [6].

Obesity is one modifiable risk factor for AD that has been the target of much research given
that, in 2015, 30.2% of adult Americans age 20 and over were obese, and this pattern is
expected to exponentially grow over the next 15 years [7, 8]. Large prospective cohort (e.g.,
1,500 to >10,000 subjects) and meta-analytic studies support elevated BMI at mid-life as a
robust risk factor for the later clinical diagnosis of AD [6, 9-13]. Recent work also shows
that more than half of 171 young to middle-aged participants with severe obesity met criteria
for mild cognitive impairment [14]. Elevated mid-life BMI predicts AD-related brain
changes on neuroimaging, including hippocampal atrophy [15]. BMI may confer increased
risk for AD dementia through its association with cerebrovascular disease (CVD), given a
higher BMI increases risk for CVD (e.g., stroke) [16] and CVD risk factors (e.g., heart
disease) [17], and CVD contributes to the pathogenesis of AD [18-29] possibly through
blood brain barrier dysfunction and oligaemia that trigger the amyloid-beta cascade of
events that underpin AD-related neurodegeneration [30].
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The relationship between BMI and risk for clinical AD becomes complex with increasing
age [12]. Higher late-life BMI has consistently been associated with no, or even lower risk
for AD across the clinical continuum [10, 12, 31, 32]. Longitudinal research shows that
decreases in BMI from mid- to late-life, as well as over time throughout late-life,
corresponds with greater risk for clinically diagnosed incident AD (e.g., mild cognitive
impairment [MCI], dementia) and faster disease progression [12, 33—-41]. The age-related
change in directionality between BMI and AD risk may be related to the natural declines in
BMI that accompany older age [42], and/or the fluctuations in BMI that occur throughout
the clinical course of AD [41, 43]. Lower later-life BMI and increased risk for AD has been
speculated to involve age- and/or pathophysiological alterations to brain regions that
modulate weight control, appetite, and taste [33, 34, 43-46]. A potential survival bias effect
may also be present in the context of the later-life BMI and AD risk paradox, as is observed
in survival studies among clinical populations (e.g., heart failure), where higher BMI is
associated with lower mortality [47].

A majority of the research examining BMI and AD risk has been without neuropathological
confirmation of AD. It is possible that one of the reasons for the complicated relationship
between BMI and AD risk over the lifespan is that the clinical samples in previous studies
included subjects with non-AD pathologies and the absence of AD neuropathology (ADNP).
Samples with autopsy-confirmed ADNP can thus elucidate and validate the relationship
between late-life BMI and AD. Only four studies to date examined the association between
BMI and ADNP. Mrak et al. [48] found that expression of tau and amyloid precursor protein
was higher in 12 cognitively normal morbidly obese deceased subjects ranging in age at
death from 21-70 compared to 10 non-obese controls and three subjects with AD.
Neuropathological changes found in some subjects approached the level found in AD.
Recent findings from a population-based cohort demonstrated that a one-unit increase in
mid-life BMI corresponded with earlier onset of AD dementia by 6.7 months, and a higher
mid-life BMI predicted a higher Braak score [49]. In an autopsy sample of 298 Catholic
clergy members with and without dementia, increased ADNP was correlated with decreased
late-life BMI proximate to death [31]. A recent study among 193 subjects with normal
cognition (NC) from the National Alzheimer’s Coordinating Center (NACC)
Neuropathology Data Set (NDS) found that lower later-life baseline BMI and annual
increases in BMI over time both predicted greater odds of ADNP [50].

The existing neuropathological studies failed to examine the association between BMI and
ADNP in subjects that spanned the clinical continuum during life (cognitively normal to
MCI to AD dementia). The role of CVD in the relationship between late-life BMI and
ADNP has also not been tested. Two of the studies examined change in BMI over time and
its relationship with ADNP [31, 50], but BMI change was quantified through the crude
computation of the average across visits. In the present study, we utilized advanced
statistical joint model of linear mixed effects, multivariable and logistic regression [51] to
investigate the causal relationships among BMI (including antemortem change in BMI),
CVD (quantified neuropathologically), and ADNP, in an autopsy sample of >1,400 subjects
with antemortem diagnoses of NC, MCI, or AD dementia from the NACC Uniform Data Set
(UDS) and NDS. Relative to using average BMI across visits as a predictor to longitudinally
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investigate BMI change and ADNP, the joint modeling approach provides more efficient and
unbiased estimates, while accounting for between-subject variability [51].

MATERIALS AND METHODS

Subjects

The sample included 1,421 deceased subjects from the NACC-UDS and NDS. Based on
clinical diagnoses at initial visit, the sample included 234 subjects with NC, 201 with MClI,
and 986 with AD dementia (see Table 1 for demographic and clinical characteristics by
initial diagnostic status). The NACC was established in 1999 by the National Institute on
Aging (NIA) to promote AD research. It is a publicly available database of clinical and
neuropathological data gathered from approximately 30 NIA-funded Alzheimer’s Disease
Centers (ADCs) across the United States. Since 2005, ADCs have contributed standardized
cognitive, behavioral, and functional subject data each year to a common database, known as
the NACC-UDS. A full description of NACC-UDS is provided elsewhere [52-54]. Briefly,
each ADC longitudinally follows community-dwelling elderly with and without cognitive
impairment. Recruitment methods varies across the ADC sites, and includes recruitment
from population-based samples and clinics, as well as through public recruitment efforts,
subject referrals, and other ongoing studies. Due to variation in recruitment methods, the
NACC UDS dataset is often considered to consist of a clinical case series of patients from
each ADC site. At each ADC, subjects complete annual medical, neuropsychological,
neurological, and psychiatric evaluations. A subset of UDS subjects also agree to post-
mortem brain donation and neuropathological examination to form the NACC-NDS [50, 52].
Research using the NACC database was approved by the University of Washington
Institutional Review Board, and informed consent from subjects that are part of the NACC
datasets was obtained at the individual ADCs.

A formal data request to NACC for this study was approved (proposal ID: 608) and data
were provided on June 15, 2016. The NACC-UDS and NDS data that were queried are
described below and presented in Tables 1, 2, 3, and4. Figure 1 presents the systematic
derivation of the current sample. The sample was restricted to all UDS subjects with an
initial clinical diagnosis of NC, MCI, or AD dementia who had neuropathological data as of
the June 2016 data freeze, and were without missing data on primary study variables (e.g.,
CERAD, Braak stage, BMI, CVD neuropathology variables, clinical diagnostic status,
Clinical Dementia Rating [CDR] score). Only subjects with an initial clinical diagnosis of
NC, MCI, or AD dementia were included to ascertain an autopsy sample of subjects that
spanned the AD clinical continuum during life, facilitate generalizability to the target
population being studied (i.e., AD), and allow for examination of the relationship between
BMI and ADNP by clinical status. Of note, although UDS subjects complete annual
evaluations, clinical diagnoses and CDR scores from the initial visit were used to be
consistent with baseline BMI as a primary predictor in the statistical model (see Statistical
Analyses), and to maximize the sample size. Only those who were ADNP positive or
negative were included (see Neuropathology section for more details). As shown in Table 5,
there were no significant differences between the analytic sample and subjects excluded for
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key demographic and clinical features, with the exception of age; however, the mean
difference in age was trivial.

Body Mass Index

BMI at each visit was incorporated into one statistical model to investigate change in BMI
over time. As part of the annual UDS evaluations, height and weight are measured and used
to calculate body mass index (BMI) according to the standard formula [(weight in
pounds*703)/(height in inches?)].

Neuropathology

AD Neuropathology—Neuropathological data are collected via a standardized
Neuropathology Form and Coding Guidebook. An AD neuropathological diagnosis is based
on the current National Institute on Aging-Alzheimer’s Association criteria (NIA-AA).
Alzheimer’s disease neuropathologic change (ADNC) (Thal stages for amyloid deposition)
was added to the NACC’s neuropathology form in January 2014, but was not included in the
current study due to the small sample size with ADNC data collected to date. We computed
a binary ADNP variable that indicated the presence or absence of ADNP. The presence of
ADNP was defined as moderate to frequent neuritic plaques and Braak stage I111-VI. The
absence of ADNP included none to sparse neuritic plaques and Braak stage O-11. Similar
operationalization of ADNP has been previously used [50, 55], including a recent study that
examined vascular risk factors and ADNP from the NACC-NDS [50]. Subjects with
moderate to frequent neuritic plaques and Braak stage 0-11, or none or sparse neuritic
plaques and Braak stage 111-V1 were not included in this study in order to limit ambiguity
regarding the presence of ADNP. These excluded subjects were statistically different from
the analytic sample in terms of age, initial visit CDR, and most recent visit BMI, however,
the effect sizes were small and clinically insignificant (Table 5).

CVD—Ischemic Injury Scale (11S)—CVD neuropathology was scored using an adapted
version of the Ischemic Injury Scale (11S) developed by Au et al [56]. The IIS is a summary
composite of vascular and microvascular lesions. The original 11S included items related to
white matter disease, but such data are not available in the NACC-NDS and was thus not
included as part of the current 11S. The present 1S included a summary composite of the
following: hippocampal sclerosis, infarct or lacune, microinfarct, and laminar necrosis
(0=No, 1=Yes), and degree of arteriosclerosis, atherosclerosis of Circle of Willis, and
amyloid angiopathy (0=None, 1=mild, 2=moderate, 3=severe). Scores range from 0 to 13,
with 13 reflecting worse CVD pathology.

Clinical Status

The global rating from the CDR scale from the initial UDS visit characterized clinical
function in the sample [57-59]. The CDR is a widely-used tool for staging dementia
severity, and assesses function in six domains: memory, orientation, judgment/problem-
solving, community affairs, home and hobbies, and personal care. Each domain is assigned a
score ranging from 0 to 3, with higher scores representing greater impairment. Using an
algorithm, a Global rating of impairment severity is designated: 0 (no dementia), 0.5
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(questionable dementia), 1.0 (mild dementia), 2.0 (moderate dementia), or 3.0 (severe
dementia). Typically, a score of 0.5 is given to individuals with a diagnosis of MCI [57].

Demographic, Clinical, and Genotype Characteristics

Annual UDS clinical evaluations ascertain a range of demographic and clinical
characteristics. Samples are collected by the ADCs to determine gpolipoprotein E (APOE)
e4 allele status.

Statistical Analysis

RESULTS

Unadjusted regression analyses (linear or logistic, when appropriate) were conducted to
examine demographic, clinical, and neuropathological differences across the clinical
diagnostic groups (NC, MCI, AD dementia) (Table 1), and across the ADNP positive and
negative groups (Table 2—Table 4). A joint model of linear mixed effects, multivariable and
logistic regression [51] examined the causal relationships among repeated measures of BMI,
the 11S, and ADNP in the overall sample, and then stratified by CDR rating; that is, subjects
with a CDR =0 (n = 226), 0.5 (n = 376), and =1.0 (n = 819). The joint model involved three
models that were performed simultaneously (the model being tested is presented in Figure
2). This joint model approach allowed for unbiased and simultaneous examination of the
direct effect of late-life BMI on odds of having ADNP, and whether this relationship was
mediated by the indirect effect of 11S. Testing of indirect effects follows the basic principles
of simple mediation [60]. The first-level mixed effect model examined change in BMI
between subjects across all NACC-UDS visits, estimating the baseline level (random
intercepts) and change (random slope for time) in BMI for each subject. This model showed
that, in the overall sample, the random intercept for BMI (i.e., baseline BMI) was significant
(Chi-square (1) = 143.2, p-value < 0.0001), but the effect of random slopes (i.e., change)
was not statistically significant (Chi-square (1) < 0.01, p-value = 1.00). Consequently, only
the random intercept was used as the predictor variable in subsequent analyses; as described
previously, the reason for examining initial visit clinical diagnoses and CDR scores was, in
part, to be consistent with the statistical prediction model that used baseline BMI. Using the
random intercept from the BMI longitudinal model, a second-level linear regression
examined the relationship between BMI and the I1S. Lastly, the random intercepts from the
longitudinal BMI model and the 11S were included as predictors in a third-level logistic
regression to determine their relationship with odds of having ADNP (absence or presence).
All three levels were jointly estimated using PROC NLMIXED in SAS 9.3. All analyses
controlled for age (at initial visit for the longitudinal model examining BMI change, and age
at death for analyses examining neuropathological outcomes), education, race, sex, and
presence of the APOE e4 allele.

Clinical and Neuropathological Characteristics

The mean number of UDS visits for subjects with NC was 3.9 (SD = 2.0), 3.4 (SD = 1.8)
visits for MCI subjects, and 2.8 (1.7) visits for AD dementia subjects. As expected, Global
CDR rating was highest in subjects with AD dementia, followed by MCI, and then NC.
Based on diagnosis at the initial visit, ADNP was present in 91.1% of subjects with AD
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dementia, 63.7% of MCI subjects, and 45.3% of subjects with NC. Subjects with AD
dementia at the initial visit had more CVD neuropathology (as operationalized by mean 1IS
score) relative to subjects with NC (p = 0.004), but there was no difference between MCI
and NC (p=0.67). As shown in Table 2, the number of UDS visits was nearly identical for
the ADNP positive and negative subjects. The ADNP positive subjects were more likely to
be diagnosed with MCI (p= 0.0001) and AD dementia (p < 0.0001), and have greater CVD
neuropathology (p < 0.0001), when compared to the ADNP negative subjects.

There were no significant differences in BMI between the clinical diagnostic groups at initial
visit (Table 1). The ADNP positive subjects had a lower initial (o < 0.0001) and most recent
visit BMI (p=0.0001), relative to the ADNP negative subjects (Table 4). In the joint mixed
effect model, there was no significant effect for change in BMI in the overall sample (beta =
0.06, SE = 0.06), t (1234) = 3.03, p=0.3028) with little between-subject variability. That is,
BMI remained relatively stable over time, and there were minimal differences in change in
BMI across subjects. As previously mentioned, it is for this reason that baseline BMI served
as the predictor variable in the joint models, and not change in BMI.

BMI, IS, and ADNP

See Table 6 for a summary of the results examining the relationships among BMI, I1S, and
ADNP. Figure 2 displays the relationships among BMI, I1S, and ADNP in the overall
sample. There was a direct effect for BMI on ADNP in the overall sample (OR = 0.93, Cl =
0.90-0.97, p<0.001), and in subjects with a CDR score of 0 (OR =0.87, CI =0.79-0.95, p
=0.0021), and a CDR score of 0.5 (OR =0.89, Cl = 0.83-0.96, p=0.0012). In each case, a
lower BMI corresponded with greater odds of having ADNP. There was no relationship
between BMI and ADNP in subjects with an initial visit CDR score = 1.0 (p = 0.2012).

The 11S significantly predicted odds of having ADNP in the overall sample (OR = 1.17, 95%
Cl =1.09-1.25, p< 0.0001). Greater CVD neuropathology (i.e., higher scores on the 11S)
predicted increased odds of having ADNP. BMI was not associated with the 11S (beta =
-0.02, SE =0.02, t(1234) = -1.1, p=0.2814), and the relationship between BMI and ADNP
was not mediated by the 1IS (p= 0.2959). Overall, the results show that late-life BMI was
not associated with CVD neuropathology, and in-turn, CVVD neuropathology did not mediate
the relationship between BMI and ADNP. Consequently, we did not explore CVD as a
mediator of BMI and ADNP in the CDR groups.

DISCUSSION

In this autopsy sample of more than 1,400 subjects, lower late-life BMI predicted greater
odds of having ADNP. This relationship was evident only in subjects with an antemortem
global CDR score < 1.0, that is, without dementia. Later-life BMI was not associated with
CVD neuropathology, and CVD did not affect the association between late-life BMI and
ADNP. Consistent with the extant literature, greater CVD predicted higher odds of having
ADNP. This is the largest neuropathological study to date to examine the relationship
between late-life BMI and ADNP, and the first to do so using longitudinal BMI in subjects
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diagnosed with NC, MCI, and AD during life. Although change in BMI was minimal across
the UDS visits and the subject-specific random intercept was used as the predictor variable
in the model, the longitudinal design still accounted for the effects of time, providing more
accurate estimates on the effect of BMI and ADNP compared to a cross-sectional design.
The results from this study confirm and validate the association between lower late-life BMI
and higher odds of having ADNP. The results from this study confirm and validate the
association between lower late-life BMI and higher odds of having ADNP. That said, sample
selection bias is an important limitation of autopsy investigations, in general, and the current
study examining BMI and CVD risk, in particular. Those with CVD are more prone to a
premature death and therefore subjects of this sample were likely among the healthiest of
their peers and/or included those with a life history of a lower BMI. A further discussion on
sample selection, as well as survival bias, and how they relate to the present findings is
provided below.

The inverse association between late-life BMI and ADNP is similar to findings from two
other post-mortem studies that have examined this relationship [31, 50], as well as /in vivo
research linking lower late-life BMI with higher cortical amyloid burden [61]. These
findings may involve the strategic location of ADNP in brain regions that modulate appetite,
olfaction, taste, and weight regulation. The neuropathological progression of AD involves
neurofibrillary degeneration first in the medial temporal lobes (MTL), including the
entorhinal/perirhinal cortex and hippocampal subfields, followed by the association cortex,
and finally the primary neocortex [1, 62]. ADNP can be present long before symptom onset
[63], and weight loss is a common preclinical sequela of AD [33, 35, 36, 39, 44-46, 64]. We
only found a relationship between BMI and ADNP in subjects who were not demented at the
time of their initial visit. The early deposition of ADNP in the MTL could explain
preclinical or early stage weight changes in AD. Atrophy of the MTL correlates with low
body weight in AD due to disturbance in functional neuroanatomical connections that
modulate body weight regulation [44]. The anterior MTL (i.e., amygdala and hippocampus)
has recently been proposed to play a role in food intake and weight regulation [65]. Animal
research shows the hippocampus has direct connections to hypothalamic nuclei and other
brain networks that underpin energy regulation [66]. Disturbances of the MTL can also lead
to neuropsychiatric symptoms common in AD, such as depression or apathy [67, 68], which
could lead to weight loss, particularly in the early stages of disease when insight is still
intact. In addition to the MTL, the olfactory bulbs are an early target of ADNP [69] that,
when impacted, may interfere with food intake [70]. Lastly, lower baseline BMI and
increases in BMI over time during late-life corresponded to greater odds of ADNP in an
autopsy sample of subjects with antemortem normal cognition [50]. Individuals clinically
unaffected by ADNP in late-life and who do not lose weight, but experience weight gain,
may still be at risk for the presence of ADNP due to the deleterious effects of increased
adiposity.

An additional explanation for our findings is survival bias. Higher mid-life BMI is
associated with increased risk for clinical AD and ADNP [48, 49], presumably due to CVD
secondary to coronary artery disease, diabetes, and hypertension, which typically
accompany a higher BMI [17, 71] and can cause ischemic brain alterations. As supported by
our findings, CVD plays a critical role in the pathogenesis of AD, and has recently been
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proposed to be a core feature of AD [21]. Those with a high BMI have increased risk for
premature death [72] and thus may become excluded in the examination of BMI and AD at
older ages, especially in autopsy samples, leading to diminished risk effects of BMI on
ADNP. In other words, individuals that live to older ages are more likely to have a BMI that
falls within the normal range and is unaccompanied by CVD; or, those with high BMI who
survived to old age are self-selected to be the healthiest among their peers. Buchman et al.
[31] indeed found that BMI in later-life (mean age at death of 85) was unrelated to cerebral
infarctions in an autopsy sample of 298 subjects from the Religious Orders Study, where the
presence of obesity was low (average BMI of 26). We also found that late-life BMI was not
associated with CVD neuropathology, potentially because the weight status of the sample
was relatively normal, the prevalence of CVD risk factors such as diabetes and stroke were
low, and the severity of CVVD neuropathology was mild overall. According to principles of
simple mediation [60], the presence, strength, and significance of an indirect effect is
assessed through the cross product of the coefficient of the independent variable (i.e., BMI)
on the mediator (i.e., CVD) with the coefficient of the mediator (i.e., CVD) on the outcome
(i.e., ADNP). Therefore, the lack of association between BMI and CVD precluded
significant indirect effects of BMI on ADNP through CVD. Notably, CVD risk factors were
significantly more common in the controls of this sample, compared to subjects with AD
dementia. These findings support that the AD dementia subjects of this sample were among
the healthiest of their peers, as those with CVD were likely more prone to a premature death
before reaching AD dementia status. Alternatively, the subjects with AD dementia in this
sample may have their CVD risk factors properly managed due to increased medical care
and clinical monitoring. The higher prevalence of CVD risk factors in controls, in
conjunction with BMI only predicting ADNP for subjects with a CDR < 1.0, also provides
additional evidence that the association between BMI and ADNP may be independent of
CVD.

The finding that lower later-life BMI and higher odds of having ADNP emerged on/y in non-
demented subjects (CDR < 1.0) is similar to past work [50]. Baseline BMI and one-year
weight change in late life are early markers of amnestic MCI and early-stage AD [41]. A
longitudinal study that mapped weight change throughout the clinical course of AD from
three cohort studies (Washington Heights and Inwood Columbia Aging Project, Predictors
Study, and National Alzheimer’s Coordinating Center) provides robust evidence that BMI
declines before clinical AD onset, stabilizes after clinical AD onset, and then potentially
increases or remains stable in AD dementia [43]; although, accelerated declines in BMI with
dementia onset has been reported [39]. Large-scale prospective and epidemiological studies
[39, 45], and research from the Washington University School of Medicine Alzheimer’s
Disease Research Center [36] also provide evidence for weight loss preceding cognitive
impairment. Subjects with NC in the present sample experienced the largest, but still not
significant, declines in BMI over time. Although the subjects with NC in this sample had
significantly more years of follow-up compared to subjects with MCI and AD dementia,
many of the subjects with NC could potentially be in the preclinical phase of AD, when
declines in BMI may be most evident. The average age of the subjects with NC at the initial
visit was also >80 years (compared to late 70s for subjects with MCI and AD dementia), and
longitudinal research that has examined BMI across the adult lifespan among >6,000
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subjects from two substudies of the Swedish Twin Registry (with up to 5 and 12 assessment
time points) found that BMI increased from early adulthood to age 65, stabilized, and then
declined after 80 years old [42]. Because the subjects with NC were only followed for an
average of four years, the trajectory of their BMlI is likely to continue to decline with
continued follow-up, perhaps until they clinically convert to AD dementia [43]. It is
plausible that subjects with AD dementia experience increases in BMI due to receiving
healthcare or personal attention by care partners that may improve weight status, such as
monitoring of weight and diet [43]. More severe functional impairment, increased sedentary
behaviors, abulia, dysphagia, and medication-related weight gains in AD dementia may also
be potential explanation for increases in BMI at this stage of the disease. The differential
findings of weight gain/loss across the clinical AD continuum may also be dependent on the
individuals initial or lifetime BMI status, as overweight/obese persons are more susceptible
to weight loss, whereas normal and underweight individuals have a greater opportunity for
weight gain. This is particularly evident following an AD diagnosis when the weight and
dietary goals of care are tailored to the needs of the individual.

The current findings are limited in several ways. Most importantly, BMI is a coarse measure
to operationalize adiposity. The accuracy of BMI in older adults can be affected by age-
related loss of lean body mass with increases in adiposity, possibly from conditions like
sarcopenia. That said, BMI is a practical measure and future studies should examine other
antemortem body composition metrics (e.g., waist circumference, waist-to-hip ratio) and
postmortem ADNP. We were restricted to data available from the NACC-NDS and
neuropathological items related to white matter disease were not factored into the 1S,
potentially contributing to the null effects between BMI and CVD. Although clinical
cardiovascular variables could have been used to operationalize CVD and may have
increased the clinical utility of our findings, this methodological approach is less optimal to
the direct quantification of CVD via neuropathological examination. Despite the large
sample size, potential sample selection bias is critical to address. The current sample
consisted of relatively healthy older adults who agreed to brain donation, representing a
highly selective sample and thus limiting external validity. In general, interpretation of
postmortem findings can be problematic due to potential sample selection bias from distinct
mechanisms that drive an observed autopsy sample [73, 74]. Notably, past work that has
examined the influence of sample selection bias on neuropathological risk factors for
dementia in the Adult Changes in Thought (ACT) study found that adjustment for selection
bias actually strengthens the magnitude of associations [73]. The present sample may have
been further biased through exclusion of subjects due to missing data, or those that did not
meet ADNP criteria (see Methods). Concern for bias from exclusion of these subjects is
attenuated due to the large sample size, and the lack of meaningful differences between
subjects included and excluded (Table 5). Overall, the benefits of neuropathological data to
greatly improve understanding on risk factors and mechanisms of neurodegenerative
diseases outweighs the limitations from sample selection.

CONCLUSIONS

In the largest study to date examining late-life BMI and ADNP, our findings confirm that
lower late-life BMI confers increased odds of ADNP. Lower BMI in older adults may reflect
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underlying ADNP. Future work that monitors individuals from mid-life until autopsy is
ultimately needed to better understand the relationships among BMI, CVD, and ADNP
across the lifespan.
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Figure 1.
Sample size flow chart

Abbreviations: UDS = Uniform Data Set; ADNP = Alzheimer’s disease neuropathology;
BMI = body mass index; NC = normal cognition; MCI = mild cognitive impairment; AD =
Alzheimer’s disease * ADNP positive = moderate to frequent neuritic plaques and Braak
stage 111-VI; ADNP negative = none or sparse neuritic plaques and Braak stage 0-11
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Body Mass Index

OR =0.93*

IBeta=-0.02
—

Ischemic Injury Scale

OR=1.17*
—_—
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Alzheimer’s Disease
Neuropathology

Indirect effect of body mass index on Alzheimer’s disease neuropathology
through the ischemic injury scale was not significant (p = 0.2959).

Figure 2.

Joint Modeling of the Relationships Among BMI, Cerebrovascular Disease, and
Alzheimer’s Disease Neuropathology in 1,421 Subject’s from the NACC Neuropathology
Data Set. Figure shows that lower BMI significantly predicted higher odds of having
Alzheimer’s disease neuropathology. BMI was not associated with the Ischemic Injury
Scale, however, higher scores on the Ischemic Injury Scale (worse cerebrovascular disease)
predicted greater odds of having Alzheimer’s disease neuropathology. All analyses were
controlled for age at death, education, race, sex, and presence of the APOE e4 allele.
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Demographics and clinical features of ADNP positive and ADNP negative subjects

Table 2

Characteristics® ADNP+P ADNP- p-value®
Number of subjects, n 1132 289 NA
Age at initial visit (years), mean (SD) 77.1(10.6) 775 (11.7) 0.55
Age at death (years), mean (SD) 80.9 (10.8) 81.2 (11.8) 0.70
Male, n (%) 610 (53.9%) | 155 (53.6%) 0.94
Education (years), mean (SD) 15.1(3.2) 15.1 (3.3) 0.69
Non-white race, n (%) 74 (6.6%) 19 (6.6%) 0.97
Number of UDS visits, mean (SD) 3.1(1.8) 3.1(1.9) 0.86
Global CDR initial visit, mean (SD) 1.26 (0.93) 0.53 (0.70) <0.0001
CDR-SB at initial visit, mean (SD) 7.2(5.6) 28(4.2) <0.0001
Diagnosis at Initial Visit, n (%)

Normal cognition 106 (9.4%) | 128 (44.3%) Ref.

MCI 128 (11.3%) | 73(25.3%) | 0.0001

AD dementia 898 (79.3%) | 88(30.5%) | <0.0001
Diagnosis via consensus panel, initial visit, n (%) | 862 (76.2%) | 191 (66.1%) 0.0005
> 1 APOE e4allele, n (%) 582 (58.9%) | 40 (15.7%) | <0.0001

Page 20

Abbreviations: NA = Not applicable; NC = normal cognition; MCI = mild cognitive impairment; AD = Alzheimer’s disease; UDS = Uniform Data

Set; CDR-SB = Clinical Dementia Rating Sum of Boxes; APOE = apolipoprotein E;

aNumber missing data: Education (ADNP+, n=13; ADNP-, n=2); Race (ADNP+, n=6; ADNP-, n=3); APOE genotype (ADNP+, n=144; ADNP-,

n=34);

bModerate to frequent neuritic plaques and Braak Stage I11-VI;

C . - .
Unadjusted logistic regression
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Neuropathological characteristics of ADNP positive and ADNP negative subjects

Table 3

Neuropathology characteristic® ADNP+P ADNP— p-value®
Months between last visit and autopsy, mean (SD) 18.0 (17.5) 15.3 (14.5) 0.02
Ischemic Injury Scale (11S), mean (SD) 47(2.2) 3.7(2.3) <0.0001
Presence of individual 11S pathologies, n (%)
Hippocampal sclerosis 126 (11.1%) | 37 (12.8%) 0.43
Infarct or lacune 269 (23.8%) | 100 (34.6%) 0.0002
Microinfarct 238 (21.0%) | 73 (25.3%) 0.12
Arteriolosclerosis
None 225 (19.9%) | 65 (22.5%) 0.003
Mild 393 (34.7%) | 120 (41.5%)
Moderate 342 (30.2%) | 80 (27.7%)
Severe 172 (15.2%) | 24 (8.3%)
Atherosclerosis
None 198 (17.5%) | 57 (19.7%) 0.58
Mild 479 (42.3%) | 125 (43.3%)
Moderate 330 (29.2%) | 69 (23.9%)
Severe 125 (11.0%) | 38 (13.2%)
Amyloid angiopathy
None 262 (23.1%) | 205 (70.9%) | <0.0001
Mild 384 (33.9%) | 52 (18.0%)
Moderate 318 (28.1%) 23 (8.0%)
Severe 168 (14.8%) 9 (3.1%)
Laminar necrosis 16 (1.4%) 4 (1.4%) 0.97
Lewy body disease, any, n (%) 415 (36.8%) | 55 (19.4%) <0.0001

Page 21

Abbreviations: NC = normal cognition; MCI = mild cognitive impairment; AD = Alzheimer’s disease; 11S = Ischemic Injury Scale; FTLD =

frontotemporal lobar degeneration;

aNumber missing data: Lewy body disease (ADNP+, n=3; ADNP-, n =5);

bModerate to frequent neuritic plaques and Braak Stage I11-VI;

c . - .
Unadjusted logistic regression
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Table 4

Medical status of ADNP positive and ADNP negative subjects

Characteristic® ADNP+P ADNP- p-valued
BMI (kg/m?) at initial visit, mean (SD) 253 (4.4) 26.6 (5.0) <0.0001
BMI (kg/m?) at initial visit, categorized, n (%)

<185 39 (3.5%) 6 (2.1%) 0.0001

18.5 0 24.9 495 (43.7%) | 101 (35.0%)

25-29.9 431 (38.1%) | 115 (39.8%)

30 or higher 167 (14.8%) | 67 (23.2%)
BMI (kg/m?) at most recent visit’, mean (SD) 24.9 (4.5) 26.6 (5.5) 0.0001
BMI (kg/m?) at most recent visit¢, categorized, n (%)

<185 34 (6.3%) 8 (5.2%) 0.002

18,510 24.9 222 (41.3%) | 47 (30.3%)

25-29.9 210 (39.0%) | 64 (41.3%)

30 or higher 72 (13.4%) | 36 (23.2%)
Systolic blood pressure at initial visit, mean (SD) 132.5(19.1) | 133.8(21.2) 0.31
Diastolic blood pressure at initial visit, mean (SD) 72.8 (10.5) 72.9 (10.5) 0.93
Hypertension, n (%) 642 (56.7%) | 184 (63.7%) 0.03
Diabetes, n (%) 112 (9.9%) | 48 (16.6%) 0.002
Hypercholesterolemia, n (%) 600 (53.2%) | 158 (54.9%) 0.62
Stroke, n (%) 133 (11.8%) | 40 (13.8%) 0.35
Cardiovascular disease, n (%) 352 (31.2%) | 111 (38.4%) 0.02
Thyroid disease, n (%) 249 (22.0%) | 74 (25.7%) 0.19
Atrial fibrillation, n (%) 160 (14.1%) | 47 (16.3%) 0.35
Smoking history, n (%) 521 (46.0%) | 143 (49.5%) 0.29
Antihypertensive use at any visit, n (%) 657 (58.0%) | 192 (66.4%) 0.01
Antilipid medication at any visit, n (%) 523 (46.2%) | 134 (46.4%) 0.96

Page 22

Abbreviations: NC = normal cognition; MCI = mild cognitive impairment; AD = Alzheimer’s disease; UDS = Uniform Data Set; CDR-SB =
Clinical Dementia Rating Sum of Boxes; APOE = apolipoprotein E

aNumber missing data: diabetes (ADNP+, n = 1; ADNP-, n = 0); hypercholesterolemia (ADNP+, n = 5; ADNP-, n=1); thyroid disease (ADNP+, n
=2; ADNP-, n =1); stroke (ADNP+, n = 7; ADNP-, n = 0); cardiovascular disease (ADNP+, n = 3; ADNP-, n =0); atrial fibrillation (ADNP+, n =

0; ADNP-, n = 1); systolic blood pressure (ADNP+, n = 27; ADNP-, n = 7); diastolic blood pressure (ADNP+, n = 27; ADNP-, n =7)

b -
Moderate to frequent neuritic plaques and Braak Stage 111-V1

cAmong the 538 ADNP+ and 155 ADNP- subjects with longitudinal BMI measurements

dUnadjusted logistic regression
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