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Abstract

We aimed to estimate the relationship between height (a measure of early-life cumulative net nutrition) and later-life
cognitive function among older rural South African adults, and whether education modified this relationship. Data were
from baseline in-person interviews with 5059 adults > 40 years in the population-based “Health and Aging in Africa: A
Longitudinal Study of an INDEPTH Community in South Africa” (HAALSI) study in Agincourt sub-district, South Africa,
in 2015. Linear regression was used to estimate the relationship between height quintile and latent cognitive function
z-score (representing episodic memory, time orientation, and numeracy), with adjustment for life course covariates and a
height-by-education interaction. Mean (SD) height was 162.7 (8.9) cm. Nearly half the sample had no formal education
(46%; 2307/5059). Mean age- and sex-adjusted cognitive z-scores increased from — 0.68 (95% CI: — 0.76 to — 0.61) in
those with no education in the shortest height quintile to 0.62 (95% CI: 0.52-0.71) in those with at least 8 years of
education in the tallest height quintile. There was a linear height disparity in cognitive z-scores for those with no formal
education (adjusted B = 0.10; 95% CI: 0.08-0.13 per height quintile), but no height disparity in cognitive z-scores in those
with any level of education. Short stature is associated with poor cognitive function and may be a risk factor for cognitive
impairment among older adults living in rural South Africa. The height disparity in cognitive function was negated for
older adults who had any level of education.
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Introduction

By 2050, 70% of dementia cases worldwide are projected
to occur in low-and-middle income countries, such as those
in sub-Saharan Africa [1]. To date, very little research has
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focused on the drivers of cognitive health in older popu-
lations of this region, either across the full range of cog-
nitive performance or at clinical thresholds for impairment
or dementia [2]. In particular, attained adult height, a
measure of cumulative net nutrition during growth periods
in early-life, is a risk factor that may have a large popu-
lation-level impact on cognitive health, as stunting (i.e. low
height-for-age) remains a common problem affecting
approximately 59 million children across the African
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continent in 2016 [3, 4]. A small body of literature has
consistently found adult height to be positively associated
with cognitive function and inversely associated with
dementia risk in diverse study populations [4—15]. These
relationships could be the result of two distinct, non-mu-
tually exclusive pathways. First, physical and cognitive
development in early-life share common causes through
cumulative net nutrition, such that individuals whose
physical growth is negatively affected by poor early-life
nutritional conditions are likely to also experience poorer
cognitive development [16]. Second, taller height may
affect cognitive outcomes in later-life by providing
socioeconomic and social advantages throughout the life
course that lead to cognitive gains and/or protection from
aging-related cognitive decline and incident dementia
[17-20].

Little is known about factors that might modify any
relationship between height and cognitive function, espe-
cially in lower-to-middle income countries where the dis-
tributions of height, education, and other socioeconomic
factors are shifted to the left of those in higher-income
contexts. In particular, South Africa operated under Apart-
heid from 1948 to 1994, a legislated system of forced racial
segregation that involved, among many other things, very
poor-quality education being available to the black popula-
tion [21, 22]. Education is one of the strongest influences on
peak cognitive ability and is protective against cognitive
impairment and dementia in later-life [23-25]. The role of
education in promoting cognitive ability may be particularly
important in countries like South Africa, where adverse
health and nutritional conditions were common for black
children and adolescents during Apartheid [21, 22]. The
nature of relationship between height, as a measure of early-
life cumulative net nutrition, and cognitive function, and
whether education might modify this relationship, is
unknown among older adults in rural South Africa. The
population of this region is rapidly aging, yet has been under-
represented in studies of cognitive aging [26].

We hypothesized that there would be a direct positive
relationship between attained adult height, as a measure of
cumulative net nutrition during early-life growth periods,
and cognitive function in later-life that would not be
explained by adulthood social advantage factors among
older, rural South Africans; and, at the same time, that
educational attainment might modify this relationship to
the extent that education may have helped nutritionally
deprived children to “catch up” on cognitive development.
Using data from a population-based study of older adults in
rural South Africa, we therefore aimed to: (1) estimate the
relationship between attained adult height and cognitive
function independently of adulthood social advantage fac-
tors, and, (2) examine whether this association was modi-
fied by educational attainment.
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Methods
Sample

Data were from in-person interviews conducted in the 2015
baseline wave of “Health and Aging in Africa: A Longi-
tudinal Study of an INDEPTH Community in South
Africa” (HAALSI), a population-based cohort study of
5059 black men and women aged > 40 years (response
rate = 86%). Study recruitment and data collection proce-
dures are described in more depth elsewhere [27]. In brief,
HAALSI is representative of the Agincourt Health and
Socio-Demographic Surveillance System (HDSS), which
covers a region of approximately 116,000 people in the
Agincourt sub-district, Mpumalanga province, South
Africa [27]. Eligible participants were men and women
aged > 40 years on July 1, 2014 who had resided within
the study area for at least 12 months prior to the 2013
Agincourt HDSS Census [27]. Agincourt is part of a
“homeland” region of forced racial segregation during
Apartheid and is generalizable to other rural areas of South
Africa in terms of its demographics and level of economic
development [27]. Stunting remains a common problem in
this area, as one in five children under age five were stunted
in the Agincourt sub-district in 2015 [28].

Measures
Height

Height was measured in centimeters (cm) by trained
interviewers during the study interview. Quintiles of height
were calculated based on the total sample with complete
height data (93%; 4694/5059).

Cognitive function

Cognitive function was assessed using a validated battery
of measures assessing orientation in time (ability to state
the current day, month, year, and South African president),
immediate and delayed recall of ten words read out loud by
the interviewer, and numeracy (ability to count from 1 to
20, and complete the final number in the pattern “2, 4,
6...”) [25]. One point was given for each correct response,
for a total of 26 points. A continuous, z-standardized factor
score was derived from these items using confirmatory
factor analysis (referred to from here on as “latent cogni-
tive z-score”), the detailed methods for which are descri-
bed elsewhere [25]. Briefly, the latent variable method
improves upon a simple composite summary score (i.e.
score out of 26 points), as it allows the individual cognitive
measures to vary in their levels of difficulty and
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contribution to underlying general cognitive performance,
it allows for non-linear relationships between the individ-
ual cognitive measures and underlying general cognitive
performance, and it utilizes only the co-variation between
the individual measures to inform the latent cognitive
z-score, reducing any measurement error that may be
present in any single measure [29].

Education

Education was assessed by self-report in the study inter-
view, and coded as “no education”, “some primary
(1-7 years)”, “some secondary (8-11 years)”, or “sec-
ondary or more (12 + years)”. The latter two categories
were collapsed to a “some secondary or more (8 + years)”
category, as the number of people with secondary or more
education was small, and preliminary analyses showed a
plateauing of the relationship between education and latent
cognitive z-score after the “some primary” level.

Covariates

We included the following covariates: age (continuous),
sex (male; female), country of birth (South Africa;
Mozambique or other), father’s occupation during child-
hood (skilled; unskilled; other; don’t know), self-rated
health during childhood (very bad/bad/moderate vs. good/
very good), household wealth and asset quintile, employ-
ment status (working; not working; homemaker), marital
status (married; unmarried), and number of close social
contacts (continuous). Age, sex, country of birth, father’s
occupation during childhood, and self-rated health during
childhood were considered to be potential confounders of
the height-cognitive function relationship. Country of birth
is an important potential confounder, as nearly one-third of
the study population came to South Africa as refugees from
the 1977-1992 Mozambique civil war, and have a different
health and sociodemographic profile to the South African-
born participants [30]. Father’s occupation and self-rated
health during childhood might be distal partial causes of
height [4], although we include them here to account for
their potential effects on later-life cognitive function
through pathways other than height. Father’s occupational
skill was assigned based on the International Standard
Classification of Occupations 2008, as described in more
detail elsewhere [25]. All other covariates were considered
to be adulthood social advantage factors that may lie on the
causal pathway from height to cognitive function.
Educational attainment is the effect modifier of interest
between height and later-life cognitive function, but it may
also lie on the causal pathway: we recognize that, once in
school, taller children could select into further education on
the basis of nutrition conferring better ability to perform

well in school and/or of social advantage conferred by their
observed height [31, 32]. However, many HAALSI study
participants had very little or no formal education, meaning
that their schooling was effectively completed before they
finished growing and education could not lie on their causal
pathway from height to later-life cognitive function. Thus,
education was conceptualized primarily as an effect mod-
ifier, but we also considered the possibility of it mediating
the relationship between height and later-life cognitive
function, at least for those individuals who made it into
school and then gained further schooling on the basis of
their nutrition or height. We recognize that we cannot parse
out whether the relationship between height and education
is due to height is due to early-life cumulative net nutrition
as proxied by height, or due to height per se (i.e. adult
social advantage that may be conferred by height). Please
see the directed acyclic graph depicted in Supplementary
Figure 1.

Missing data

Data on height were complete for 4694/5059 participants
(93%). Less than 3% of data were missing on all other
variables. Data were analyzed on a complete-case basis,
with 4582/5059 participants (91%) included in the analyt-
ical sample.

Statistical analysis

First, to assess whether cognitive function and its distri-
bution varied by height, we calculated and visualized the
unadjusted means, standard deviations, and distributions of
latent cognitive z-scores for each height quintile. Second,
we estimated age-and sex-adjusted mean latent cognitive
z-scores and associated 95% confidence intervals (Cls)
across height quintiles, stratified by level of educational
attainment, and conducted an F test of joint equality of the
means. Third, we ran a set of five linear regression models
predicting the relationship between height quintile and
latent cognitive z-score, with iterative adjustment for
covariates. Supplementary Figure 1 presents the directed
acyclic graph underlying the modeling strategy. Model 1
was unadjusted, model 2 was adjusted for demographic
factors (age, sex, and country of birth), model 3 was
additionally adjusted for early-life factors (father’s occu-
pation and self-rated health during childhood), and model 4
was additionally adjusted for adulthood social advantage
factors (current employment status, household wealth and
asset quintile, marital status, and number of close social
contacts). Model 5 additionally included a main effect for
educational attainment along with its multiplicative inter-
action term with height quintile. To aid with the interpre-
tation of the interaction effect, we estimated and plotted the
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effects of height quintile on latent cognitive z-score sepa-
rately for each educational attainment category, holding all
covariates constant at their mean values. As a sensitivity
analysis, we re-ran the regression models with height (per
10 cm) as the exposure variable. StataSE 15.0 (College
Station, TX) was used for all analyses.

Results

Characteristics of the sample are shown in Table 1. Mean
age was 61.7 (SD: 13.1) years and just over half of the
sample was female (54%; 2714/5059). Mean (SD) height
was 162.7 cm (8.9 cm), the range was 99.0-199.2 cm.
Nearly half the sample had no formal education (46%;
2307/5059), and only one-fifth had at least some secondary
education (20%; 1020/5059). The distribution of height
was similar across educational attainment categories,
although mean height increased slightly with increasing
educational attainment, from 160.9 (SD: 8.6) in those with
no education to 166.0 (SD: 8.9) in those with at least some
secondary education (Supplementary Table 1). The unad-
justed mean latent cognitive z-scores increased across
height quintiles, from — 0.40 (SD: 0.99) in the shortest
quintile to 0.38 (SD: 0.93) in the tallest height quintile
(Fig. 1).

Mean age- and sex-adjusted latent cognitive z-scores
increased with increasing educational attainment; the
relationship with height quintile varied across levels of
educational attainment (test for difference of 15 means:
F(14, 4588) = 83.93; p < 0.0001; test for height by edu-
cation interaction: F(8, 4588)=4.48; p <0.0001)
(Table 2; Fig. 2). In participants with no formal education,
there was a linear gradient in latent cognitive z-scores
across height quintiles, with mean age- and sex-adjusted
z-scores ranging from — 0.68 (95% CI: — 0.75, — 0.61) in
the shortest height quintile to — 0.18 (95% CI: — 0.28,
— 0.09) in the tallest height quintile; a score disparity of
0.50 SD (Table 2, Fig. 2). In participants with some pri-
mary education, mean age- and sex-adjusted latent cogni-
tive z-scores ranged from 0.16 (95% CI: 0.07, 0.26) in the
shortest height quintile to 0.31 (95% CI: 0.22, 0.40) in the
tallest height quintile, a score disparity of 0.15 SD
(Table 2, Fig. 2). There was no height gradient in latent
cognitive z-scores in participants with some secondary or
more education, with age- and sex-adjusted z-scores
ranging from 0.57 (95% CI: 0.42, 0.72) in the shortest
height quintile to 0.62 (95% CI: 0.52, 0.71) in the tallest
height quintile (Table 2, Fig. 2).

In an unadjusted linear regression model, height was
positively associated with latent cognitive z-score (0.18 SD
increase per height quintile; 95% CI: 0.16, 0.20; Table 3).
After sequential adjustment for age, sex, country of birth,

@ Springer

Table 1 Sample characteristics, “Health and Aging in Africa: A
Longitudinal Study of an INDEPTH Community in South Africa”
(HAALSI)

Characteristic Total N (%) 5059 (100%)

Height (cm)

Quintile 1 (99.0-155.0 cm) 954 (20%)

Quintile 2 (155.2-160 cm) 1018 (21%)

Quintile 3 (160.2-165.0 cm) 936 (20%)

Quintile 4 (165.1-170.5 cm) 897 (20%)

Quintile 5 (171.0-199.2 cm) 889 (19%)

Mean (SD) 162.7 (8.9)
Age

Mean (SD) 61.7 (13.1)
Sex

Male 2345 (46%)

Female 2714 (54%)

Country of birth
South Africa

Mozambique or other

3528 (70%)
1526 (30%)
Father’s occupation during childhood

Skilled 2479 (49%)

Unskilled 1446 (29%)

Other 575 (11%)

Don’t know 547 (11%)
Self-rated health during childhood

Very bad/bad/moderate 621 (12%)

Good/very good 4434 (88%)
Educational attainment

No education 2307 (46%)
1715 (34%)

1020 (20%)

Some primary (1-7 years)
Some secondary or more (8 + years)

Employment status

Employed (part- or full-time) 805 (16%)
Not working 3719 (74%)
Homemaker 521 (10%)

Marital status
Married

Unmarried

2575 (51%)
2480 (49%)
Number of close social contacts

Mean (SD) 3.1 (1.7)

Numbers may not sum to 5059 within individual covariates due to
missing data

early-life factors, and adulthood factors, the coefficient was
attenuated to 0.06 (95% CI: 0.04, 0.09; Table 3). When
interacted with education, the estimated effects of height
quintile on latent cognitive z-score decreased over educa-
tional attainment category, from 0.10 (95% CI: 0.08, 0.13)
in those with no formal education to 0.02 (95% CI: — 0.01,
0.05) in those with some primary education and 0.00 (95%
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Fig. 1 Box plots of latent cognitive z-scores, by height quintile,
HAALSI, South Africa, N = 4582

CI; — 0.04, 0.04) in those with some secondary or more
education (Table 3). Figure 3 visualizes these fully-ad-
justed mean estimated effects of height quintile on cogni-
tive z-score over educational attainment categories,
demonstrating a lack of association between height quintile
and latent cognitive z-score among study participants who
had any level of formal education.

When the regression models were re-run with height
coded in 10 cm units, the results were consistent with those
shown in Table 3 and Fig. 3 (Supplementary Material).

Discussion

In this population-based study of older adults living in a
rural region of South Africa, attained adult height was
positively associated with later-life cognitive function. In
other words, adults who were taller in later-life tended to
have better cognitive performance, on average, than those
who were shorter. This association was robust after
adjustment for indictors of early-life socioeconomic status
and health as well as adulthood social advantage factors
that could have conferred by height per se, indicating a
direct relationship between height as a measure of cumu-
lative net nutrition during early-life growth periods and
cognitive function in later-life. Importantly, there was a
height disparity in cognitive function among study partic-
ipants who had no formal education, but not among those
who had at least eight years of education. Given that these
study participants were educated under the South African
Apartheid system, a time when the quality of education
was very low, these findings indicate that there might be a
relatively low threshold at which education raises cognitive
function, a phenomenon requiring further investigation.

Comparison to other research
These results are consistent with literature from other

countries and social contexts demonstrating that attained
adult height is associated with cognitive function at various

Table 2 Age- and sex-adjusted

mean latent cognitive z-scores, Category N Latent cognitive z-score

by height quintile, over levels of Adj. mean 95% C1 Standard error

educational attainment,

HAALSI, South Africa, No formal education

N = 4582 Height quintile 1 543 — 0.68 (= 0.76, — 0.61) 0.04
Height quintile 2 474 — 0.48 (—0.55, — 041) 0.04
Height quintile 3 409 —0.39 (— 0.46, — 0.31) 0.04
Height quintile 4 335 — 031 (—=0.39, — 0.22) 0.04
Height quintile 5 272 — 0.18 (— 0.28, — 0.09) 0.05

Some primary education (1-7 years)
Height quintile 1 275 0.16 (0.07, 0.26) 0.05
Height quintile 2 362 0.25 (0.17, 0.33) 0.04
Height quintile 3 333 0.19 (0.11, 0.28) 0.04
Height quintile 4 326 0.25 (0.16, 0.34) 0.04
Height quintile 5 314 0.31 (0.22, 0.40) 0.05
Some secondary or more (8 + years)

Height quintile 1 105 0.57 (0.42, 0.72) 0.08
Height quintile 2 163 0.69 (0.57, 0.81) 0.06
Height quintile 3 179 0.65 (0.53, 0.77) 0.06
Height quintile 4 222 0.69 (0.58, 0.80) 0.05
Height quintile 5 293 0.62 (0.52, 0.71) 0.05
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Fig. 2 Mean age- and sex-adjusted latent cognitive z-scores by height
quintile, over levels of educational attainment. Error bars represent
95% confidence intervals. HAALSI, South Africa, N = 4582

points across the life course [4—15]. Our study adds new
evidence that this association is present in a rural South
African context where poor living conditions were com-
mon in early-life due to legislated racial segregation
imposed by Apartheid, and that education might modify the
relationship between stature and later-life cognitive per-
formance, even in this context where the quality of avail-
able education was very poor. During Apartheid in South
Africa, black children were often unlikely to reach their
genetic potential for height due to their frequently poor
living conditions [33]. Still today, one in five children in
the Agincourt area and nearly one in four children across

.15

Yol
O A

Some secondary
or more

Some primary
Educational attainment

Nlo education

Estimated effects of height quintile on cognitive z-score

Fig. 3 Adjusted average estimated effects of height quintile on
predicted cognitive z-score over educational attainment categories,
with 95% confidence intervals, HAALSI, South Africa, N = 4582

South Africa are stunted [28, 34]. Therefore, adult height
might be a stronger measure of early-life nutritional con-
ditions in this context than it is in higher-income countries
with better living conditions [35], although this postulation
is difficult to directly test.

Our study did not support the notion that height is
associated with cognitive function in later-life due to
height’s possible conferral of adulthood social advantages
that promote cognitive health. Our effect estimate was
negligibly altered after adjustment for employment status,
household wealth, marital status, and number of close
social contacts. However, other studies should replicate
this finding and account for other adulthood variables
through which height might be related with cognitive
performance, such as the types of employment engaged in

Table 3 Adjusted linear

. L. Model Adjustments Per one-quintile height difference
regression models predicting
latent cognitive function B 95% CI
z-score, HAALSI, South Africa,
N = 4582 1 Unadjusted 0.18 (0.16, 0.20)
2 Model 1 + age, sex, country of birth 0.08 (0.06, 0.10)
3 Model 2 + early-life factors® 0.08 (0.06, 0.10)
4 Model 2 + adulthood factors® 0.06 (0.04, 0.09)
5 Model 3 + education + height x education®
No formal education 0.10 (0.08, 0.13)
Some primary education (1-7 years) 0.02 (— 0.01, 0.05)
Some secondary or more (8 + years) 0.00 (— 0.04, 0.04)

“Early-life factors are father’s occupation during childhood and self-rated health during childhood

®Adulthood factors are current employment status, household wealth and asset quintile, marital status, and

number of close social contacts

“Coefficients from Model 5 are fully-adjusted estimated effects of height quintile over educational

categories
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or more in-depth variables on social networks and activi-
ties. Overall, the results of this study highlight the potential
role that education may play in ameliorating the harmful
later-life cognitive effects of poor cumulative net nutrition
in early-life, although our results should be confirmed in
other study populations and country contexts. To the best
of our knowledge, no other study has examined whether
education might modify the relationship between height
and cognitive performance in later-life.

Strengths and limitations

Aging-related shrinkage in physical stature means that the
heights measured in this study may not represent fully
attained adult height for all study participants, although
previous research has demonstrated that any bias due to
age-related shrinkage is adequately accounted for by sta-
tistical control for age [36]. People who were older,
unmarried, uneducated, and who had worse cognitive
function scores, worse health, and no social contacts were
disproportionately more likely to be missing data on height,
and were therefore somewhat under-represented in this
sample (see Supplementary Table 2). If those who were
missing height data tended to be shorter than those who had
height data available, then the association we observed
between height and cognitive function would underesti-
mate the true magnitude of the association. This study was
cross-sectional and we could not assess cognitive decline
or incident cognitive impairment as outcomes. However,
temporality is not an issue with respect to our exposure and
effect modifier measures, as they are historical measures
that would be retrospective even in a longitudinal study of
older adults.

Height may be a noisy measure of net cumulative
nutrition during early-life growth periods, as there is no
way to determine the actual degrees to which it represents
net nutrition in addition to genetic factors, disease, or other
distal determinants of physical growth. We did not have a
measure of educational quality, which, would have been a
more precise measure of education’s effect on later-life
cognitive function than the quantity of education received.
The effect modification by education could have been
partly driven by unmeasured factors such as parental
investment in children, parental knowledge and education,
or the selection of high-ability children into schooling.
However, the strong economic and political barriers to
education in the context of Apartheid South Africa may
outweigh these factors. Although we observed an associa-
tion that was robust to adjustment for several adulthood
factors, there are likely to be residual pathways that we
have not totally accounted for, such as social support,
activities, or quality of contacts [37, 38]. As a consequence,
the indirect effects of height on later-life cognitive function

through adulthood factors may be greater than indicated by
our results. Finally, our results may be biased by residual
confounding by early-life socioeconomic or health condi-
tions that were not captured by the measures available in
this study. Future work should more deeply investigate the
relative roles of height versus other early-life influences on
cognitive function in later-life.

The key strength of this study is that it is one of the first
population-representative studies of aging in a rural sub-
Saharan African setting. We had a large sample size with a
comprehensive set of key life course variables that allowed
us to assess the robustness of the height-cognitive function
relationship in this setting. The distributions of social,
economic, and health-related exposures of people living in
this context are marked by a long period of Apartheid,
where mechanisms of social mobility vastly differed from
those observed in studies from higher-income countries
[22, 39]. Studies like HAALSI are needed in order to
understand the health outcomes faced by older adults in
lower-to-middle income settings as global populations age
and increasingly face rising burdens of non-communicable
diseases, including cognitive declines and impairments
[40]. Planned follow-up waves of the HAALSI study will
allow for the investigation of risk factors for incident
cognitive decline and dementia, in addition to a range of
other health outcomes.

Conclusions

Results from this large, population-based study of older,
rural South African adults support the postulation that
cumulative net nutrition in early-life, as measured by
height, is linked to cognitive function in later-life inde-
pendently of life course factors. Further, we found that the
height disparity in cognitive function was negated among
older adults who had any level of educational attainment.
While educational access has increased over time in South
Africa, there remain stark racial- and gender-based
inequities in educational access and quality among young
South Africans that must be rectified. Given that stunting
remains a common problem in South Africa and sub-Sa-
haran Africa more broadly, our findings regarding educa-
tion may be especially relevant to population health in
these regions. Finally, future longitudinal work should
document and investigate more deeply the causes of cog-
nitive decline, impairment, and dementia in the older South
African population, and aim to develop ways to apply the
findings of this and other research to improve the health of
the country’s older population.
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