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Knee height and arm span
A reflection of early life environment and risk of dementia

T.L. Huang, PhD
M.C. Carlson, PhD
A.L. Fitzpatrick, PhD
L.H. Kuller, MD,
DrPh

L.P. Fried, MD, MPH
P.P. Zandi, PhD

ABSTRACT

Objectives: To determine if anthropometric measures, as markers of early life environment, are
associated with risk of dementia, Alzheimer disease (AD), and vascular dementia (VaD).

Methods: A total of 2,798 subjects were followed as part of the Cardiovascular Health Cognition
Study for an average of 5.4 years; 480 developed dementia. Knee height was measured 3 years
prior to and arm span 4 years after the study’s baseline. Cox proportional hazard models were
used to examine their association with subsequent risk of dementia, AD, and VaD.

Results: Among women, greater knee height and arm span were associated with lower risks of
dementia (knee height: HR per 1-inch increase 0.84; 95% CI 0.74–0.96; arm span: HR per
1-inch increase 0.93; 95% CI 0.88–0.98) and AD (knee height: HR per 1-inch increase 0.78;
95% CI 0.65–0.93; arm span: HR per 1-inch increase 0.90; 95% CI 0.85–0.96). Women in the
lowest quartile of arm span had �1.5 times greater risk of dementia (HR 1.45; 95% CI 1.03–
2.05) and AD (HR 1.70; 95% CI 1.10–2.62) than other women. Among men, only arm span was
associated with lower risks of dementia (HR per 1-inch increase 0.94; 95% CI 0.89 –1.00) and
AD (HR per 1-inch increase 0.92; 95% CI 0.84–1.00). For each gender, knee height was not
associated with VaD, while arm span was associated with a nonsignificant lower risk of VaD.

Conclusions: Our findings with knee height and arm span are consistent with previous reports and
suggest early life environment may play an important role in the determination of future dementia
risk. Neurology® 2008;70:1818–1826

GLOSSARY
3MSE � Modified Mini-Mental State Examination; AD � Alzheimer disease; ADDTC � Alzheimer’s Disease Diagnostic and
Treatment Centers; CHS � Cardiovascular Health Study; DSM-IV � Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition; MMSE � Mini-Mental State Examination; NINCDS-ADRDA � National Institute of Neurological and Commu-
nicative Diseases and Stroke–Alzheimer’s Disease and Related Disorders Association; NINDS-AIREN � National Institute of
Neurological Diseases and Stroke–Association Internationale pour la Recherche et l’Enseignement en Neurosciences; VaD �
vascular dementia.

Several studies have suggested that early life environment plays a role in susceptibility to
chronic disease in later life.1 Small size at birth and during childhood is associated with
cardiovascular disease, hypertension, and type 2 diabetes.1-7 Early life environment may
also modify an individual’s risk for developing neurologic disorders, such as Alzheimer
disease (AD). Studies using census data, birth certificates, or information from proxies to
characterize early life exposures showed that people whose fathers were unskilled labor-
ers,8 as well as those who came from homes with a greater number of dependents,8,9 had a
higher risk of developing AD. Growing up in the suburbs prior to age 18 was also associ-
ated with a lower risk of AD.9While these indicators of socioeconomic status are unlikely
to be the direct cause of AD, they may be markers for underlying risk factors during
growth and critical brain development throughout adolescence. Both behavioral and
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postmortem data suggest that the pathol-
ogy of AD may begin early in life.10,11

Markers of linguistic ability in the diaries
of nuns in their early 20s were associated
with a decreased risk of the disease,10 and
in a separate study where neuropathologic
hallmarks of AD were measured by age,
neurofibrillary tangles and amyloid depos-
its were evident in young adults.11 Thus
deficits or injury in childhood or adoles-
cence may predispose a person to neurode-
generation in later life.

Given that risks associated with demen-
tia may occur early in life, researchers have
looked for biologic indicators of early defi-
cits, such as anthropometric measures.
Shorter leg length, arm span, and maximal
adult height have already been shown to be
associated with cognitive impairments in
late life in several studies.12-17 Differences in
these anthropometric measures may reflect
nutritional or other deficits throughout
childhood.14 Thus, these studies suggest
that deprivation during the critical grow-
ing years has the potential to place an indi-
vidual at greater risk for cognitive deficits
in later life.

Three previous studies that specifically
examined the association of leg length and
arm span with dementia were in popula-
tions from Asia.14-16 We further sought to
examine these relationships in an Ameri-
can population followed as part of the Car-
diovascular Health Study (CHS). This
study offers a large national sample of both
men and women with a long period of

follow-up, enabling us to address how dif-
ferences in knee height and arm span may
be related to risk of developing dementia in
late life.

METHODS Study overview. The CHS is a multisite
prospective, observational study designed to investigate risk
factors for cardiovascular disease in adults aged 65–101 at
baseline.18 The CHS recruited 5,888 participants from age-
stratified Medicare eligibility lists in four US communities:
Forsyth County, NC, Washington county, MD, Sacramento
County, CA, and Pittsburgh, PA.19 The original cohort of
5,201 participants was recruited in 1989–1990 and an addi-
tional 687 African Americans were recruited in 1992–1993 at
three of the sites (Forsyth County, Sacramento, and Pitts-
burgh) (see the figure for clarification of timeline). The CHS
Cognition Study, an ancillary study of CHS to investigate
risk factors for dementia, included the subset of 3,608 partic-
ipants who underwent MRI during 1992–1993 and a concur-
rent Mini-Mental State Examination (MMSE)20 to assess
global cognition. The institutional review board at each cen-
ter approved the study, and all participants signed an in-
formed consent at entry and at specified intervals during the
course of the study.

Assessment of exposures. As part of the CHS, partici-
pants came into the clinical centers for up to 11 annual ex-
aminations through 1998–1999 (figure). Data collected at
these examinations included demographics, anthropometry,
blood pressure, medical history and behaviors, physical
function, medications, and psychosocial interviews to assess
depression.18 Cognitive function was measured using the
MMSE at baseline and the Modified Mini-Mental State Ex-
amination (3MSE) at all follow-up examinations.21 Cerebral
MRI were completed twice, in 1992–1993 and again in 1997–
1998.22 Phlebotomy was done at several examinations during
the study, and after collecting informed consent for use of
DNA, APOE genotype was determined from the 91.5% of
subjects who consented to DNA analysis. Surveillance of
mortality, cardiovascular outcomes, and all hospitalizations
were conducted throughout study follow-up.23

Knee height was measured in 1989–1990, and arm span
was measured in 1996–1997 (figure). Knee height was de-
fined as the distance from the sole of the foot to the anterior
surface of the thigh, with the ankle and knee each flexed to a
90-degree angle. It was measured on each of the participants
while supine on the examination table using a sliding caliper
on the left leg. Arm span was measured with the participant
standing with arms outstretched to either side of the body
parallel to the floor, and was defined as the distance between
fingertips.

Evaluation of dementia. Detailed methods for classifying
dementia in the CHS Cognition Study have been reported
elsewhere.24 In brief, in 1998–1999, participants were
screened as being at high risk for dementia using the 3MSE,
medical records review, and several other cognitive tests
gathered throughout the study. At three of the four sites, all
individuals considered at high risk of dementia, all minority
participants, those with a history of stroke, and those resid-
ing in nursing homes were included for additional data col-
lection to assess cognitive status. Participants were invited to
come into the clinic for neuropsychological testing or were

Figure Timeline of the Cardiovascular Health Study
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offered in-home testing. If a participant failed tests for memory
or tests in more than one other cognitive domain (premorbid
intelligence, language, visuoperceptual/visuoconstructional, ex-
ecutive function, or motor), further testing was done by a neu-
rologist. If a participant refused or was deceased, dementia was
assessed using the prospectively collected data from the annual
clinic examination supplemented with data from medical
records, physician questionnaires, and informant/proxy inter-
views. At one site (Pittsburgh), all living participants at the
clinic were evaluated to ascertain screening bias. Twelve partic-
ipants who screened normal were found to have dementia, and
thus it was estimated that 56/1,492 white participants classified
as normal may have had dementia.25

Based on all information available, a committee of neu-
rologists and psychiatrists (one from each site) classified de-
mentia status for all CHS Cognition Study participants,
including those who were deceased by 1998–1999. The clini-
cal diagnosis of dementia was based on a progressive or

static cognitive deficit of sufficient severity to affect the sub-
jects’ activities of daily living, and history of normal intellec-
tual function before the onset of cognitive abnormalities,
and approximated Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (DSM-IV) criteria. Partic-
ipants were also required to have impairments in two cogni-
tive domains, which did not necessarily include memory.24

Type of dementia was determined using several criteria
including the DSM-IV,26 the National Institute of Neurolog-
ical and Communicative Diseases and Stroke–Alzheimer’s
Disease and Related Disorders Association (NINDS-
ADRDA),27 State of California Alzheimer’s Disease Diagnos-
tic and Treatment Centers (ADDTC),28 and National
Institute of Neurological Diseases and Stroke–Association
Internationale pour la Recherche et l’Enseignement en Neu-
rosciences (NINDS-AIREN).29 The classification of specific
types of dementia was completed after the review of the
MRI.

Table 1 Anthropometric measures by characteristics, mean inches (SD)

Men Women

Age, y No. Knee height No. Arm span No. Knee height No. Arm span

60 –70 405 20.90 (1.11)* 329 68.71 (3.00)* 700 19.07 (1.01)* 612 62.62 (3.12)*

70–80 637 20.77 (1.12) 458 67.96 (3.26) 821 19.00 (1.12) 632 62.02 (3.31)

80–90 98 20.68 (1.09) 54 66.66 (4.23) 120 18.81 (0.98) 62 61.30 (3.31)

Race†

White 1037 20.77 (1.10)* 763 67.98 (3.19)* 1450 18.97 (1.05)* 1147 61.96 (3.10)*

Black 98 21.21 (1.14) 74 70.20 (3.47) 184 19.38 (1.07) 154 64.56 (3.40)

Education‡

8th grade or less 114 20.44 (1.05)* 76 67.98 (2.91)* 150 18.69 (1.14)* 112 61.71 (3.53)*

9th–12th grade/GED 394 20.66 (1.09) 282 67.88 (3.30) 735 18.90 (0.99) 593 62.22 (2.98)

Vocational school 92 20.69 (1.07) 74 67.89 (3.52) 161 19.15 (1.17) 127 62.20 (3.41)

College 356 20.97 (1.14) 268 68.26 (3.26) 447 19.19 (1.04) 351 62.34 (3.48)

Graduate school 184 21.13 (1.05) 141 68.85 (3.24) 143 19.29 (1.09) 119 62.87 (3.16)

APOE§

No �4 806 20.83 (1.11) 591 68.21 (3.13) 1128 19.03 (1.07) 896 62.38 (3.23)*

Any �4 234 20.85 (1.18) 172 68.26 (3.35) 368 18.96 (1.07) 292 61.95 (3.21)

Income¶

�$12K 115 20.74 (1.06)* 82 68.52 (3.08) 397 18.85 (1.15)* 301 62.12 (3.60)*

$12–25K 383 20.68 (1.11) 271 68.03 (3.30) 542 18.99 (1.03) 434 62.06 (3.11)

$25–35K 225 20.84 (1.13) 171 68.46 (3.33) 243 19.09 (1.02) 201 62.69 (3.26)

$35–50K 143 20.84 (1.05) 109 68.01 (3.36) 152 19.21 (1.04) 127 62.72 (3.02)

�$50K 226 20.99 (1.17) 177 68.16 (2.94) 198 19.28 (1.01) 159 62.57 (3.20)

Health

Excellent 212 21.01 (1.08)* 174 68.65 (2.93)* 255 19.10 (1.13)* 214 62.56 (2.97)

Very good 325 20.84 (1.15) 256 68.38 (3.30) 470 19.13 (1.02) 393 62.37 (3.07)

Good 415 20.72 (1.11) 301 67.86 (3.40) 606 18.95 (1.10) 486 62.21 (3.40)

Fair 170 20.68 (1.07) 97 67.67 (3.28) 281 18.94 (0.98) 194 62.04 (3.33)

Poor 15 21.25 (0.96) 12 68.80 (3.36) 28 18.77 (0.82) 18 61.48 (2.40)

*p� 0.05 with t test for dichotomous variables and linear test for trend for polychotomous variables.
†There were 5 men and 7 women who were not considered in either ethnic group represented in table 1.
‡There were 5 women missing education.
§There were 100 men and 146 women missing APOE status.
¶There were 49 men and 109 women missing income.
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Analytic sample. Of the 3,608 participants in the CHS
Cognition Study, 6 were determined to lack sufficient infor-
mation for dementia classification. From the remaining
3,602, we excluded 227 participants with prevalent dementia
and 577 subjects with mild cognitive impairment at the base-
line of CHS Cognition Study in 1992–1993. Thus, 2,798 par-
ticipants were included in the present analyses. Of these, 480
subjects developed dementia between 1992 and 1999 (inci-
dence rate of 31.9 per 1,000 person-years). Over the course of
follow-up, 245 subjects (83 men and 162 women) developed
possible or probable AD by NINCDS-ADRDA criteria and
no other dementia diagnosis (incidence rate of 16.3 per 1,000
person-years), and 213 subjects (98 men and 115 women)
developed possible or probable vascular dementia (VaD) by
ADDTC criteria either alone or mixed with another demen-
tia diagnosis (incidence rate of 14.2 per 1,000 person-years),
and 22 developed other dementias. We included the mixed
dementias with VaD due to the relatively small numbers of
pure VaD cases.

Statistical methods. Trend tests and analysis of variance
followed by Tukey post-test for multiple comparisons were
used to compare anthropometric measurements stratified by
gender across several sociodemographic variables shown in
table 1. Cox proportional hazards models were then used to
examine the associations of knee height and arm span with
risk of dementia, AD, and VaD. Subjects with VaD were
excluded in the analyses of AD, and vice versa in the analyses
of VaD. The time axis was years of study from the baseline
of the CHS Cognition Study in 1992–1993. All analyses were
stratified by gender to allow for comparability with previ-
ously published articles14-16 acknowledging that men and
women differ in height, rate of growth, and timing of
growth. For the primary analyses, we modeled anthropomet-
ric measures as continuous variables. In addition, we exam-
ined these variables in quartiles, and because potential
threshold effects were noted, we presented the results with
the lowest vs the remaining quartiles. Because 651 subjects
were missing arm span (as compared to only 17 for knee
height), we included a “missing” group in our comparison
across quartiles of arm span. The “missing” group included
subjects who were not able to provide a measurement in
1996–1997 because they were lost to follow-up either due to
death (238) or other reasons. In all analyses, we controlled
for other covariates that were found to differ with respect to
the anthropometric measures (table 1) and were associated
with dementia in the Cox models as indicated by likelihood
ratio tests. These covariates were included in two different
sets of models. The first (baseline) set of models included
those covariates that were predetermined before the period
of limb development and included age (at baseline), race
(white vs minority status), and APOE genotype (any vs no �4
alleles). The second (full) set of models included these co-
variates plus others that were potentially established after
the period of limb development and included education, in-
come, and self-reported health. Education was modeled as
the number of years in school, excluding vocational school.
Income was based on income at baseline and was divided
into eight categories ranging from under $5,000 to over
$50,000. Self-reported health was determined in 1992–1993
and modeled as shown in table 1. We examined other covari-
ates such as clinic site, physical activity, age at menopause,
and chronic diseases, including coronary heart disease, os-
teoporosis, and diabetes. None of these significantly altered

our main results, and were thus not retained in the final
models. Forward and backward stepwise regression was
used to verify the completeness of the models. Finally, inter-
actions between each anthropometric measure and gender
using the whole sample were examined to formally test for
differences across gender. In further exploratory analyses,
we also examined interactions between each anthropometric
measure and age, race, or APOE genotype. Each of the inter-
actions was tested separately building on the baseline mod-
els. All analyses were performed using STATA 8.0.

RESULTS The average age of the subjects in our
study was 72 years. Approximately 41% of the
subjects were male, while 89.5% were white,
10.1% black, and 0.4% other ethnic back-
grounds. The mean knee height and arm span
across various sociodemographic characteristics
are provided for each gender in table 1. There
were significant trends of decreases in both an-
thropometric measurements with increasing age
and increases with additional years of education.
Black subjects had significantly greater knee
height and arm span than white subjects. Women
without an APOE �4 allele had significantly
longer arm spans than those with the high-risk
allele. Although there was a trend of greater knee
height and arm spans with higher income among
women, a similar trend was only apparent for
knee height among men. For both genders, there
was a trend of greater knee height and arm span
with increasing satisfaction with one’s health.
Those missing arm span were significantly older
(men: 73.2 vs 71.6; women: 72.7 vs 71.1), had less
education (men: 12.7 vs 13.2 years; women: 12.2
vs 12.5 years), and scored lower on self-reported
health, but they were not different in terms of mi-
nority status, APOE status, and income. Women
missing arm span had significantly shorter knee
heights (18.90 vs 19.06 in, p � 0.01), but there
were no statistical differences in knee height for
men missing those same measures. Correlations
between knee height and arm span were 0.56 for
men, and 0.60 for women.

Although there was a trend toward lower risk
of dementia with greater knee height for men, the
effect was only significant for women (table 2).
After controlling for age, race, and APOE geno-
type, each 1-inch increase was associated with
16% less risk for women (HR per 1-inch increase:
0.84; 95% CI 0.74–0.96). Separate analysis of AD
and VaD in women revealed that the lower risk
was more apparent for AD (HR per 1-inch in-
crease: 0.78; 95% CI 0.65–0.93) than VaD (HR
per 1-inch increase: 0.91, 95% CI 0.74–1.11). Ex-
amination of women in the lowest quartile of
knee height (�18.28 inches) revealed they had
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greater risk of dementia and AD than other
women, but the effects were not significant.

Greater arm span was associated with lower
risk of dementia among both men and women,
after controlling for age, race, and APOE geno-
type (men: HR per 1-inch increase 0.94; 95% CI
0.89–1.00; women: HR per 1-inch increase 0.93;
95% CI 0.88–0.98) (table 3). Arm span was also
associated with lower risk of AD (men: HR per
1-inch increase 0.92; 95% CI 0.84–1.00; women:
HR per 1-inch increase 0.90; 95% CI 0.85–0.96),
but the effect with VaD was not statistically sig-

nificant. Interestingly, for women only, those in
the lowest quartile of arm span (�60.2 inches)
had significantly greater risk of dementia (HR per
1-inch increase 1.45; 95% CI 1.03–2.05) and AD
(HR per 1-inch increase 1.70; 95% CI 1.10–2.62)
compared to others.

In other models, we included interaction terms
between each anthropometric measure and gen-
der to formally test whether the relationships
with dementia differed for men and women. The
interaction terms with sex were not significant in
any of these models (data not shown). We further
considered other interactions with age, race, and
APOE genotype, and none of these were signifi-
cant either. Additionally, in order to more closely
examine the potential mediating effect of educa-
tion, income, and self-reported health on the rela-
tionship between these anthropometric measures
and dementia, we compared models with and
without these covariates (see tables 2 and 3). The
results were similar before and after including
these covariates.

DISCUSSION We found that shorter knee
heights and arm spans were associated with an
increased risk of dementia. Although interaction
terms between each anthropometric measure and
gender did not reach significance, we did observe
differences between the sexes. Among women,
both knee height and arm span significantly pre-
dicted dementia risk, while among men only arm
span did. The associations with knee height and
arm span were stronger with AD, and only with
arm span did we observe a trend for lower risk
of VaD. The results were similar whether or
not we controlled for education, income, and
self-reported health, suggesting that the rela-
tionships between the two anthropometric
measures and dementia were independent of
each of these factors.

Our findings appear to be largely consistent
with those from three previous studies in two dif-
ferent elderly Korean populations conducted by
the same group of investigators. Two of these
studies15,16 reported that shorter leg length was as-
sociated with greater risk of dementia specifically
among women in Kwangju, South Korea. The
other study,14 using a separate population from
the Jeonbuk province in South Korea, found that
shorter arm length was associated with greater
risk of dementia independent of gender. The con-
sistency of findings across studies lends support
to the contention that these anthropometric mea-
sures are associated with dementia risk and the
associations with knee height differ by gender.

Table 2 Relative risks of dementia, Alzheimer disease (AD), and vascular
dementia (VaD) by knee height

Cases/
person-years

Model 1* HR
(95% CI)

Model 2† HR
(95% CI)

Men

Dementia

Continuous 164/5,481 0.93 (0.81–1.07) 0.95 (0.83–1.10)

Dichotomous (in)

�20.05 121/5,481 1.0 1.0

�20.05 43/5,481 1.18 (0.83–1.67) 1.11 (0.78–1.58)

AD

Continuous 69/5,208 0.89 (0.72–1.10) 0.95 (0.76–1.18)

Dichotomous (in)

�20.05 53/5,208 1.0 1.0

� 20.05 16/5,208 0.97 (0.56–1.71) 0.80 (0.45–1.43)

VaD

Continuous 87/5,236 0.96 (0.79–1.16) 0.96 (0.79–1.17)

Dichotomous (in)

�20.05 62/5,236 1.0 1.0

�20.05 25/5,236 1.34 (0.84–2.15) 1.34 (0.84–2.16)

Women

Dementia

Continuous 248/8,167 0.84 (0.74–0.96) 0.88 (0.77–1.00)

Dichotomous (in)

�18.28 178/8,167 1.0 1.0

�18.28 70/8,167 1.26 (0.95–1.67) 1.20 (0.90–1.59)

AD

Continuous 138/7,833 0.78 (0.65–0.93) 0.82 (0.69–0.97)

Dichotomous (in)

�18.28 95/7,833 1.0 1.0

�18.28 43/7,833 1.39 (0.96–2.00) 1.29 (0.89–1.86)

VaD

Continuous 104/7,716 0.91 (0.74–1.11) 0.94 (0.77–1.16)

Dichotomous (in)

�18.28 78/7,716 1.0 1.0

�18.28 26/7,716 1.07 (0.68–1.67) 1.02 (0.65–1.60)

*Controlling for age at baseline, race, and APOE genotype.
†Controlling for age at baseline, race, APOE genotype, education, income, and self-reported
health.
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However, as noted above, formal interaction tests
of differences by gender were not significant in
the current study. Therefore, more studies are
needed to confirm if there are indeed gender dif-

ferences, and the biologic significance of any ob-
served differences.

The current study differs from one of the pre-
vious studies carried out in the Korean popula-
tions16 in that we did not find strong evidence for
association of these anthropometric measures, es-
pecially knee height, with VaD. However, in a
subsequent article drawing from an updated sam-
ple of the same population,15 leg length was no
longer significantly associated with VaD in
women. In both Korean studies, as well as ours,
sample sizes of subjects with VaD were small,
thus more studies are needed before conclusions
can be made regarding the association of limb
length with VaD. Overall, our findings suggest
that as they do in the Korean populations, anthro-
pometric measures of short stature, even as de-
fined by Western standards, similarly predict risk
for dementia.

The relationship of knee height to dementia in
our study is particularly interesting given the find-
ings of a British national cohort study of individ-
uals followed since birth in 1946.30 This study
examined the associations of leg and trunk length
at age 43 with childhood factors including breast-
feeding, early nutrition, health/disease status, so-
cioeconomic circumstances, and emotional
trauma. Leg length was most closely associated
with breastfeeding and energy intake at 4 years.
They concluded that it was most closely associ-
ated with environment and diet in early life, cor-
responding to the periods of most rapid leg
growth.

Differences in limb length could reflect differ-
ences in genetics, environment, or both. While
heritability of height is estimated to be 80% in the
United States and Western countries after World
War II, the proportion of variation due to the en-
vironment is stronger in developing nations and
when there is greater environmental stress.31

Thus, there have been universal secular increases
in height, and there is a strong correlation be-
tween socioeconomic background and height.32,33

Interestingly, these secular trends are already re-
flected during the first 2 years of life.34 In our pop-
ulation, as well as others, those with longer
anthropometric measurements also received more
years of education13,16 and height has been shown
to correlate with intelligence.35-37 Sixty-five per-
cent of the correlation between height and intelli-
gence is due to environmental rather than genetic
factors.38 Adverse conditions, especially during
early years of life, lead to stunting (reduced
height-for-age).39 Although there may be some
catch-up during later growth, it is not completely

Table 3 Relative risks of dementia, Alzheimer disease (AD), and vascular
dementia (VaD) by arm span

Cases/
person-years

Model 1* HR
(95% CI)

Model 2† HR
(95% CI)

Men

Dementia

Continuous 100/4,479 0.94 (0.89–1.00) 0.94 (0.89–1.00)

Dichotomous (in)

�65. 9 72/5,507 1.0 1.0

�65. 9 28/5,507 1.18 (0.76–1.84) 1.12 (0.71–1.75)

Missing‡ 64/5,507 2.53 (1.79–3.59) 2.40 (1.68–3.42)

AD

Continuous 48/4,302 0.92 (0.84–1.00) 0.93 (0.85–1.01)

Dichotomous (in)

�65. 9 33/5,235 1.0 1.0

�65. 9 15/5,235 1.40 (0.76–2.61) 1.23 (0.65–2.33)

Missing‡ 21/5,235 1.94 (1.11–3.38) 1.75 (0.99–3.10)

VaD

Continuous 47/4,303 0.94 (0.87–1.02) 0.93 (0.85–1.01)

Dichotomous (in)

�65. 9 35/5,263 1.0 1.0

�65. 9 12/5,263 1.07 (0.55–2.07) 1.07 (0.55–2.10)

Missing‡ 40/5,263 3.11 (1.94–4.99) 3.05 (1.89–4.93)

Women

Dementia

Continuous 155/6,975 0.93 (0.88–0.98) 0.94 (0.89–0.99)

Dichotomous (in)

�60.2 103/8,231 1.0 1.0

�60.2 52/8,231 1.45 (1.03–2.05) 1.42 (1.01–2.00)

Missing‡ 93/8,231 2.73 (2.03–3.68) 2.51 (1.85–3.41)

AD

Continuous 92/6,757 0.90 (0.85–0.96) 0.91 (0.85–0.97)

Dichotomous (in)

�60.2 58/7,898 1.0 1.0

�60.2 34/7,898 1.70 (1.10–2.62) 1.72 (1.12–2.64)

Missing‡ 46/7,898 2.52 (1.68–3.78) 2.30 (1.52–3.49)

VaD

Continuous 60/6,645 0.94 (0.87–1.03) 0.96 (0.88–1.04)

Dichotomous (in)

�60.2 42/7,781 1.0 1.0

�60.2 18/7,781 1.27 (0.72–2.24) 1.24 (0.71–2.19)

Missing‡ 44/7,781 3.05 (1.94–4.80) 2.77 (1.73–4.43)

*Controlling for age at baseline, race, and APOE genotype.
†Controlling for age at baseline, race, APOE genotype, education, income, and self-reported
health.
‡Missing anthropometric measures due to loss of follow-up.
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restorative.39 Primary causes of stunting include
nutrition, infection, mother’s height and birth-
weight, the birthweight of the baby, lactation,
and childcare.40,41 The quality of nutrition (the va-
riety of nutrients, the amount of protein) has a
much larger influence on growth than does total
energy consumption.42 Infection is important due
to its relationship with nutrition. An infection in-
terferes with the ability to properly absorb nutri-
ents, and better nutrition can ameliorate some of
the detrimental effects.31,39,40 Quality of childcare
can be affected by family size, birth order, num-
ber of younger siblings, overcrowding, social
class, parent’s education, and economic resourc-
es.40 These risk factors are thought to be related to
height through their influence on adequate feed-
ing and ability to deliver a well-balanced diet to
the infant.40

Correspondingly, physiologic processes that
regulate growth and brain development occur
within the same time window that environmental
influences play the most important role. Differ-
ences in knee height and maximal adult height are
primarily determined in the first 2 years of life,40

coinciding with the expression of growth hor-
mone receptors, which are believed to act primar-
ily on the growth plate of long bones.40,41 In the
brain, the hippocampus reaches its full size by
7–10 months, but extensive differentiation of the
dendritic spines in the CA-3 region continues
through the second year of life.43 Thus, it is possi-
ble that early nutritional deficits, exposure to en-
vironmental toxins, or other unaccounted for
residual confounders could influence intelligence,
cognitive functioning, level of educational attain-
ment, or vulnerability to dementia. Therefore,
knee height and arm span may be effective surro-
gate markers of the effects of nutrition or other
early life exposures on brain development.

A limitation of our study is that arm span was
measured 4 years after the baseline. Conse-
quently, approximately one fourth of the values
for arm span were missing, primarily for subjects
who were lost to follow-up before the measure-
ment was taken. Subjects missing arm span mea-
sures were more likely to have dementia.
Additionally, women missing arm span measures
were more likely to have shorter knee heights,
while men missing these measures showed no dif-
ferences in knee height. Given the high correla-
tion between arm span and knee height, it seems
likely that women with missing measurements
may have had shorter arm spans. Thus, if these
subjects had not been missing, our findings may
have in fact been strengthened.

The timing of the arm span measurement
raises another difficulty for the interpretation of
the inverse association with dementia. It is possi-
ble that the pathogenesis of dementia, or some-
thing related to it, causes shrinking of arm span
rather than shorter arm span reflecting a vulnera-
bility to dementia. The same difficulty holds true
for the measurement of knee height, which was
taken only a couple of years prior to the baseline
of the study. Ideally, these anthropometric mea-
surements should be taken in midlife or earlier,
many years prior to the onset of dementia, in or-
der to more confidently establish the temporality
with the outcome. However, doing this is typi-
cally not feasible. There is strong evidence that
knee height and arm span are largely determined
by early life factors. This is consistent with the
use in the literature of knee height as surrogate
measure of early life environment30 and arm span
to determine maximal adult height44 because it is
thought not to shrink with aging. However, there
is some evidence that limbs do in fact shrink with
aging,45 and we cannot entirely rule out the possi-
bility that this is exacerbated with dementia. It is
comforting that when we tried to control for late
life factors that could conceivably mediate a rela-
tionship between dementia and shrinking limbs,
such as cardiovascular disease, osteoporosis, or
physical activity, our results did not change. Still,
further research with long-term longitudinal
studies is needed to confirm the direction of the
relationship between these anthropometric mea-
surements and dementia risk.

A final limitation is the possibility of misclassi-
fication of the dementia outcome. Subjects at
three sites of the study were screened for demen-
tia, and a substudy at the fourth site suggested
that the screening was not completely sensitive.25

As a result, some subjects with dementia may
have been misclassified as normal. There is no
reason to believe this misclassification would be
related to the anthropometric measurements.
Non-differential misclassification of this sort
tends to bias results toward the null, which means
our findings may have underestimated the true as-
sociation between the anthropometric measure-
ments and dementia.

The strengths of our study include length of
follow-up, its longitudinal prospective design,
and state-of-the-art adjudication of incident de-
mentia, Alzheimer, and vascular dementias.
There were a high number of dementia cases (480)
in this sample, and because a variety of methods
were used to follow up with subjects who did not
return to the clinic, there was no loss to follow-up
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with regards to adjudication of dementia status.
Sensitivity of screeningmethodswas carefully deter-
mined and diagnosis was based on well-established
criteria. Two different anthropometric measures,
each assessed by standardized methods, allowed us
to examine the relationship of each separately to dif-
ferent dementia outcomes. These reasons, plus the
fact that our studies have now replicated previous
findings, increase our confidence in concluding that,
the shorter a woman’s knee height or the shorter the
arm span of either gender, the greater the risk of
developing dementia or AD. However, more longi-
tudinal studies that examine change in anthropo-
metric measures with aging and dementia, and
further studies to clarify separate associations of
knee height and arm span with dementia between
genders, are warranted.
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