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Abstract.
Background: Higher late-life body mass index (BMI) was associated with reduced risk of Alzheimer’s disease (AD), which
might be explained by a reverse causal relationship.
Objective: To investigate whether weight loss was a preclinical manifestation of AD pathologies and could be a predictor of
cognitive impairment.
Methods: A total of 1,194 participants (mean age = 73.2 [range: 54 to 91] years, female = 44.5%) from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) were grouped according to AD biomarker profile as indicated by amyloid (A)
and tau (TN) status and clinical stage by clinical dementia rating (CDR). BMI across the biomarker-defined clinical stages
was compared with Bonferroni correction. Pearson correlation analysis was performed to test the relationship between the
amyloid change by PET and the BMI change. Multiple regression models were used to explore the influences of amyloid
pathologies on BMI change as well as the effects of weight loss on longitudinal changes of global cognitive function.
Results: BMI was significantly decreased in AD preclinical stage (amyloid positive [A+] and CDR = 0) and dementia stage
(A+/TN+ and CDR = 0.5 or 1), compared with the healthy controls (A–/TN– and CDR = 0, p < 0.005), while no significant
differences were observed between preclinical AD and AD dementia. Amyloid PET change was inversely correlated with
BMI change (p = 0.023, � = –14). Individuals in amyloid positive group exhibited faster weight loss (time × group interaction
p = 0.019, � = –0.20) compared to the amyloid negative group. Greater weight loss predicted higher risk of developing
cognitive disorders.
Conclusion: Elders who experienced greater weight loss might belong to preclinical stage of AD and could be targeted for
primary prevention of the disease.
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INTRODUCTION

Alzheimer’s disease (AD) is pathologically
characterized with abnormal amyloid deposition,
which could be reflected by brain amyloid PET
imaging or cerebrospinal fluid (CSF) amyloid-� (A�)
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biomarkers. As a promising modifiable risk factor,
body mass index (BMI) had been associated with AD
risk, for which the effects depended upon the popula-
tion age [1]. We and other groups reported that obesity
in midlife could elevate AD’s risk, while high BMI
in late-life was protective [1, 2]. It was proposed that
these paradoxical associations might be explained by
the reverse causal relationship between late-life BMI
and AD pathology [1]. To validate this hypothesis,
researchers explored the influences of A� deposi-
tion on BMI in late-life, for which the results are
conflicting and mostly limited to cross-sectional evi-
dence [3]. The Knight Alzheimer Disease Research
Center (ADRC) [4] and Harvard Aging Brain Study
[5] reported that cognitively normal individuals with
higher BMI in late-life ( > 60 years) had lower cor-
tical A� burden by PET imaging. The Alzheimer’s
Disease Neuroimaging Initiative (ADNI) also pro-
vided cross-sectional evidence showing that presence
and burden of in vivo biomarkers of cerebral amyloid
were associated with lower BMI in non-demented
elderly [6, 7]. Blautzik and colleagues indicated that
BMI was inversely associated with cortical amyloid
load only in APOE4 carriers (mean age > 70 years)
[8]. Data from Multi-domain Alzheimer’s Preventive
Trial (MAPT) reached seemingly opposite conclu-
sion, such that elders (aged 75.7 ± 4.2 years old) with
greater fat mass had higher cerebral A� load [9].

Till now, there is little evidence supporting that
A� burden could influence dynamic change of late-
life BMI. Herein, we hypothesized that greater A�
burden could contribute to faster weight loss in older
adults, especially those who belonged to preclinical
AD. We also explored whether weight loss could be
a predictor of developing cognitive impairments.

METHODS

ADNI participants

The data used in the present study were down-
loaded from the Alzheimer’s Disease Neuroimag-
ing Initiative (ADNI) database (http://www.adni-
info.org/). As a multicenter study, ADNI is designed
to develop clinical, imaging, genetic, and biochemi-
cal biomarkers for the early detection and tracking
of AD. The participants are older adults aged
55–90 years with cognition (HC), mild cognitive
impairment (MCI), or mild AD dementia. Further
information can be found in previous reports [10–12].
The participant underwent an in-person interview
for general health and function at the time of study

entry, including the anthropometry measurement.
Follow-up data were collected during evaluations at
sequential intervals of approximately 12 months. In
ADNI, 1,209 participants had data of baseline covari-
ates (including age, gender, education, APOE4 status,
and dementia severity score) and CSF AD biomark-
ers. Among them, 1,194 (98.8%) with anthropometric
measures (weight and height) were included. In order
to lower the heterogeneity due to tauopathy-related
cognitive impairments, we constrained our analyses
to 706 who were healthy controls or belonged to AD
continuum, including “healthy controls”, “preclini-
cal AD A+/TN–”, “preclinical AD A+/TN+”, “AD
CDR = 0.5”, and “AD CDR = 1”.

Standard protocol approvals, registrations, and
patient consents

The study was approved by the institutional
review boards of all participating centers, and written
informed consent was obtained from all participants
or authorized representatives after extensive descrip-
tion of the ADNI according to the 1975 Declaration
of Helsinki (for the full list of participating centers,
see http://adni.loni.usc.edu/) [13].

Measurement of BMI

Height and weight were measured by standard
anthropometric methods. BMI was calculated as
weight in kilograms (kg) divided by height in meters
squared. Unit transformations were conducted in
advance using the following equations: 1 inch = 2.54
centimeters (for the height) and 1 pound = 0.454 kg.

CSF measurements of AD core biomarkers

CSF procedural protocols have been described
previously [14]. CSF A�1–42, p-tau181, and t-tau
were analyzed by the electrochemiluminescence
immunoassays (ECLIA) Elecsys on a fully automated
Elecsys cobas e 601 instrument and a single lot of
reagents for each of the three measured biomarkers
(provided in UPENNBIOMK9.csv file). These mea-
surements are for explorative research use only.

PET imaging of amyloid deposition

Florbetapir data in the most fully pre-
processed format was downloaded from LONI
(http://adni.loni.usc.edu). The data preprocessing
is accessible via adni.loni.ucla.edu/about-data-
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samples/image-data/. The mean florbetapir AV45
uptake within each region was calculated by co-
registering the florbetapir scan to the corresponding
MRI. Florbetapir SUVRs were created by averaging
across four cortical grey matter regions (frontal,
cingulate, lateral parietal, lateral temporal) and
dividing the summary by reference region. Further
details of PET acquisition and the region-of-interest
protocol have been summarized previously [15].

Cognitive measures

Each participant received neuropsychological
assessments at baseline and during follow-up at
sequential intervals of approximately 12 months. The
Alzheimer’s Disease Assessment Scale (ADAS) [16]
- cognition section was used to represent the global
cognition, which comprised of memory, language,
and executive functions. The Clinical Dementia Rat-
ing (CDR) [17] was used to evaluate the severity of
the dementia.

Classification methods

The classification methods were in line with those
proposed by Marc Suárez-Calvet et al. [18, 19]
according to 2018 NIA-AA “research framework” for
AD diagnosis [20]. In brief, participants were cate-
gorized into specific groups based on both biomarker
profile (as described by the A/T/N scheme [21]) and
clinical stage (as defined by the CDR score). The
A/T/N scheme includes three biomarker groups: “A”
aggregated amyloid pathology (as indicated by CSF
A�1–42), “T” aggregated tau (as indicated by CSF
p-tau181), and “N” neurodegeneration or neuronal
injury (as indicated by CSF t-tau). “A+” participants
refer to those with CSF A�1–42 < 976.6 pg/ml; “T+”
those with CSF p-tau181 > 21.8 pg/ml; and “N+” those
with CSF t-tau >245 pg/ml. The CSF biomarker sta-
tuses established by these cutoffs were proven to be
highly concordant with PET classification in ADNI
[22]. Given that T and N groups were highly cor-
related, we merged them together to facilitate the
analyses, producing a TN group: “TN+” indicates T+
or N+ and “TN–” indicates T– and N–.

Statistical analyses

Chi-square tests (for categorical variables), one-
way ANOVA (for continuous variables with normal
distributions), and Mann-Whitney U test (for contin-
uous variables with skewed distributions) were used

to compare the baseline characteristics. All analyses
were controlled for age, gender, education, APOE4
status, and CDR score at baseline.

We first asked whether BMI decreases in rela-
tion to the biomarker-defined clinical stages. For this
purpose, we compared the “healthy control” group
with those groups that belong to the AD continuum.
namely (i) “Preclinical AD A+/TN–”, (ii) “Preclini-
cal AD A+/TN+”, (iii) “AD CDR = 0.5”, and (iv) “AD
CDR = 1”. To further test the influences of amyloid
burden on BMI change, we conducted the follow-
ing analyses based on longitudinal data: a) linear
mixed-effects (LME) models were used to explore
the influence of amyloid deposition (A+ versus A–)
at baseline on longitudinal change of BMI. The lin-
ear mixed effects models had random intercepts and
slopes for time and an unstructured covariance matrix
for the random effects and included the interaction
between time (continuous) and amyloid deposition
(A+ versus A–) as predictor; b) Pearson correla-
tion analysis was performed to test the relationship
between the amyloid PET change (2 years) and the
BMI change (4 years).

We finally examined the longitudinal influences of
BMI changes within four years since baseline on cog-
nitive functions. First, participants were categorized
into two groups, including progression group (con-
version from HC to MCI or from MCI to dementia)
and stable group according to their cognitive out-
comes at the fourth follow-up. Logistic regression
was conducted to compare the group difference of
BMI change. Next, LME models were used to inves-
tigate the longitudinal influence (up to 10 years) of
weight loss (three groups by tertiles of BMI change)
on global cognition.

R version 3.5.1 and GraphPad Prism 7.00 soft-
ware were used for statistical analyses and figure
preparation. The “nlme”, “ggplot2”, “arm”, “lme4”,
“lmerTest”, and “car” packages were used to perform
the above analyses. p < 0.05 was considered signifi-
cant except where specifically noted.

RESULTS

The combination of A/TN classification and clin-
ical stage divided 1,192 ADNI subjects into 12
different groups that are summarized in Table 1. A
total of 706 participants who were cognitively healthy
(n = 142) or belonged to the AD continuum (n = 564)
were included for subsequent analyses. For this sam-
ple, the mean age was 73.5 (standard deviation
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Table 1
Classification of participants based on their biomarker profile and clinical stage

Clinical stage (C)

CDR = 0 CDR = 0.5 CDR = 1
(cognitively unimpaired) (very mild dementia) (mild dementia)

B
io

m
ar

ke
r

pr
ofi

le

A–/TN– Healthy controls n = 148 n = 4
n = 142

A+/TN– Preclinical AD n = 114 n = 15

A+/TN–

n = 70

A+/TN+ Preclinical AD AD CDR = 0.5 AD CDR = 1

A+/TN+ n = 346 n = 90

n = 58

A–/TN+ n = 89 n = 109 n = 9

Suspected non-Alzheimer’s pathophysiology (SNAP)

A, amyloid-� biomarker status; AD, Alzheimer’s disease; CDR, clinical dementia rating; N, neurodegeneration biomarker
status; T, tau pathology biomarker status. ADNI participants were classified based on their CSF biomarker profile and their
clinical stage, which yielded 12 different categories. Columns depict the clinical stage (C) as defined by the clinical dementia
rating (CDR) scale. Rows depict the biomarker profiles. Each of the three biomarker groups (A/T/N) was binarized into
positive or negative (+/–). T and N were merged to simplify the classification: TN indicates that both T and N biomarkers
are normal, and TN+ indicates that T and/or N biomarkers are abnormal. The bold font indicates the grouping used for
comparisons in the main text. Bold text indicates the groups analyzed in the main analysis, namely “healthy controls”,
“Preclinical AD A+/TN–”, “Preclinical AD A+/TN+”, “AD CDR = 0.5”, and “AD CDR = 1”.

Table 2
Characteristics of ADNI participants at baseline

Characteristics Healthy controls AD continuum (n = 564) p*

Preclinical AD A+/TN– Preclinical AD A+/TN+ AD CDR = 0.5 AD CDR = 1
(n = 142) (n = 70) (n = 58) (n = 346) (n = 90)

Age (mean ± SD, y) 72.3 ± 5.3 73.3 ± 6.0 76.2 ± 5.0 73.6 ± 7.1 73.7 ± 9.1 0.002
Female, % 49.3 51.4 56.9 41.6 50.0 0.61
Education
(mean ± SD, y)

16.2 ± 2.7 16.4 ± 2.7 16.4 ± 2.5 15.9 ± 2.9 15.2 ± 2.7 0.016

APOE �4 carrier
status, %

13.6 40.00 55.2 73.7 76.7 <0.0001

Height (m) 1.69 ± 0.10 1.68 ± 0.11 1.66 ± 0.10 1.70 ± 0.10 1.67 ± 0.12 0.03
Weight (kg) 80.8 ± 16.6 75.4 ± 15.0 71.6 ± 14.6 74.6 ± 13.9 73.3 ± 15.6 0.0002
BMI (mean ± SD,
kg/m2)

28.4 ± 5.1 26.8 ± 4.8 26.0 ± 4.8 25.8 ± 4.2 26.2 ± 4.8 <0.0001

CSF biomarkers,
pg/ml

A�1–42 1528 ± 339 695 ± 205 710 ± 163 637 ± 163 574 ± 162 <0.0001
P-tau181P 16.3 ± 2.9 15.5 ± 3.9 33.4 ± 9.3 38.7 ± 13.7 38.6 ± 14.7 <0.0001
T-tau 186.1 ± 32.6 167.8 ± 38.5 330.6 ± 77.9 377.8 ± 122 387.6 ± 133.4 <0.0001

BMI, body mass index. *The significance of difference among groups was examined by Mann-Whitney U test when appropriate (for
continuous variable) and Pearson’s Chi-squared test (for categorical variable).

(SD) = 6.9) years old, female accounted for 46.6%,
and BMI was averagely 26.5 (SD = 4.7) (Table 2).

After Bonferroni correction, BMI was significantly
decreased in AD preclinical stage and dementia stage,
compared with HC (Fig. 1A), suggesting that cere-
bral amyloid deposition might contribute to loss
of weight. No significant difference of BMI was
observed between preclinical AD and AD dementia.

Amyloid PET change in the past 2 years was inversely
correlated with BMI change during four-year follow-
up (p = 0.023, � = –14), indicating greater cerebral
amyloid rising was associated with faster weight
loss (Fig. 1B). Moreover, compared with A– group,
individuals in A+ group showed faster weight
loss (time × group interaction p = 0.019, � = –0.20)
(Fig. 1C).
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Fig. 1. Weight loss is a signal of preclinical AD and could predict poorer cognitive endpoints. BMI was significantly decreased in AD
preclinical stage and dementia stage, compared with HC (A). Greater cerebral amyloid rising was associated with faster weight loss (B).
Compared with A– group, individuals in A+ group showed faster weight loss (C). The progressors tended to have greater weight loss
compared to those who were stable (D). Non-demented individuals who had faster BMI loss would have greater impairment of global
cognition, values of BMI change were categorized into three groups according to the tertiles: Q1 indicated the group with greatest BMI
decrease (E).

We further tested whether greater weight loss could
predict poorer cognitive endpoints. In the 4-year
follow-up, 25 participants were categorized as pro-
gressors (conversion from HC to MCI or from MCI
to dementia). These individuals tended to have greater
weight loss compared to those who were stable
(Fig. 1D). Furthermore, non-demented individuals
who had greater BMI loss had greater impairment
of global cognition in the subsequent follow-up up to
10 years (Fig. 1E).

DISCUSSION

The present study showed that late-life weight loss
might be an early symptom of greater amyloid burden
in preclinical AD. Hence, weight loss could be a valu-
able predictor of cognitive impairments due to AD.
These findings supported the hypothesis that there
exists a reverse causal relationship between late-life
BMI and AD, which could help explain the paradoxi-
cal findings that individuals with higher late-life BMI
showed lower risk of the disease.

This longitudinal study is consistent with previous
cross-sectional studies. It was found that cognitively
normal individuals with higher BMI in late-life had
lower cortical A� burden [4, 5, 23] and data from
ADNI also suggested that BMI was significantly
lower in the AD biomarker-positive group [6, 7].

These findings together revealed a negative correla-
tion between BMI and amyloid burden, but cannot
indicate the causal relationship. The present longitu-
dinal study added valuable clues which help explain
this phenomenon, such that increased cerebral amy-
loid burden early in preclinical stage of the disease
might somehow contribute to weight loss. In addition,
our findings also help explain the longitudinal rela-
tionship between late-life weight loss and AD risk,
such that elders with weight loss exhibited higher
risk of AD [24–26]. We found weight loss was a
preclinical manifestation of AD and there was no sig-
nificant decrease of BMI after clinical onset of AD,
which is consistent with previous studies [27–29].
In addition, the National Alzheimer’s Coordinating
Center’s Uniform Data Set and Neuropathology Data
Set found lower late-life BMI predicted increased
odds of autopsy-confirmed AD neuropathology in
non-demented sample [30].

Though weight loss was constantly linked to higher
risk of AD dementia [29, 31], late-life BMI might not
be an effective intervention target of preventing AD.
Mendelian randomization studies in three large sam-
ples revealed no evidence that late-life BMI could
increase AD risk [32]. Though the evidence sup-
porting late-life BMI management as an approach
to preventing AD is still less robust, weight loss
in older adults could still be a promising predictor
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of cognitive decline, as indicated by our study and
other teams [24–26]. Also, the possibility that late-
life weight loss was due to cognitive impairment itself
was constrained, because the influences of A� burden
by PET on weight loss remained significant in cogni-
tively normal individuals according to ADNI and the
Harvard Aging Brain Study [33]. Notably, the gener-
alizability of the present findings might be influenced
by other factors, such as intentional weight loss or
population characteristics such as obese/overweight
people [34].

The biological mechanisms underpinning the lon-
gitudinal relationship of high amyloid burden with
faster weight loss were still to be clarified. It was
hypothesized that A� pathology might lead to the
hypothalamus-related hormonal (such as leptin [35,
36]) changes, which contribute to metabolic home-
ostasis (such as insulin-degrading enzyme [37]) and
thus body weight loss [38]. Another explanation is
mediation effect via mediator (such as depressive
moods) which modulated the relationship between
amyloid pathology and weight loss possibly due to
reduced intake of protein or fat nutrients. In fact, we
recently found mild depressive symptoms were man-
ifestations of amyloid pathology in preclinical AD
(unpublished data).

Limitations exist in the present study. The gen-
eralizability of our conclusions might be restricted
by sources of studied populations of ADNI
which recruited volunteer participants. More large
community-based longitudinal studies are warranted
to validate these associations. Height data was seen
as stable during follow-up, which might not reflect
the accurate change. However, the potential measure-
ment bias might be negligible considering that the
average follow-up length is moderate (6 years). ADNI
participants were majorly in their late-life stage and
the sample size constrained us from exploring the
association between amyloid burden and midlife BMI
change.

These findings suggested that a reverse causal
relationship existed between late-life BMI and AD
amyloid pathology. Late-life weight loss might be a
preclinical manifestation of AD. Elders who experi-
enced unintentional weight loss might be a promising
target population for early prevention of AD.

ACKNOWLEDGMENTS

The authors thank contributors, including the staff
at Alzheimer’s Disease Centers who collected sam-

ples used in this study, patients, and their families
whose help and participation made this work pos-
sible. This study was supported by grants from
the National Natural Science Foundation of China
(91849126).

Data collection and sharing for this project were
funded by the Alzheimer’s Disease Neuroimag-
ing Initiative (ADNI) (National Institutes of Health
Grant U01 AG024904) and DOD ADNI (Department
of Defense award number W81XWH-12-2-0012).
ADNI is funded by the National Institute on Aging,
the National Institute of Biomedical Imaging and
Bioengineering, and through generous contributions
from the following: AbbVie, Alzheimer’s Asso-
ciation; Alzheimer’s Drug Discovery Foundation;
Araclon Biotech; BioClinica, Inc.; Biogen; Bristol-
Myers Squibb Company; CereSpir, Inc.; Cogstate;
Eisai Inc.; Elan Pharmaceuticals, Inc.; Eli Lilly and
Company; EuroImmun; F. Hoffmann-La Roche Ltd
and its affiliated company Genentech, Inc.; Fujire-
bio; GE Healthcare; IXICO Ltd.; Janssen Alzheimer
Immunotherapy Research & Development, LLC.;
Johnson & Johnson Pharmaceutical Research &
Development LLC.; Lumosity; Lundbeck; Merck
& Co., Inc.; Meso Scale Diagnostics, LLC.; Neu-
roRx Research; Neurotrack Technologies; Novartis
Pharmaceuticals Corporation; Pfizer Inc.; Piramal
Imaging; Servier; Takeda Pharmaceutical Company;
and Transition Therapeutics. The Canadian Institutes
of Health Research is providing funds to support
ADNI clinical sites in Canada. Private sector con-
tributions are facilitated by the Foundation for the
National Institutes of Health (http://www.fnih.org).
The grantee organization is the Northern Califor-
nia Institute for Research and Education, and the
study is coordinated by the Alzheimer’s Therapeutic
Research Institute at the University of Southern Cali-
fornia. ADNI data are disseminated by the Laboratory
for Neuro Imaging at the University of Southern Cal-
ifornia.

Authors’ disclosures available online
(https://www.j-alz.com/manuscript-disclosures/20-
0524r2).

REFERENCES

[1] Kivimaki M, Luukkonen R, Batty GD, Ferrie JE, Pentti J,
Nyberg ST, Shipley MJ, Alfredsson L, Fransson EI, Gold-
berg M, Knutsson A, Koskenvuo M, Kuosma E, Nordin
M, Suominen SB, Theorell T, Vuoksimaa E, Westerholm P,
Westerlund H, Zins M, Kivipelto M, Vahtera J, Kaprio J,
Singh-Manoux A, Jokela M (2018) Body mass index and
risk of dementia: Analysis of individual-level data from 1.3
million individuals. Alzheimers Dement 14, 601-609.

http://www.fnih.org
https://www.j-alz.com/manuscript-disclosures/20-0524r2


W. Xu et al. / Weight Loss is a Preclinical Signal of Cerebral 455

[2] Xu W, Tan L, Wang HF, Jiang T, Tan MS, Tan L, Zhao QF,
Li JQ, Wang J, Yu JT (2015) Meta-analysis of modifiable
risk factors for Alzheimer’s disease. J Neurol Neurosurg
Psychiatry 86, 1299-1306.

[3] Lee SH, Byun MS, Lee JH, Yi D, Sohn BK, Lee JY,
Kim YK, Shin SA, Sohn CH, Lee DY, KBASE Research-
Group (2020) Sex-specific association of lifetime body mass
index with Alzheimer’s disease neuroimaging biomarkers.
J Alzheimers Dis 75, 767-777.

[4] Thirunavu V, McCullough A, Su Y, Flores S, Dincer A,
Morris JC, Cruchaga C, Benzinger TLS, Gordon BA (2019)
Higher body mass index is associated with lower cortical
amyloid-beta burden in cognitively normal individuals in
late-life. J Alzheimers Dis 69, 817-827.

[5] Hsu DC, Mormino EC, Schultz AP, Amariglio RE, Dono-
van NJ, Rentz DM, Johnson KA, Sperling RA, Marshall
GA, Harvard Aging Brain Study (2016) Lower late-life
body-mass index is associated with higher cortical amy-
loid burden in clinically normal elderly. J Alzheimers Dis
53, 1097-1105.

[6] Vidoni ED, Townley RA, Honea RA, Burns JM,
Alzheimer’s Disease Neuroimaging Initiative (2011)
Alzheimer disease biomarkers are associated with body
mass index. Neurology 77, 1913-1920.

[7] Ewers M, Schmitz S, Hansson O, Walsh C, Fitzpatrick A,
Bennett D, Minthon L, Trojanowski JQ, Shaw LM, Faluyi
YO, Vellas B, Dubois B, Blennow K, Buerger K, Teipel SJ,
Weiner M, Hampel H, Alzheimer’s Disease Neuroimaging
Initiative (2012) Body mass index is associated with bio-
logical CSF markers of core brain pathology of Alzheimer’s
disease. Neurobiol Aging 33, 1599-1608.

[8] Blautzik J, Kotz S, Brendel M, Sauerbeck J, Vetter-
mann F, Winter Y, Bartenstein P, Ishii K, Rominger
A, Alzheimer’s Disease Neuroimaging Initiative (2018)
Relationship between body mass index, ApoE4 status,
and PET-based amyloid and neurodegeneration mark-
ers in amyloid-positive subjects with normal cognition
or mild cognitive impairment. J Alzheimers Dis 65,
781-791.

[9] Maltais M, de Souto Barreto P, Rolland Y, Vellas B (2019)
Is fat mass cross-sectionally associated with cortical Abeta
load in the human brain? J Nutr Health Aging 23, 207-210.

[10] Petersen RC, Aisen PS, Beckett LA, Donohue MC, Gamst
AC, Harvey DJ, Jack CR Jr, Jagust WJ, Shaw LM, Toga AW,
Trojanowski JQ, Weiner MW (2010) Alzheimer’s Disease
Neuroimaging Initiative (ADNI): Clinical characterization.
Neurology 74, 201-209.

[11] Trojanowski JQ, Vandeerstichele H, Korecka M, Clark CM,
Aisen PS, Petersen RC, Blennow K, Soares H, Simon
A, Lewczuk P, Dean R, Siemers E, Potter WZ, Weiner
MW, Jack CR Jr, Jagust W, Toga AW, Lee VM, Shaw
LM, Alzheimer’s Disease Neuroimaging Initiative (2010)
Update on the biomarker core of the Alzheimer’s Disease
Neuroimaging Initiative subjects. Alzheimers Dement 6,
230-238.

[12] Weiner MW, Aisen PS, Jack CR Jr, Jagust WJ, Trojanowski
JQ, Shaw L, Saykin AJ, Morris JC, Cairns N, Beckett LA,
Toga A, Green R, Walter S, Soares H, Snyder P, Siemers
E, Potter W, Cole PE, Schmidt M, Alzheimer’s Disease
Neuroimaging Initiative (2010) The Alzheimer’s disease
neuroimaging initiative: Progress report and future plans.
Alzheimers Dement 6, 202-211 e207.

[13] Carrillo MC, Bain LJ, Frisoni GB, Weiner MW (2012)
Worldwide Alzheimer’s Disease Neuroimaging Initiative.
Alzheimers Dement 8, 337-342.

[14] Shaw LM, Vanderstichele H, Knapik-Czajka M, Clark CM,
Aisen PS, Petersen RC, Blennow K, Soares H, Simon
A, Lewczuk P, Dean R, Siemers E, Potter W, Lee VM,
Trojanowski JQ, Alzheimer’s Disease Neuroimaging Ini-
tiative (2009) Cerebrospinal fluid biomarker signature in
Alzheimer’s Disease Neuroimaging Initiative subjects. Ann
Neurol 65, 403-413.

[15] Apostolova LG, Hwang KS, Andrawis JP, Green AE,
Babakchanian S, Morra JH, Cummings JL, Toga AW, Tro-
janowski JQ, Shaw LM, Jack CR, Jr., Petersen RC, Aisen PS,
Jagust WJ, Koeppe RA, Mathis CA, Weiner MW, Thompson
PM, Alzheimer’s Disease Neuroimaging Initiative (2010)
3D PIB and CSF biomarker associations with hippocampal
atrophy in ADNI subjects. Neurobiol Aging 31, 1284-1303.

[16] Rosen WG, Mohs RC, Davis KL (1984) A new rating scale
for Alzheimer’s disease. Am J Psychiatry 141, 1356-1364.

[17] Hughes CP, Berg L, Danziger WL, Coben LA, Martin RL
(1982) A new clinical scale for the staging of dementia. Br
J Psychiatry 140, 566-572.

[18] Suarez-Calvet M, Morenas-Rodriguez E, Kleinberger G,
Schlepckow K, Araque Caballero MA, Franzmeier N,
Capell A, Fellerer K, Nuscher B, Eren E, Levin J, Deming
Y, Piccio L, Karch CM, Cruchaga C, Shaw LM, Tro-
janowski JQ, Weiner M, Ewers M, Haass C, Alzheimer’s
Disease Neuroimaging Initiative (2019) Early increase of
CSF sTREM2 in Alzheimer’s disease is associated with
tau related-neurodegeneration but not with amyloid-beta
pathology. Mol Neurodegener 14, 1.

[19] Suarez-Calvet M, Capell A, Araque Caballero MA,
Morenas-Rodriguez E, Fellerer K, Franzmeier N, Klein-
berger G, Eren E, Deming Y, Piccio L, Karch CM, Cruchaga
C, Paumier K, Bateman RJ, Fagan AM, Morris JC, Levin
J, Danek A, Jucker M, Masters CL, Rossor MN, Ring-
man JM, Shaw LM, Trojanowski JQ, Weiner M, Ewers
M, Haass C, Dominantly Inherited Alzheimer Network,
Alzheimer’s Disease Neuroimaging Initiative (2018) CSF
progranulin increases in the course of Alzheimer’s disease
and is associated with sTREM2, neurodegeneration and
cognitive decline. EMBO Mol Med 10, e9712.

[20] Jack CR Jr, Bennett DA, Blennow K, Carrillo MC, Dunn B,
Haeberlein SB, Holtzman DM, Jagust W, Jessen F, Karlaw-
ish J, Liu E, Molinuevo JL, Montine T, Phelps C, Rankin KP,
Rowe CC, Scheltens P, Siemers E, Snyder HM, Sperling R,
Contributors (2018) NIA-AA Research Framework: Toward
a biological definition of Alzheimer’s disease. Alzheimers
Dement 14, 535-562.

[21] Jack CR Jr, Bennett DA, Blennow K, Carrillo MC, Feldman
HH, Frisoni GB, Hampel H, Jagust WJ, Johnson KA, Knop-
man DS, Petersen RC, Scheltens P, Sperling RA, Dubois
B (2016) A/T/N: An unbiased descriptive classification
scheme for Alzheimer disease biomarkers. Neurology 87,
539-547.

[22] Hansson O, Seibyl J, Stomrud E, Zetterberg H, Trojanowski
JQ, Bittner T, Lifke V, Corradini V, Eichenlaub U, Batrla R,
Buck K, Zink K, Rabe C, Blennow K, Shaw LM, Swedish
BioFINDER study group; Alzheimer’s Disease Neuroimag-
ing Initiative (2018) CSF biomarkers of Alzheimer’s disease
concord with amyloid-beta PET and predict clinical pro-
gression: A study of fully automated immunoassays in
BioFINDER and ADNI cohorts. Alzheimers Dement 14,
1470-1481.

[23] Mathys J, Gholamrezaee M, Henry H, von Gunten A, Popp J
(2017) Decreasing body mass index is associated with cere-
brospinal fluid markers of Alzheimer’s pathology in MCI
and mild dementia. Exp Gerontol 100, 45-53.



456 W. Xu et al. / Weight Loss is a Preclinical Signal of Cerebral

[24] Ye BS, Jang EY, Kim SY, Kim EJ, Park SA, Lee Y, Hong
CH, Choi SH, Yoon B, Yoon SJ, Na HR, Lee JH, Jeong JH,
Kim HJ, Na DL, Seo SW (2016) Unstable body mass index
and progression to probable Alzheimer’s disease demen-
tia in patients with amnestic mild cognitive impairment. J
Alzheimers Dis 49, 483-491.

[25] Nam GE, Park YG, Han K, Kim MK, Koh ES, Kim ES,
Lee MK, Kim B, Hong OK, Kwon HS (2019) BMI, weight
change, and dementia risk in patients with new-onset type
2 diabetes: A nationwide cohort study. Diabetes Care 42,
1217-1224.

[26] Buchman AS, Wilson RS, Bienias JL, Shah RC, Evans DA,
Bennett DA (2005) Change in body mass index and risk of
incident Alzheimer disease. Neurology 65, 892-897.

[27] Gu Y, Scarmeas N, Cosentino S, Brandt J, Albert M, Blacker
D, Dubois B, Stern Y (2014) Change in body mass index
before and after Alzheimer’s disease onset. Curr Alzheimer
Res 11, 349-356.

[28] Muller S, Preische O, Sohrabi HR, Graber S, Jucker M,
Dietzsch J, Ringman JM, Martins RN, McDade E, Schofield
PR, Ghetti B, Rossor M, Graff-Radford NR, Levin J,
Galasko D, Quaid KA, Salloway S, Xiong C, Benzinger
T, Buckles V, Masters CL, Sperling R, Bateman RJ, Morris
JC, Laske C (2017) Decreased body mass index in the pre-
clinical stage of autosomal dominant Alzheimer’s disease.
Sci Rep 7, 1225.

[29] Stewart R, Masaki K, Xue QL, Peila R, Petrovitch H, White
LR, Launer LJ (2005) A 32-year prospective study of change
in body weight and incident dementia: The Honolulu-Asia
Aging Study. Arch Neurol 62, 55-60.

[30] Alosco ML, Duskin J, Besser LM, Martin B, Chaisson CE,
Gunstad J, Kowall NW, McKee AC, Stern RA, Tripodis
Y (2017) Modeling the relationships among late-life body
mass index, cerebrovascular disease, and Alzheimer’s dis-
ease neuropathology in an autopsy sample of 1,421 subjects
from the National Alzheimer’s Coordinating Center Data
Set. J Alzheimers Dis 57, 953-968.

[31] Johnson DK, Wilkins CH, Morris JC (2006) Accelerated
weight loss may precede diagnosis in Alzheimer disease.
Arch Neurol 63, 1312-1317.

[32] Mukherjee S, Walter S, Kauwe JSK, Saykin AJ, Ben-
nett DA, Larson EB, Crane PK, Glymour MM, Adult
Changes in Thought Study Investigators; Religious
Orders Study/Memory and Aging Project Investigators;
Alzheimer’s Disease Genetics Consortium (2015) Genet-
ically predicted body mass index and Alzheimer’s disease-
related phenotypes in three large samples: Mendelian
randomization analyses. Alzheimers Dement 11, 1439-1451.

[33] Rabin JS, Shirzadi Z, Swardfager W, MacIntosh BJ, Schultz
A, Yang HS, Buckley RF, Gatchel JR, Kirn D, Pruzin
JJ, Hedden T, Lipsman N, Rentz DM, Black SE, John-
son KA, Sperling RA, Chhatwal JP, Harvard Aging Brain
Study; Alzheimer’s Disease Neuroimaging Initiative (2020)
Amyloid-beta burden predicts prospective decline in body
mass index in clinically normal adults. Neurobiol Aging 93,
124-130.

[34] Veronese N, Facchini S, Stubbs B, Luchini C, Solmi M,
Manzato E, Sergi G, Maggi S, Cosco T, Fontana L (2017)
Weight loss is associated with improvements in cognitive
function among overweight and obese people: A systematic
review and meta-analysis. Neurosci Biobehav Rev 72, 87-94.

[35] Meakin PJ, Jalicy SM, Montagut G, Allsop DJP, Cavellini
DL, Irvine SW, McGinley C, Liddell MK, McNeilly AD,
Parmionova K, Liu YR, Bailey CLS, Dale JK, Heisler LK,
McCrimmon RJ, Ashford MLJ (2018) Bace1-dependent
amyloid processing regulates hypothalamic leptin sensitiv-
ity in obese mice. Sci Rep 8, 55.

[36] Marwarha G, Dasari B, Prabhakara JP, Schommer J, Ghribi
O (2010) beta-Amyloid regulates leptin expression and tau
phosphorylation through the mTORC1 signaling pathway.
J Neurochem 115, 373-384.

[37] Kulas JA, Franklin WF, Smith NA, Manocha GD, Puig KL,
Nagamoto-Combs K, Hendrix RD, Taglialatela G, Barger
SW, Combs CK (2019) Ablation of amyloid precursor pro-
tein increases insulin-degrading enzyme levels and activity
in brain and peripheral tissues. Am J Physiol Endocrinol
Metab 316, E106-E120.

[38] Ishii M, Iadecola C (2016) Adipocyte-derived factors in
age-related dementia and their contribution to vascular and
Alzheimer pathology. Biochim Biophys Acta 1862, 966-974.


