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Adiposity status and change are potential risk factors for Alzheimer’s disease (AD). The authors used data on
2,322 participants in the Baltimore Longitudinal Study of Aging to analyze the relation between AD incidence and
adiposity in Cox proportional hazards models, with adjustment for sociodemographic factors and smoking status.
Body mass index (BMI; weight (kg)/height (m)2) and waist circumference at specific ages were predicted by
empirical Bayes estimators from mixed-effects regression models. After a median of 23.4 years of follow-up
between 1958 and 2006, 187 participants developed AD. Among men, being underweight (BMI �18.5) at age
30, 40, or 45 years increased the likelihood of AD (hazard ratio (HR) ¼ 5.76, 95% confidence interval (CI): 2.07,
16.00); among women, being obese (BMI �30) at age 30, 40, or 45 years and jointly centrally obese (waist
circumference �80th percentile) at age 30, 35, or 50 years increased AD risk (HR ¼ 6.57, 95% CI: 1.96, 22.02).
Women who lost weight (BMI change <10th percentile) between ages 30 and 45 years were also at increased risk
(HR ¼ 2.02, 95% CI: 1.06, 3.85). Weight gain among men (BMI change >90th percentile) between ages 30 and
50 years increased AD risk (HR¼ 3.70, 95% CI: 1.43, 9.56). Future studies should identify age- and gender-specific
optimal weights and weight-loss strategies for preventing AD and investigate potential mechanisms.

adiposity; aging; Alzheimer disease; body mass index

Abbreviations: AD, Alzheimer’s disease; BMI, body mass index; CI, confidence interval; HR, hazard ratio.

Dementia affects 6–10% of persons aged 65 years or
older, the majority of whom are diagnosed with Alzheimer’s
disease (AD) (1). Recent research efforts have included AD
as a potential outcome for a number of life-course cardio-
vascular and metabolic risk factors (2). One group of risk
factors concerns adiposity, particularly body mass index
(BMI; weight (kg)/height (m)2) and obesity (BMI �30),
as well as weight change over time (3–19). Since the prev-
alence of obesity in industrialized countries has reached
epidemic proportions—it is currently 30% among US
adults—even a small detected effect of obesity on risk of
incident AD could have great public health implications
(20). Although prior work has suggested that obesity increases
the risk of dementia, particularly incident AD (3–5), other
investigators have not detected significant associations (6–8).
In addition to BMI, recent research has focused on long-term
vascular effects of central obesity using waist circumference

as a primary measure (21). While one study did not find
a significant effect of central obesity on AD (7), a more recent
and larger study indicated that being in the upper quintile of
waist circumference versus the lowest does more than double
the risk of AD (22).

On the other hand, an increased risk of dementia was shown
among older adults with a history of weight loss or under-
weight status based on cross-sectional and prospective cohort
studies (9–19). Thus, a different picture emerges if exposure is
measured in late life or long before subclinical dementia (23).
Our recent review and meta-analysis of 10 prospective cohort
studies (3–8, 24–27) suggested a U-shaped relation between
BMI status and dementia, with both obesity and underweight
increasing the risk of dementia; our analysis also suggested
stronger associations in women than in men (28).

However, there is no consensus about the underlying
pathogenesis linking dynamic BMI changes and AD, and
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there is no explanation for the previously observed gender
differences in the association between weight status and
AD. In particular, there is a paucity of research on the
time-varying effects of weight status on AD incidence in
later life. We aimed at investigating the effects of BMI/waist
circumference status and their change through earlier stages
of adulthood on the incidence of AD in later life using data
from a prospective cohort study with a long median duration
of follow-up (>20 years). Moreover, we tested gender dif-
ferences in the associations based on BMI/waist circumfer-
ence status and changes.

MATERIALS AND METHODS

Study population

Data from the Baltimore Longitudinal Study of Aging,
a prospective cohort study of community-dwelling adults

initiated by the National Institute on Aging in 1958, were
used. The study has been described in detail elsewhere (29).
Examinations were conducted at regular intervals (around 2
years) and included a battery of neuropsychological tests
and neurologic, laboratory, and radiologic tests (30). All
participants provided written informed consent.

The original study sample (sample 1 in Figure 1) con-
sisted of 3,005 subjects (1,806 men and 1,199 women). The
mean number of study visits between February 1958 and
August 2006 was 7.98 (standard deviation, 6.90; range, 1–43).
Subjects entered follow-up at age 30 years, were entered
into the risk set at age 50 years, and exited follow-up at first
failure, defined as being diagnosed with incident AD at or
beyond age 50 years or being censored at the end of follow-
up due to death or attrition. Subjects with non-AD dementia
or mild cognitive impairment were included in the risk set,
the group at risk of developing AD. Consequently, there
were 187 incident AD cases or failures, for an incidence

Figure 1. Procedures used for inclusion and exclusion of Baltimore Longitudinal Study of Aging (BLSA) participants in analyses of the relation
between adiposity and Alzheimer’s disease (AD) risk, 1958–2006. Sample 1 was used for prediction of body mass index/waist circumference with
linear mixed models; samples 2a and 2b were used for fitting Cox proportional hazards models and constructing Kaplan-Meier survival curves.
Solid line: subjects included in analysis; dashed line: subjects not included in analysis.
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rate of 351 per 100,000 person-years (95% confidence in-
terval (CI): 304, 406)—a rate comparable to that of other
studies (<1% under the age of 70 years) (1). The median
time at risk was 23.4 years (range, 0.01–66.01) (sample 2a
in Figure 1). We further conducted a sensitivity analysis
excluding visits made prior to 1986, to improve the accuracy
of age of onset. Consequently, out of 1,979 subjects at risk,
165 incident AD cases were included in this analysis (sam-
ple 2b in Figure 1).

Outcome assessment

Subjects showing changes that indicated incident demen-
tia were systematically studied. Diagnoses of dementia and
dementia type were formulated during multidisciplinary
evaluations based on prospectively collected evidence using
National Institute of Neurological and Communicative Dis-
orders and Stroke–Alzheimer’s Disease and Related Disor-
ders Association criteria (31). Estimation of age at AD onset
was based on informant reports and history of disease-free
examinations.

Anthropometric measurements

Height and weight were measured with calibrated scales
by trained technicians. At each study visit, BMI was calcu-
lated. Waist circumference was defined as the minimal ab-
dominal perimeter located halfway between the rib cage and
the pelvic crest and was measured using a flexible tape (30).

Linear mixed models were fitted to sample 1 (n ¼ 3,005
subjects) to estimate predicted values of BMI and waist cir-
cumference at ages 30, 35, 40, 45, and 50 years, using age at
visit as the time variable (the method is described in Web
Appendix 1, presented on the Journal’s website (http://aje.
oxfordjournals.org/)). Predicted BMI values at each target age
were categorized on the basis of World Health Organization
guidelines (32) as follows: <18.5 (underweight), 18.5–24.9
(normal), 25–29.9 (overweight), and�30 (obese). BMI change
over a period of 5 years was also calculated and grouped into
3 categories (<10th percentile, 10th–90th percentile, and>90th
percentile). Predicted values for waist circumference were
categorized into quintiles, while change in waist circumfer-
ence was grouped similarly to BMI change.

Covariates

Covariates considered in predictive models for BMI and
waist circumference and in our main analyses included age
at visit, gender, race/ethnicity (non-Hispanic white, non-
Hispanic black, or other), years of education, smoking status
(never, former, or current smoker), and year of birth. Other
covariates were entered into our descriptive analyses exclu-
sively, and these were reported hypertension, diabetes melli-
tus, cardiovascular disease (stroke, congestive heart failure,
nonfatal myocardial infarction, or atrial fibrillation), and
dyslipidemia.

Statistical analysis

All analyses were performed using STATA, version 10.0
(33). We first compared baseline characteristics according to

number of visits and AD incidence status. Differences in
continuous variables across visits and AD status categories
were tested using Student’s t test, while differences between
proportions were assessed using the chi-squared test. We used
Cox proportional hazards to examine risk of AD associated
with early to mid-adulthood adiposity status and change. The
dependent measure was age at onset of AD or the last
observed (censored) age of nondiagnosed subjects. All of
our primary analyses were stratified by gender. Empirical
Bayes predicted values for BMI and waist circumference
were obtained from mixed-effects models (34), with age at
visit being used as the time variable and with inclusion of
fixed variables that might affect initial status and rate of
change in BMI or waist circumference (see Web Appendix 1).

Our Cox proportional hazards models controlled for edu-
cation, race/ethnicity, smoking status, and year of birth. The
exposure was the adiposity status measure (BMI or waist
circumference) at a specific age or 5-year change. High-risk
groups for men and women were derived empirically and
compared with the rest of the population within each gender
in terms of risk for AD. To this end, Kaplan-Meier survival
curves and log-rank tests (35) were used to compare the
number of incident AD cases across risk groups.

RESULTS

Table 1 shows baseline characteristics, stratified by num-
ber of visits (1 visit vs. �2 visits; sample 1) and comparing
subjects who were diagnosed with AD at follow-up with
those who were not (sample 2a). Compared with subjects
with only 1 baseline visit, those with 2 or more visits had
a lower proportion female and a higher percentage of non-
Hispanic whites, a higher mean education, a higher preva-
lence of hypertension, and a higher mean age at baseline.
There were no differences in mean BMI, though obesity was
slightly higher among persons with only 1 visit. On the other
hand, incident AD cases (n ¼ 187), as compared with sub-
jects at risk with no AD at the end of follow-up, had a sig-
nificantly lower mean BMI, were more likely to be former
smokers but less likely to be current smokers at baseline,
had a significantly higher proportion non-Hispanic white,
and were more likely to have reported occurrence of cardio-
vascular disease. They were also significantly older at baseline
(P < 0.05).

Our results of fitting a taxonomy of multilevel/mixed
models for change to the BMI and waist circumference data
are presented in Web Appendix 2 (http://aje.oxfordjournals.
org/). While model A did not include age as the time vari-
able, model B suggests that overall the rate of change in
BMI was positive and significant, with a fixed effect c10
equal to 0.071 (standard error, 0.003) and a level-2 variance
component of the rate of change equal to 0.020 (Var(f1i) ¼
r2

1 ¼ 0.020; standard error, 0.001). The same was observed
in the case of waist circumference, in which the uncondi-
tional growth curve model indicated a rate of growth of
0.349 cm/year with a variance component of 0.100. For both
outcomes (BMI and waist circumference), model E, which
allowed for nonlinear growth by including a quadratic age
term and allowed for secular trends by including year of
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birth, gave the best model fit. The correlation between year
of birth and age at visit for the total Baltimore Longitudinal
Study of Aging sample was �0.74.

Table 2 shows multivariate-adjusted hazard ratios for the
development of AD by BMI status and BMI change over
a period of 5 years. Among men, being underweight, as
compared with normal weight, increased the risk of AD
on average 4.16–11.89 times. Among women, the risk of
AD was more than doubled for obese subjects as compared
with those of normal weight, with the highest hazard ratio

being observed at age 45 years (hazard ratio (HR) ¼ 2.66,
95% CI: 0.91, 7.72). When we excluded study visits made
prior to 1986 (i.e., using sample 2b; see Figure 1), the hazard
ratio for obesity and AD among women was increased to
3.10 (95% CI: 1.06, 9.02) at age 45 years. Percentage weight
loss among women in the range of �6.07% to �0.55%
(<10th percentile of change) within 5 years between ages
30 and 45 years almost doubled the risk of AD in compar-
ison with weight increases up to 5.33% (hazard ratios were
1.91 (P ¼ 0.052), 1.93 (P ¼ 0.045), and 2.00 (P ¼ 0.036),

Table 1. Baseline Characteristics (First Visit) of Subjects According to Number of Follow-Up Visits and Incident

Alzheimer’s Disease Status, Baltimore Longitudinal Study of Aging, 1958–2006

All Study Subjects
Subjects at Risk of
Alzheimer’s Disease

‡1 Visit
(n 5 3,005)

1 Visit Only
(n 5 309)

‡2 Visits
(n 5 2,696)

No Alzheimer’s
Disease

(n 5 2,135)

Alzheimer’s
Disease
(n 5 187)

Gender, % women 39.9 53.7 38.3*** 36.4 38.0 (NS)

Race/ethnicity, %

Non-Hispanic white 80.7 64.2 82.1*** 82.0 96.8***

Non-Hispanic black 16.2 29.7 14.5 15.2 3.2

Other 3.1 6.1 3.8 2.8 0.0

Mean education, years 16.6 (2.8)a 15.7 (3.0) 16.7 (2.7)*** 16.6 (2.9) 16.8 (2.7) (NS)

Smoking status, %

Never smoker 38.8 42.5 38.5 (NS) 36.4 39.2***

Former smoker 38.0 34.6 38.2 40.5 48.4

Current smoker 23.2 22.9 23.3 23.1 12.4

Type 2 diabetes mellitus, % 2.5 2.9 2.4 (NS) 3.2 2.1 (NS)

Hypertension, % 32.7 26.8 33.4* 38.3 41.4 (NS)

Cardiovascular disease, %b 5.5 4.5 5.7 (NS) 6.6 13.4***

Dyslipidemia, % 7.3 7.1 7.4 (NS) 7.9 4.3y

Mean age at first visit, years 52.1 (17.7) 46.9 (18.5) 52.8 (17.2)*** 56.9 (15.4) 68.6 (12.1)***

�20 0.4 0.6 0.4*** 0.0 0.0***

21–29 13.5 21.0 12.6 4.6 0.0

30–39 15.3 24.3 14.3 11.8 0.5

40–49 18.3 15.2 18.5 18.1 10.2

50–59 16.3 13.3 16.6 21.1 15.0

60–69 15.9 9.1 16.7 20.6 20.3

70–79 14.4 11.0 14.9 17.0 36.4

�80 5.9 5.5 6.0 6.9 17.6

Mean body mass indexc 25.2 (3.9) 25.4 (4.8) 25.2 (3.8) (NS) 25.4 (3.8) 24.7 (3.3)**

Underweight (BMI �18.5) 1.6 3.0 1.4* 1.1 2.7*

Normal weight (BMI 18.6–24.9) 52.2 50.3 52.4 49.3 56.1

Overweight (BMI 25.0–29.9) 35.7 33.4 36.0 38.4 35.3

Obese (BMI �30) 10.6 13.2 10.1 11.1 5.9

Abbreviation: NS, not significant.

y P � 0.10 (borderline-significant); *P < 0.05; **P < 0.01; ***P < 0.001; NS: P > 0.10.
a Numbers in parentheses, standard deviation.
b Reporting any of the following conditions at the baseline visit: stroke, congestive heart failure, nonfatal myocardial

infarction, or atrial fibrillation.
c Weight (kg)/height (m)2.
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Table 2. Risk of Incident Alzheimer’s Disease According to Body Mass Index Status and Change in Body Mass Index at Different Ages (Cox

Proportional Hazards Models), Baltimore Longitudinal Study of Aging, 1958–2006a

Range of
Values, %b

BMIc

Men Range of
Values, %b

Women

HR 95% CI P Value HR 95% CI P Value

BMI statusd

At age 30 years

Underweight 6.05*** 2.14, 17.09 0.001 0.67 0.23, 1.89 0.447

Normal 1 1

Overweight 1.17 0.78, 1.75 0.438 1.17 0.59, 2.33 0.657

Obese 0.70 0.25, 1.96 0.499 2.44y 0.85, 7.00 0.098

At age 35 years

Underweight 4.16y 0.99, 17.49 0.052 0.76 0.23, 2.50 0.656

Normal 1 1

Overweight 1.05 0.71, 1.55 0.818 1.04 0.51, 2.13 0.910

Obese 0.57 0.18, 1.87 0.357 2.33 0.81, 6.68 0.116

At age 40 years

Underweight 11.89*** 2.82, 50.15 0.001 1.34 0.41, 4.41 0.624

Normal 1 1

Overweight 1.07 0.72, 1.58 0.734 1.03 0.52, 2.05 0.928

Obese 0.41 0.10, 1.58 0.225 2.55y 0.88, 7.37 0.083

At age 45 years

Underweight 11.21*** 2.65, 47.30 0.001 1.86 0.57, 6.12 0.303

Normal 1 1

Overweight 0.93 0.63, 1.36 0.701 1.24 0.66, 2.32 0.494

Obese 0.46 0.11, 1.93 0.290 2.66y 0.91, 7.72 0.073

At age 50 years

Underweight 2.96 0.68, 12.80 0.147

Normal 1 1

Overweight 0.94 0.64, 1.38 0.753 1.11 0.61, 2.04 0.729

Obese 0.52 0.13, 2.17 0.374 2.43 0.84, 7.02 0.100

Change in BMId

Between ages 30 and 35 years

<10th percentile �3.84 to �0.55 1.14 0.70, 1.85 0.592 �5.44 to �0.55 1.91y 0.99, 3.65 0.052

10th–90th percentile �0.54 to 5.33 1 �0.54 to 5.33 1

>90th percentile 5.37 to 27.34 4.58** 1.75, 11.95 0.002 5.34 to 19.56 1.16 0.40, 3.37 0.784

Between ages 35 and 40 years

<10th percentile �4.01 to �0.64 1.17 0.73, 1.86 0.519 �5.74 to �0.64 1.93* 1.01, 3.72 0.047

10th–90th percentile �0.62 to 4.88 1 0.62 to 4.88 1

>90th percentile 5.91 to 21.64 3.82** 1.47, 9.93 0.006 4.92 to 16.40 1.32 0.50, 3.50 0.573

Between ages 40 and 45 years

<10th percentile �4.21 to �0.73 1.03 0.64, 1.68 0.891 �6.07 to �0.76 2.00* 1.05, 3.83 0.036

10th–90th percentile �0.73 to 5.11 1 �0.71 to 5.11 1

>90th percentile 5.12 to 17.93 5.04** 1.76, 14.42 0.003 5.12 to 14.13 1.35 0.46, 3.91 0.582

Between ages 45 and 50 years

<10th percentile �4.47 to �0.78 1.15 0.72, 1.83 0.548 �6.45 to �0.78 1.67 0.87, 3.20 0.121

10th–90th percentile �0.77 to 4.71 1 �0.77 to 4.71 1

>90th percentile 4.72 to 15.32 4.68** 1.64, 13.37 0.004 4.72 to 12.41 1.24 0.43, 3.59 0.692

Abbreviations: BMI, body mass index; CI, confidence interval; HR, hazard ratio.

y P � 0.10 (borderline-significant); *P < 0.05; **P < 0.01; ***P < 0.001.
a z scores were computed for change, and significant decrease and increase corresponded to the 10th and 90th percentiles (based on the whole

Baltimore Longitudinal Study of Aging sample (n ¼ 3,005)), respectively, of the standardized distribution of change. Numbers of subjects and

failures were 1,343 and 110, respectively, for men and 671 and 64, respectively, for models with women only.
b Cutpoints may vary or overlap because of rounding.
c Weight (kg)/height (m)2.
d BMI status was categorized as underweight (BMI <18.5), normal (BMI 18.5–24.9), overweight (BMI 25.0–29.9), or obese (BMI �30). BMI

change was estimated by taking the difference between empirical Bayes predicted values for BMI at each age (using model E in Web Appendix 2)

and then computing percent change from baseline. Models with BMI status and change as exposures controlled for education (years), ethnicity

(Non-Hispanic black vs. other), and smoking status (former or current smoker vs. nonsmoker).
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respectively). Among men, in contrast, notable increases in
BMI were associated with 4- to 5-fold increased risks of AD
in comparison with normal weight fluctuations at all ages
between 30 and 50 years (HR ¼ 3.82–5.04; P < 0.05).

Table 3 shows multivariate-adjusted hazard ratios for de-
velopment of AD by waist circumference quintile and
change over a period of 5 years. Among men, compared
with the lowest quintile, the third quintile was significantly
protective against incident AD at age 30 years (HR ¼ 0.55,
95% CI: 0.31, 0.99; P ¼ 0.048). In contrast, women had
more than 4-fold the risk of developing AD when belonging
to the uppermost quintile at age 30 years (HR ¼ 4.60, 95%

CI: 1.28, 16.43). This effect of waist circumference among
women was attenuated with age and was only borderline-
significant at ages 35 and 50 years. Moreover, being in the
fourth quintile as compared with the first significantly in-
creased the risk of AD among women, particularly at ages
45 and 50 years. Notable longitudinal increases in waist
circumference among women were protective against AD
incidence as compared with normal fluctuations, particu-
larly between the ages of 30 and 50 years, at all 5-year
intervals (HRs ¼ 0.49–0.50; P < 0.05). Most of those find-
ings were similar when the analyses were repeated using
sample 2b (Figure 1).

Table 3. Risk of Incident Alzheimer’s Disease According to Central Obesity and Change in Waist Circumference at Different Ages (Cox

Proportional Hazards Models), Baltimore Longitudinal Study of Aging, 1958–2006a

Range of
Valuesb

WC (cm)

Men Range of
Valuesb

Women

HR 95% CI P Value HR 95% CI P Value

Quintile of WC statusc Range, cm Range, cm

At age 30 years

Q1 (<20th percentile) 60.6–77.4 1 45.4–61.2 1

Q2 77.4–81.0 0.69 0.42, 1.14 0.148 61.3–64.8 1.71y 0.93, 3.12 0.083

Q3 81.0–84.8 0.55* 0.31, 0.99 0.048 64.8–70.3 1.38 0.64, 2.97 0.412

Q4 84.8–89.9 1.26 0.72, 2.22 0.413 70.3–77.3 2.23 0.81, 6.18 0.112

Q5 (>80th percentile) 89.9–126.3 0.64 0.28, 1.46 0.294 77.4–112.9 4.60* 1.28, 16.43 0.019

At age 35 years

Q1 (<20th percentile) 64.4–79.2 1 50.1–63.3 1

Q2 79.2–82.8 0.84 0.52, 1.37 0.486 63.3–67.0 1.05 0.56, 1.95 0.885

Q3 82.8–86.6 0.62 0.34, 1.12 0.115 67.0–72.8 1.22 0.61, 2.45 0.577

Q4 86.6–91.8 1.16 0.65, 2.06 0.611 72.8–79.9 2.07 0.75, 5.71 0.159

Q5 (>80th percentile) 91.9–126.2 0.95 0.43, 2.08 0.898 80.1–114.4 3.17y 0.91, 11.03 0.069

At age 40 years

Q1 (<20th percentile) 67.2–80.9 1 53.7–65.3 1

Q2 80.9–84.6 0.73 0.45, 1.21 0.228 65.3–69.2 0.89 0.48, 1.65 0.706

Q3 84.6–88.4 0.85 0.50, 1.45 0.556 69.2–75.2 0.91 0.44, 1.89 0.795

Q4 88.4–93.6 0.99 0.56, 1.75 0.978 73.3–82.7 2.18 0.80, 5.97 0.127

Q5 (>80th percentile) 93.6–127.5 0.57 0.20, 1.62 0.294 82.8–115.8 2.52 0.73, 8.68 0.141

At age 45 years

Q1 (<20th percentile) 68.5–82.7 1 55.8–67.2 1

Q2 82.7–86.5 0.92 0.56, 1.52 0.760 67.2–71.4 1.08 0.59, 1.97 0.808

Q3 86.5–90.2 0.90 0.52, 1.55 0.702 71.4–77.8 0.76 0.34, 1.71 0.513

Q4 90.2–95.6 1.07 0.60, 1.88 0.819 77.8–84.9 2.75* 1.07, 7.06 0.035

Q5 (>80th percentile) 95.6–131.3 0.64 0.22, 1.82 0.400 85.0–117.3 2.45 0.71, 8.39 0.155

At age 50 years

Q1 (<20th percentile) 69.8–84.1 1 57.9–69.2 1

Q2 84.2–88.3 0.85 0.52, 1.40 0.527 69.2–73.7 1.15 0.63, 2.11 0.647

Q3 88.3–92.2 0.79 0.45, 1.36 0.396 73.8–80.1 0.88 0.41, 1.92 0.753

Q4 92.2–97.7 1.00 0.57, 1.76 0.987 80.1–87.2 2.53y 1.00, 6.44 0.051

Q5 (>80th percentile) 97.7–138.9 0.48 0.95, 1.07 0.235 87.2–118.8 3.04y 0.87, 10.59 0.080

Table continues
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Figures 2–5 show results for Kaplan-Meier survival
curves comparing AD incidence in empirically derived risk
groups for each gender. Based on our above findings,
women were at a somewhat increased risk of developing
AD when they were obese at age 30, 40, or 45 years or
had central obesity at age 30, 35, or 50 years. When women
experienced all exposures simultaneously, however, the haz-
ard ratio was considerably higher and the risk of AD was
increased 6.57 times, on average (HR ¼ 6.57, 95% CI: 1.96,
22.02; log-rank test: P ¼ 0.0003) (Figure 2). Similarly,
women experiencing appreciable weight loss during any
5-year period between ages 30 and 45 years had approxi-
mately double the risk of developing AD (HR ¼ 2.02, 95%
CI: 1.06, 3.85; log-rank test: P¼ 0.0266) (Figure 3). Among
men, adiposity status defined by low BMI was a significant
risk factor for AD, and being underweight at age 30, 40, or
45 years increased the risk more than 5 times (HR ¼ 5.76,
95% CI: 2.07, 16.00; log-rank test: P¼ 0.001) (Figure 4). In
addition, weight gain during any 5-year interval between
ages 30 and 50 years increased the risk of AD more than
3-fold (HR ¼ 3.70, 95% CI: 1.43, 9.56; log-rank test: P ¼
0.0166) (Figure 5).

DISCUSSION

Of the 2,322 Baltimore Longitudinal Study of Aging par-
ticipants at risk, 187 developed AD after a median of 23.4
years of follow-up. Both BMI and waist circumference in-
creased with age at population-average annual rates of 0.071
units and 0.35 cm, respectively, with wide interindividual
variability. Our analysis of the longitudinal data on the as-
sociation of AD risk with BMI and waist circumference at
baseline and their dynamic changes during follow-up
showed marked gender differences. Among men, weight
gain was associated with a more than 3-fold increased risk
of AD at ages between 30 and 50 years for any 5-year in-
terval (HR ¼ 3.70, 95% CI: 1.43, 9.56); and men who were
underweight at age 30, 40, or 45 years had an increased
likelihood of developing AD (HR ¼ 5.76, 95% CI: 2.07,
16.00). Among women, being obese (BMI �30) at age 30,
40, or 45 years and jointly centrally obese (waist circumfer-
ence �80th percentile) at age 30, 35, or 50 years increased
the risk of AD 6.6-fold (HR ¼ 6.57, 95% CI: 1.96, 22.02).
To our surprise, women who experienced appreciable
weight loss between ages 30 and 45 years were found to

Table 3. Continued

Range of
Valuesb

WC (cm)

Men Range of
Valuesb

Women

HR 95% CI P Value HR 95% CI P Value

Change in WCc
Range, % Range, %

Between ages 30 and 35 years

<10th percentile �1.40 to 1.13 1.55 0.89; 2.69 0.118 �2.98 to 1.10 1.37 0.41, 4.54 0.609

10th–90th percentile 1.13 to 4.06 1 1.14 to 4.05 1

>90th percentile 4.07 to 6.94 1.82 0.83, 4.01 0.133 4.08 to 16.20 0.50* 0.26, 0.96 0.037

Between ages 35 and 40 years

<10th percentile �1.40 to 1.13 1.56 0.90, 2.71 0.110 �2.96 to 1.10 1.37 0.41, 4.54 0.609

10th–90th percentile 1.13 to 3.92 1 1.15 to 3.92 1

>90th percentile 3.93 to 6.51 1.83 0.83, 4.01 0.133 3.94 to 13.97 0.50* 0.26, 0.96 0.037

Between ages 40 and 45 years

<10th percentile �1.40 to 1.13 1.55 0.89, 2.69 0.118 �3.03 to 1.11 1.37 0.41, 4.55 0.605

10th–90th percentile 1.14 to 3.78 1 1.16 to 3.78 1

>90th percentile 3.79 to 6.07 1.82 0.83, 4.01 0.133 3.79 to 12.28 0.49* 0.26, 0.93 0.031

Between ages 45 and 50 years

<10th percentile �1.41 to 1.13 1.60y 0.92, 2.78 0.093 �3.11 to 1.11 1.37 0.41, 4.55 0.605

10th–90th percentile 1.13 to 3.67 1 1.17 to 3.67 1

>90th percentile 3.70 to 5.78 1.83 0.84, 4.03 0.130 3.67 to 10.95 0.49* 0.26, 0.94 0.031

Abbreviations: CI, confidence interval; HR, hazard ratio; Q, quintile; WC, waist circumference.

y P � 0.10 (borderline-significant); *P < 0.05; **P < 0.01; ***P < 0.001.
a z scores were computed for change, and significant decrease and increase corresponded to the 10th and 90th percentiles (based on the whole

Baltimore Longitudinal Study of Aging sample (n ¼ 3,005)), respectively, of the standardized distribution of change. Numbers of subjects and

failures were 1,343 and 110, respectively, for men and 669 and 64, respectively, for models with women only.
b Cutpoints may vary or overlap because of rounding.
c WC change was estimated by taking the difference between empirical Bayes predicted values for WC at each age (using model E in Web

Appendix 2) and then computing percent change from baseline. Models with WC status and change as exposures controlled for education (years),

ethnicity (non-Hispanic black vs. other), and smoking status (former or current smoker vs. nonsmoker).
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have increased risk of AD (HR ¼ 2.02, 95% CI: 1.06, 3.85);
and a notable longitudinal increase in waist circumference,
as compared with normal fluctuations, was found to be pro-
tective among women (HRs ¼ 0.49–0.50), though not
among men. Further research is needed to confirm our find-
ings among women.

Our results regarding the association between obesity and
AD are consistent with those of a number of previous stud-
ies (3, 5–7, 24). For instance, in the Cache County Study

(n ¼ 3,123; mean follow-up time ¼ 3.2 years; 104 AD
cases), Hayden et al. (24) showed that obesity increased
the risk of AD in women (adjusted HR ¼ 2.23, 95% CI:
1.09, 4.30) but not in men (adjusted HR ¼ 1.48, 95% CI:
0.41, 4.18). In a Kaiser Permanente study, the largest study
carried out to date (n ¼ 10,136; follow-up time �36 years;
477 AD cases), Whitmer et al. (5) found hazard ratios of
2.60 (95% CI: 1.44, 4.69) among men and 3.38 (95% CI:
2.20, 5.19) among women, indicating a stronger effect
among women. However, they did not find an association
between underweight and risk of AD (5). Two other studies
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Figure 2. Kaplan-Meier survival curve for time to incident
Alzheimer’s disease by adiposity risk status (elevated body mass
index and waist circumference (obese at age 30, 40, or 45 years
and in upper quintile of waist circumference at age 30, 35, or 50 years)
vs. no elevation) among women, Baltimore Longitudinal Study of
Aging, 1958–2006. The hazard ratio was 6.57 (95% confidence interval:
1.96, 22.02; P < 0.01; log-rank test: P ¼ 0.0003). Failure was defined
as first diagnosis of incident Alzheimer’s disease at or after age
50 years. Hazard ratios were adjusted for education, race/ethnicity,
smoking status, and year of birth.
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Figure 3. Kaplan-Meier survival curve for time to incident
Alzheimer’s disease by adiposity risk status (significant decrease in
body mass index (change <10th percentile) during any 5-year interval
between ages 35 and 45 years vs. none) among women, Baltimore
Longitudinal Study of Aging, 1958–2006. The hazard ratio was 2.02
(95% confidence interval: 1.06, 3.85; P < 0.05; log-rank test: P ¼
0.0266). Failure was defined as first diagnosis of incident Alzheimer’s
disease at or after age 50 years. Hazard ratios were adjusted for
education, race/ethnicity, smoking status, and year of birth.
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Figure 4. Kaplan-Meier survival curve for time to incident
Alzheimer’s disease by adiposity risk status (underweight (at age 30,
40, or 45 years vs. not underweight) among men, Baltimore Longitu-
dinal Study of Aging, 1958–2006. The hazard ratio was 5.76 (95%
confidence interval: 2.07, 16.00; P < 0.001; log-rank test: P ¼ 0.001).
Failure was defined as first diagnosis of incident Alzheimer’s disease
at or after age 50 years. Hazard ratios were adjusted for education,
race/ethnicity, smoking status, and year of birth.

50 70 90 110 130
Age at Follow-up, years

0.00

0.25

0.50

0.75

1.00

----- Lower Risk
Higher Risk

Pr
op

or
tio

n 
Su

rv
iv

in
g

Figure 5. Kaplan-Meier survival curve for time to incident
Alzheimer’s disease by adiposity risk status (increase in body mass
index (change >90th percentile) during any 5-year interval between
ages 30 and 50 years vs. no increase) among men, Baltimore Longi-
tudinal Study of Aging, 1958–2006. The hazard ratio was 3.70 (95%
confidence interval: 1.43, 9.56; P < 0.01; log-rank test P ¼ 0.0166).
Failure was defined as first diagnosis of incident Alzheimer’s disease
at or after age 50 years. Hazard ratios were adjusted for education,
race/ethnicity, smoking status, and year of birth.
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did not find statistically significant associations (6, 7),
though they followed a similar trend.

Investigators have examined various other measures of
adiposity, including waist circumference and subscapular
and triceps skinfold thicknesses, and have obtained mixed
findings (7, 22, 26, 27). In fact, while Yoshitake et al. (26)
did not find an association between BMI and subscapular:
triceps skinfold thickness ratio on the one hand and demen-
tia or AD risk on the other for men and women separately,
Luchsinger et al. (7) found that among both genders com-
bined, having a waist circumference greater than 97 cm
more than doubled the risk of vascular dementia (HR ¼
2.3, 95% CI: 1.0, 5.1) but not the risk of AD. Luchsinger
et al. also found a positive association between vascular de-
mentia and weight gain (7). More recently, among 6,583
subjects in the Kaiser Permanente cohort, Whitmer et al.
(22) showed that in those with baseline central obesity (waist
circumference measured between 1964 and 1973), the risk of
developing dementia after an average of 36 years of fol-
low-up was more than doubled when the uppermost quintile
of waist circumference was compared with the lowest (HR ¼
2.72, 95% CI: 2.33, 3.33). Being defined as ‘‘obese’’ on the
basis of both BMI and waist circumference concurrently in-
creased the risk further (HR ¼ 3.60, 95% CI: 2.85, 4.55) (22).
These findings were similar to ours in terms of the joint effect
of weight status and central obesity on the risk of AD, though
our results were confined to women.

The fat-brain axis (36) and the hypothalamic-pituitary-
adipose tissue axis (37) have been implicated in the biologic
mechanisms that link adiposity to cognitive performance. In
fact, compounds secreted by adipose tissue, such as leptin
and adiponectin, have been shown to regulate energy expen-
diture and hyperphagic responses by interacting with the
hypothalamus (38). In addition, direct administration of lep-
tin to the hippocampus in mice was shown to improve mem-
ory processing and to shape the hypothalamus during the
earliest stages (39). Recently, Fewlass et al. (40) found that
leptin may contribute to amyloid beta deposition, while the
results of another population-based study (41) suggested
that a low serum leptin level is associated with cognitive
decline even after adjustment for BMI. In addition, excess
adiposity was shown to be linked with increased inflamma-
tion, particularly the release of cytokines such as interleukin-6
and C-reactive protein (42), which in turn was implicated in
the cognitive decline process (43, 44).

Declining BMI may indicate pathologic processes that
contribute to the subsequent development of AD (9). Some
suggested mechanisms include increased energy expendi-
ture, biologic disturbances, dysfunction in body weight reg-
ulation, mesial cortex temporal atrophy (16), and dysphagia
(13). Studies also indicate that there may be complex rela-
tions between apolipoprotein E e4, increased cerebrospinal
fluid levels of cortisol, weight loss, and hippocampal atro-
phy, particularly among women, increasing the risk of AD
(45, 46). In addition, in a study by Mayeux et al. (47), a lower
BMI was associated with elevated plasma levels of amyloid
b42, a possible risk factor for AD. As we showed in our
recent review (28), at least 3 other prospective cohort studies
indicated that weight loss or underweight status at the mild
cognitive impairment stage or earlier was associated with

increased incidence of AD (8, 48, 49). A general framework
was recently proposed in which brain injury promoted by
genetic and metabolic factors causes brain pathology and
altered brain function, which in turn triggers changes in cog-
nition, behavior, and appetite, promoting inadequate caloric
intake, insufficient energy, impaired neuronal transport, and
the stress response. These in turn may cause further increases
in levels of free radicals, amyloid b, phosphorylated s, cortisol,
and cytokines and increase inflammation, which promotes
further brain pathology and altered brain function (15).

On the other hand, it is well-established that obesity in
general and central obesity in particular is only 1 component
of an etiologic cluster known as the metabolic syndrome.
Prior research showed positive associations of hypertension
(50–52) and type 2 diabetes mellitus (53–55) with risk of
dementia and cognitive decline. However, the influence of
plasma lipid level (a third component of the metabolic syn-
drome) remains unclear. Cholesterol alters the degradation
of the amyloid precursor protein, a major player in the path-
ogenesis of AD (56). Moreover, cerebrovascular disease that
is associated with dyslipidemia may be related to the risk of
AD (57). Conflicting results have also been noted in studies
relating levels of total cholesterol (58, 59), high density
lipoprotein cholesterol (60–62), and low density lipoprotein
cholesterol (58) to AD. It was recently found that among
1,616 elders, the risk of developing cognitive impairment
over a period of 4 years was increased significantly among
those with the metabolic syndrome (63). In other recent
studies linking the metabolic syndrome to incident or prev-
alent dementia, AD, and vascular dementia, researchers
came to similar conclusions, though various measures of
the metabolic syndrome were used (27, 64, 65), while
Muller et al. (66) did not find an association between the
metabolic syndrome and dementia risk. However, in the
Kaiser Permanente study, adjustment for all other compo-
nents of the metabolic syndrome did not attenuate the pos-
itive effect of mid-adulthood obesity (5), indicating that the
effect of adiposity on the risk of AD may follow an inde-
pendent pathway among both men and women.

Our study had several strengths. First, it was based on
a large cohort of men and women who were followed for
a relatively long period of time (median follow-up time:
23.4 years after age 50). Second, it was one of the few studies
to examine the effects of central obesity (measured by waist
circumference) and dynamic BMI and waist circumference
changes during early to mid-adulthood on the incidence of
AD. Finally, we used advanced statistical techniques, in-
cluding mixed-effects regression models, to predict BMI
and waist circumference in an efficient manner over time.
However, our study also had limitations, including a lack of
complete measurements for certain variables, including de-
pressive symptoms and physical activity, at each age; this
impeded our ability to adjust for these variables in a suitable
manner, particularly when our exposure (BMI/waist circum-
ference status and change) was age-dependent. In addition,
the Baltimore Longitudinal Study of Aging was a sample of
convenience; the cohort was not fixed, and recruitment and
dropout were continuous throughout follow-up. We did not
adjust for components of the metabolic syndrome, as we felt
that they are potentially in the causal pathway and hence
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may act as mediators or effect modifiers. Finally, some of
our results, particularly hazard ratios, were indicative of
poor precision due to lack of statistical power. However,
a sensitivity analysis that set the hazard ratio to be detected
as the observed one and fixed the sample size of failures as
well as the distribution of the main adiposity exposure (67)
indicated that in fact power ranged between 0.80 and 1.00
for most of our analyses.

In conclusion, obesity, central obesity, and weight loss
among women seem to play a role in the etiology of AD,
while underweight and weight gain among men increase the
risk. In future studies, investigators should address optimal
age- and gender-specific healthy weight and weight loss strat-
egies for prevention of AD. They should also suggest poten-
tial mechanisms for an effect of obesity or central obesity on
AD, either through components of the metabolic syndrome
or through other independent factors related to adiposity.
Alternative pathways explaining the relation between weight
loss and AD should also be investigated.
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