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Abstract

Preservation of cognitive function is one of the major concerns in contemporary ageing soci-
eties. At the same time, overweight and obesity, which have been identified as risk factors
for poor health development, have been increasing in many countries all over the world.
This study examines the relationship between bodyweight change and cognitive decline in
old age and it aims to determine whether and how changes in body mass index (BMI) affect
the development of cognitive functioning in old age. Using longitudinal data from the Survey
of Health, Ageing and Retirement in Europe (SHARE), covering four waves between 2006
and 2016 with 58,389 participants from 15 countries aged 50+, we estimated asymmetric
fixed effects models by gender, adding possible confounding variables such as age, grip
strength, health conditions, and physical activity. Additionally, we investigated possible het-
erogeneity in the BMI-cognition relation. We found a positive association between BMI
change and change in cognitive performance, which was dominantly driven by BMI
decrease. Weight loss was typically negatively related to cognition, particularly at low levels
of BMI and mainly due to health conditions affecting both bodyweight and cognitive perfor-
mance. Weight gain was, on average, not significantly related to cognitive performance;
only respondents with preceding weight loss profited from small increases in BMI. Our anal-
yses provide no support for an “obesity paradox” in cognition, according to which higher
weight preserves cognition in old age. The association between weight change and cogni-
tive performance in older age is based on weight changes being related to illness and
recovery.

Introduction

According to the World Health Organization (WHO), the prevalence of overweight and obe-
sity in later life has increased dramatically throughout the world, a trend that poses serious
challenges to public health and healthcare systems [1]. At the same time, cognitive decline is
one of the major concerns of the older population, as preservation of cognitive function is
essential for maintaining quality of life [2]. Understanding the relationship between late life
weight and cognitive performance is therefore crucial for an ageing society. While the litera-
ture provides conclusive evidence that overweight and obesity are negatively associated with
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cognitive performance in children and adults [3-6]; the link between bodyweight and cogni-
tion for the older population seems to be more complex and is not yet fully understood [7].
For this group, there is some evidence suggesting that overweight or even obesity may attenu-
ate cognitive decline and optimal weight might be higher in old age than in midlife [8-12].
This phenomenon has sometimes been referred to as the “obesity paradox” in cognition [13-
16].

For example, Kou and colleagues [15] found that overweight persons performed better on rea-
soning tests and visuospatial processing speed compared to their normal-weight counterparts in
a cross-sectional sample of older adults 65+ in the United States. Similarly, Skinner et al. [17]
report significantly better cognitive flexibility performance for both, younger (55+) and older (75
+) obese old persons, compared to those of normal weight. However, similar to the results found
for children and adults, other studies have found a negative association between bodyweight and
cognition also for older people [18-20], while some suggest that leanness rather than overweight
is associated with poor cognitive [21]. This raises the question of how to aggregate these inconclu-
sive findings, given that studies arguably differ in several respects like, for instance, features of the
study sample. Based on a review of the literature, Smith et al. [7] have suggested that the mean
age of the study sample may be a crucial factor with a positive weight-cognition association only
emerging in samples with mean age above 72 years. However, the subsequent studies of neither
Skinner et al. [17] nor Benito-Leon et al. [18] could confirm this: the former indicated a positive
relationship also for the younger old, whereas the latter found a negative association in a relatively
old sample with mean age about 77 years.

A limitation of most studies on the relationship between bodyweight and cognition in old
age is that they are cross-sectional. Longitudinal studies would be generally preferable as they
offer the possibility to draw causal conclusions under weaker and more plausible assumptions
when appropriate methods are employed. Within the longitudinal literature, there is rather
unanimous support from prospective studies that being overweight or obese in midlife is posi-
tively associated with poorer cognitive performance in late life [22-24]. However, when look-
ing only at older persons and employing longitudinal methods, findings are again
contradictory. A study by Memel et al. [25] found that in a large cross-national European sam-
ple of community-dwelling older adults, lower body mass predicted better cognition at base-
line, but changes in body mass were positively associated with changes in cognition over time.
In other words: although an elevated initial BMI seemed to be detrimental to cognitive perfor-
mance, gaining weight in old age appeared to mitigate ageing-related cognitive decline. This
study not only supports the obesity paradox in cognition but also interprets the concept in a
longitudinal perspective: weight gain may be beneficial for maintaining cognitive functioning;
weight loss (even in the obese), on the other hand, should be avoided [26-28]. However, the
study has some shortcomings that limit the interpretation of findings. Although possible con-
founding diseases were discussed, they were not empirically taken into account; possible gen-
der-specific effects were neglected and, maybe most importantly, the effect of weight change
was modelled symmetrically. Thus, no conclusions could be drawn as to whether the observed
positive association of bodyweight and cognition was owed to weight gain or weight loss,
although previous research has suggested that weight change in either direction might be detri-
mental [29]. Driscoll and colleagues [28] analysed how transitions between BMI categories
affected changes in cognitive performance. While such an approach accounts for possible
asymmetric effects of weight change, it comes at the cost of not fully exploiting the available
information, since weight changes within a category are neglected. They found no association
between weight gain and cognitive performance in a large multi-ethnic community-dwelling
sample of postmenopausal women, while weight loss was associated with worse cognitive per-
formance. There might be different effects not only according to the direction of weight
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change but also according to gender, as shown by Han et al. [30]. In a sample of older Koreans,
they found that weight gain was associated with a positive change in cognitive function for
men who were obese at baseline assessment. For women in turn, weight loss was associated
with cognitive decline, independent of their baseline assessment. Yet, this study is limited by
its small sample size and the relatively short follow up period of only two years.

Given the state of research, there is still a need to explain why some studies found a positive
association of weight (change) and (change in) cognitive performance in the old while others
do not. A detailed examination of the possible mechanisms that may lead to these conflicting
findings is therefore indispensable.

The obesity paradox in cognition: Possible explanations

To explain the obesity paradox in cognition, several physiological mechanisms have been dis-
cussed. On the one hand, obesity negatively affects the brain structure by reducing grey matter
density [31,32]. Furthermore, an increased BMI promotes cerebral inflammation [16] and ele-
vated levels of C-reactive protein [33], which may cause cognitive decline. Consequently, peo-
ple who are overweight or obese in midlife are more likely to experience cognitive impairment
in later life. On the other hand, adipose tissue produces leptin [34] and increases myelin
through elevated white matter volumes [31,32], which in turn benefits cognition.

While biological pathways could go in either direction, alternative explanations point to
several methodological issues. In this respect, part of the obesity paradox could be due to BMI,
the most common measure for obesity used in the literature, being largely uninformative
about body composition. Looking only at BMI, a decrease in skeletal muscle mass (sarcope-
nia), which is common in older adults, would be undiscerned if accompanied by an increase in
fat mass [35]. To account for differences and changes in body composition, other measures,
such as waist circumference or grip strength, might be better measures of fat or functional skel-
etal muscle mass, respectively [36]. When considered simultaneously or to complement BMI,
they would allow for a differentiation between possible effects of fat vs. lean body mass. Fur-
thermore, weight change and cognitive impairment may co-occur with other morbidities, par-
ticularly in older age. Underlying diseases, some of which may be unobserved or even
unknown, might affect both bodyweight and cognitive function and thus introduce a spurious
correlation. While the inclusion of available health-related control variables is common prac-
tice, there has been little reflection on their selection. Some, e.g., hypertension or cardiovascu-
lar diseases, might actually be intermediate mechanisms rather than confounding factors [37].
Adjusting for such factors would then eliminate potential negative effects of overweight on
cognition via these factors, resulting in upward bias.

A serious objection raised against findings that seem to support an obesity paradox in cog-
nition is the possibility of “survivor bias” in a sample of older individuals [7]: If overweight or
obesity as well as poor cognitive functioning share common unobserved causes with mortality
or, more generally, other sources of study non-participation, this will introduce a positive spu-
rious association between bodyweight and cognition in the observed older population. This is
because, conditional on “surviving”, those exhibiting one risk factor (overweight) will more
likely lack the other (poor cognition). Unfortunately, only few studies have attempted to
address this issue. However, the problem should generally be less severe when longitudinal
methods based on differencing are employed. Here, the corresponding problem to survival
bias is attrition bias. Unlike with cross-sectional methods, attrition may be correlated with
time-constant unobserved heterogeneity (e.g. genetic dispositions) without introducing bias.
Moreover, it can be relatively easily assessed whether attrition bias is an actual concern in a
present analysis [38].
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Finally, when investigating effects of weight change (or intrapersonal variation in weight)
in a longitudinal setting, it must be taken into account that changes in either direction might
affect cognition in the same direction, but to different degrees. This possibility would be ruled
out by design when regressing changes in cognition on changes in weight, since this imposes
effects of equal size but in the opposite direction. In the presence of detrimental cognitive con-
sequences of weight change, with weight loss being more harmful then weight gain, such an
approach would produce a positive weight effect, which might easily lead to the false conclu-
sion that weight gain is beneficial. In addition, effects of weight change on cognition could be
different depending on the age or BMI level at which they occur. In other words, reducing
bodyweight by the same amount could have different consequences for someone who is obese
compared to someone who is already underweight. Moreover, weight gain could indicate a
possible recovery effect, especially if bodyweight is regained after a disease-related weight loss.
To shed light on the underlying mechanisms, statistical methods must therefore take into
account all these possible nonlinearities and heterogeneous effects.

Overall, the literature provides some, yet inconclusive evidence on a positive relation
between bodyweight and cognition in old age. The state of findings has given rise to various
interpretations. Some are in favour of the existence of an obesity paradox and have contributed
to the common perception that a little extra weight may not only do no harm but, in fact, be
beneficial in old age. Others question the informative value of those findings against the back-
ground of the methodological issues involved. This study contributes to the discussion by care-
fully examining the relationship between bodyweight and cognitive performance in a large
cross-national sample of older Europeans, making full use of the advantages offered by its
panel structure and addressing all the aforementioned methodological concerns.

Methods
Data source

The following analyses use data from Waves two, four, five, and six of the Survey of Health, Age-
ing and Retirement in Europe (SHARE) [39,40] that can help mitigate most of the mentioned
issues. The SHARE study is subject to continuous ethics review. During Waves 1 to 4, SHARE
was reviewed and approved by the Ethics Committee of the University of Mannheim. Wave 4 of
SHARE and the continuation of the project were reviewed and approved by the Ethics Council of
the Max Planck Society. SHARE is a multidisciplinary panel study providing information on
health, socioeconomic status, and social and family networks of respondents aged 50 and over.
From 2004, data were collected every two years. By its sixth wave, SHARE included 20 European
countries plus Israel. The sample was restricted to respondents repeatedly observed without any
missing information on the variables used for analysis. Since parts of our analyses required at
least three observations in time per respondent, countries that had participated in less than three
panel waves were excluded for comparability. This left us with an analytic sample of 32,467
women (in 87,777 observations) and 25,922 men (in 69,203 observations) from 15 countries
(Austria, Belgium, Czech Republic, Denmark, Estonia, France, Germany, Israel, Italy, Nether-
lands, Poland, Slovenia, Spain, Switzerland), observed in at least two waves.

Measures

Cognition. As a measure of cognitive function, we created a standardized index based on
immediate and delayed word recall tasks [41]. Based on a modified version of the Rey’s Audi-
tory Verbal Learning Test (RAVLT), respondents were asked twice to recall as many words as
possible from a list of ten simple nouns within one minute: first, immediately after the words
had been read out (memory) and again after some further interview questions (recall) [42].
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We focused on these measures because fluid cognitive skills, like memory and recall, involving
mastering new tasks and remembering and processing new information, have been found to
be affected first and more pronounced by cognitive ageing. In contrast, crystallised cognitive
skills, acquired and learned in the past, such as numerical and verbal skills, have been shown
to remain relatively stable over the life course [43-47]. Moreover, scores obtained from the
recall tests exhibit some desirable properties: they are approximately normally distributed,
non-skewed, and do not suffer from floor or ceiling effects [45].

Bodyweight. We used BMI as measure for (height adjusted) bodyweight. The score was
calculated as BMI = weight/height’ using self-reported weight (in kg) and height (in m). While
weight was asked in every wave to capture changes, height was only asked once and was
assumed to remain stable over all observations. In the empirical part of the paper, we use the
terms BMI and bodyweight interchangeably.

Reasons for bodyweight change. Respondents who reported weight loss were asked for
its reason. This question was posed to all respondents in waves five and six who explicitly
reported a weight loss during the last 12 months, while in waves two and four, the question
was only asked to respondents for whom the reported bodyweight was at least five kg lower
than in the preceding observation. Answer options were collapsed into two categories distin-
guishing between reasons related to and reasons unrelated to illness.

Grip strength. To capture changes in body composition, we used information on respon-
dents’ grip strength. Hand grip strength has been found to be significantly correlated with fat-
free (lean) body mass in men [48] and women [49]. As a proxy for unobserved conditions
associated with a detrimental reduction in lean body mass (sarcopenia), the grip strength mea-
sure—as a complement to BMI-allowed us to differentiate between weight loss attributable to a
reduction in body fat and weight loss attributable to a reduction in muscle mass. For the mod-
els in this article, we used the maximum value (in kg) out of up to four measurements from
both hands (two measurements per hand).

Physical activity. Physical activity, as a (mostly intentional) reason for weight loss or main-
tenance, was measured on a four-point scale, where respondents were asked to rate the frequency
of vigorous physical activity, such as sports, heavy housework, or a job involving physical labour,
as “hardly ever or never”, “1-3 times a week”, “once a week”, or “more than once a week”.

Observed diseases. We identified certain health conditions that might lead to (uninten-
tional) weight changes as well as to cognitive decline and that are observed in all waves. These
are Parkinson’s disease (PD) [50], stroke [51], all types of cancer (except for minor skin can-
cers) and the associated chemotherapy [52,53], dementia [54,55] and depression [56]. We do
not control for conditions, for which increased bodyweight is a known risk factor, like cardio-
vascular diseases. This would lead to “overcontrol” by eliminating a mechanism by which
weight change may affect cognitive performance.

Demographics. We included a quadratic function of age in our models to account for the
fact that both BMI and cognition change over time, while cognitive decline might accelerate
with age. We chose a quadratic parametrization for reasons of parsimony; further checks
revealed that a fully flexible modelling did neither improve model fit nor alter regression coef-
ficients of interest. Cross-sectional models were additionally adjusted for educational qualifica-
tion, measured by the International Standard Classification of Education (ISCED), and
differences between countries by including country dummies. Furthermore, all models were
calculated separately for male and female respondents.

Table 1 provides summary statistics on the employed measures in the analytic sample. The
unstandardized score for immediate and delayed word recall ranged from 0 to 20 with mean
9.3 and standard deviation 3.6. BMI increase and decrease refer to average changes between
two measurements.
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Table 1. Summary statistics.

Men Women Total
Cognition score -0.10 0.08 0.00
(Word recall) (0.96) (1.02) (1.00)
[-2.62;2.93] [-2.62;2.93] [-2.62;2.93]
BMI 27.15 26.67 26.88
(3.99) (4.91) (4.54)
[11.02; 77.03] [12.80; 64.02] [11.02; 77.03]
BMI increase 0.63 0.76 0.70
(1.19) (1.38) (1.30)
[0; 19.53] [0; 18.88] [0; 19.53]
BMI decrease 0.64 0.71 0.68
(1.28) (1.44) (1.37)
[0; 17.93] [0; 29.42] [0; 29.42]
Age 67.05 66.85 66.94
(9.32) (9.69) (9.52)
[50; 102.3] [50; 103.8] [50; 103.8]
Grip strength (kg) 41.23 24.71 32.00
(13.15) (9.31) (13.86)
[0; 98] [0; 100] 0; 100]
Cancer 0.05 0.05 0.05
0.21) 0.21) 0.21)
[0; 1] [0; 1] [0; 1]
Parkinson’s disease 0.01 0.01 0.01
(0.09) (0.08) (0.08)
[0; 1] [0; 1] [0; 1]
Stroke 0.04 0.03 0.03
(0.20) (0.17) (0.18)
(05 1] [0; 1] [0; 1]
Dementia 0.01 0.01 0.01
(0.10) (0.10) (0.10)
(05 1] [0; 1] [0; 1]
Depression 0.18 0.32 0.26
(0.39) (0.47) (0.44)
[0; 1] [0; 1] [0; 1]
Other disease 0.15 0.17 0.16
(0.36) (0.38) (0.37)
[0; 1] [0; 1] [0; 1]
Physical activity hardly ever 0.37 0.46 0.42
(0.48) (0.50) (0.49)
[0; 1] [0; 1] [0; 1]
1-3 times per month 0.09 0.08 0.09
(0.29) (0.28) (0.28)
[0; 1] [0; 1] [0; 1]
Once a week 0.14 0.14 0.14
(0.35) (0.35) (0.35)
[0;1] [0;1] [0;1]
More than once a week 0.40 0.31 0.35
(0.49) (0.46) (0.48)
(Continued)
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Table 1. (Continued)

Men Women Total
[0; 1] [0;1] [0;1]

Standard deviation in parentheses, range in brackets.

https://doi.org/10.1371/journal.pone.0249651.t001

Statistical analysis

Our analyses were structured sequentially, i.e. we employed a series of model specifications to
challenge and relax the underlying assumptions required for causal inference. As a starting
point, we took the association of bodyweight and cognitive performance in our sample as
described by regression model

Vi = %+ BoorsX + 04 + & (1)

where y;; and x;, represent our measures for cognitive performance and bodyweight, respec-
tively, for any observation in the pooled sample. o; and €;; denote the time-constant and time-
varying components of the error term. In order to give Bpors, the pooled OLS estimator, a
causal interpretation, x;; must not be correlated with either of the error components. Since this
assumption is likely violated, further adjustment is necessary. The standard approach here is to
control for observable characteristics (C), which are assumed to potentially confound the rela-
tionship of interest. As a first adjustment, we included age, education, and country dummies
as observed controls.

Vi = &+ BrorsXie + OporsCyp + o4 + & (1A)

The next adjustment we made was splitting the association captured in a between and
within component by regressing cognitive performance on the person-specific means of x and
the deviations from the person specific mean (the “demeaned” variables):

Vi = o+ Be(Xs) + Bee(X—%;) + (DBE(Ci) + COFE(Cn_Ci) + o+ gy, (2)

where Bgg; gives the fixed effects estimator, which can also be obtained by estimating a regres-
sion on the demeaned data alone:

?it :ﬁFEiil+mFECit+éit? (3)

with y, =(y,~¥,) %, =(x,—%,) and C, =(C,—C,), such that all time-constant elements in C
are cancelled out, which in our case reduces C to age. The fixed effects estimator has a more
natural interpretation as how a change in bodyweight might affect the change in cognitive per-
formance, since it does not rely on a between-person comparison. Moreover, and more impor-
tantly, it allows for an arbitrary correlation of x;, and o; without introducing bias. This also
makes further adjustment on time-constant covariates-like genetic dispositions, but also
largely stable socioeconomic and sociocultural conditions—unnecessary. In contrast, gy, is
purely based on a comparison of respondents of different (average) weight. Its interpretation
as effect of being of higher weight is thus threatened by omitted variable bias and would require
further adjustment.

For the remaining parts of the analysis, we focused on intrapersonal weight change and
extensions of the fixed effects approach. A shortcoming of the standard FE model is that it
forces the estimated relationship to be symmetric: it assumes that an increase in BMI promotes
cognitive performance by the same amount as a decrease reduces it, which may not be
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warranted. As recently shown by Allison (2019) [57], this assumption can be easily relaxed by
estimating

Vi =B'Zy + B Z; +wage, +E,, (4)
where ~ denotes the within transformation as in (3) and
t — t —
ZI = Zs:lxit; Zy = Zs:lxis’ (5)

where x = x,—x,_, if (x,—%,_,)>0, otherwise 0 and x; = —(x,—x,,_,) if (x,—%;,_;) <0,
otherwise 0. That is, instead of BMI, weight gain and weight loss are accumulated up to time t
and used as regressors in a fixed effects regression. Note that By is a weighted average of *
and-". This implies the possibility of obtaining Brg > 0, suggesting that weight gain positively
impacts cognitive performance, even if weight gain actually had detrimental cognitive effects
("< 0)-namely if any weight change was bad but weight loss was worse than weight gain. In
the results section, we refer to model (5) as asymmetric fixed effects model (FE-a).

At this stage, we added grip strength, the observed diseases described above, and physical
activity as possible time-varying confounders. Note that the asymmetric specification of the
model also allows these variables to confound the association of weight loss and cognition dif-
ferently than the association of weight gain and cognition. To account for unobserved diseases
that might be responsible for changes in bodyweight, we also ran a modified version of the
model including the self-reported reason for weight loss. As described in the data section, this
information was only available for a subsample, but for those individuals, it offered a straight-
forward approach to distinguish (unintentional) weight loss due to illnesses from that due to
other reasons (e.g., physical activity or caloric restrictions). This resulted in model specifica-
tions

Vi :/ﬁi?{ + ﬁii;"’wagen'i"\/wn'i'én and (6)

Vi =Bz + ﬂii;+ﬁmiﬁl+@agen"'ywit"'ém (7)
respectively, where W, is the vector of covariates and z
weight loss up to time t, as reported by respondents. In the results section, we refer to models
(6) and (7) as FE-a+ and FE-all+, respectively.

A comparison of estimates from models with and without including W, yielded the total
bias from omitting all considered control variables. In order to assess the relative contribution
of grip strength, observed diseases and physical activity we decomposed the total bias by com-
puting v*’y*, where y* is a vector of regression coefficients from (6) involving the elements in
W (related to age, grip strength, diseases, and physical activity) and v* is a vector of regression
coefficients from a set of auxiliary regressions

is the accumulated illness-related

Wi :V+2I + Vﬁi;"rzm (8)

on these elements (for details and inference see [58]).

A crucial assumption for fixed effects regression to yield consistent estimates of the causal
effects is that age profiles of cognitive performance would be parallel for respondents absent
weight change. This assumption would be violated in the presence of pre-existing trends in
cognitive performance, which are related to subsequent weight change. For example, genetic
or metabolic differences or health behaviour in childhood and early adulthood might be linked
to both, onset and speed of cognitive decline and the propensity to maintain a stable weight. In
fact, there is recent evidence that genetic dispositions, possibly in combination with socio-
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economic factors, influence rates of decline in cognition and particularly episodic memory
[59,60]. Accordingly, a final specification addressed this issue by allowing for individual age
trends by “de-trending” the data, resulting in the fixed effects individual slopes (FEIS) estima-
tor [38]: 377-81; [61].

Vit :ﬁ;msi;{ + ﬁ;EISi;+ma:geit+YFEISWit+éit5 )

with ¥, =(y,— V), Zi = (z7—2;), etc.and y, (2], ...) denoting the predicted values of y;
(z,...) from their unit-specific fixed effects regressions on age. While assumptions for FEIS
are weaker, it requires at least three observations in time per respondent, leading to a drop in
sample size and efficiency.

As our analyses required at least two observations per respondent, we re-estimated all mod-
els employing inverse probability weighting to address potentially systematic dropout after
baseline. Weights were obtained from logistic regressions of being observed only once on a set
of baseline characteristics (BMI, health-related limitations, education, cohabitation status, area
of living, country and age) in the full sample.

All analyses were carried out in Stata 14.2 [62], including additional packages st0085 [63],
st0236 [58], and gr0059 [64]. We employed the user-written programs xtfeis and xtart to esti-
mate fixed effects individual slope models and conduct specification tests for violation of the
parallel trends assumption [61,65].

Results

Fig 1 depicts the main results obtained from the different model specifications described in the
previous section graphically. We provide detailed information on the underlying regression
models in Table A (unweighted models) and Table B (weighted models) in S1 Table. Confi-
dence intervals refer to the 95 per cent level and are based on cluster-robust standard errors.

Women
02

-02

POLS POLS(m) BE FE FE-a FE-a+ FE-all+ FEIS

02

H

4
POLS POLS (m) BE FE FE-a FE-a+ FE-all+ FEIS

o
—

& BMI ® BMi(mean) 4 BMI(demeaned) 4 BMlincrease A& BMidecrease © illness-related BMI decrease
Fig 1. Associations of BMI and cognitive performance estimated from different models.

https://doi.org/10.1371/journal.pone.0249651.9001
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For all specifications, coefficients depicted in grey refer to respective estimates obtained from
weighted models to account for potential initial panel dropout.

Decomposing the association of BMI and cognitive performance

The overall association between BMI and cognitive performance in our pooled sample (POLS)
was negative for women and not significantly different from zero for men. Controlling for age,
education, and country (POLS (m), estimated by (1b)) considerably reduced the association
for women, while it remained significant. Splitting the association into between- (BE) and
within-individual (FE) components revealed that the overall association between BMI and
cognitive performance was dominantly driven by the between association, while the within
association was significantly positive for both men and women. These findings are largely in
line with previous research. However, it is worth mentioning that, albeit significant, BMI
explained very little of the variation (both, between and within) in cognitive performance and
the effect sizes were very small: a one-unit increase in BMI shifted predicted cognition by
0.007 standard deviations, which translates to about 0.03 additional words in the combined
immediate and delayed recall task.

Starting from these mere descriptive findings and focusing on changes in bodyweight, we
investigated whether the positive association was produced by weight loss or weight gain. The
two sets of estimates in the asymmetric fixed effects model (FE-a) in Fig 1 refer to the coeftfi-
cients for weight gain (solid triangle) and weight loss (hollow triangle), estimated from Eq (4),
i.e. before including further control variables. Without further adjustment beyond age, we
found no significant positive effect for weight gain neither for men nor for women, irrespective
of whether we applied weights or not. However, there was a significant negative impact of
weight loss.

Addressing possible confounding

Adding grip strength, reported diseases, and physical activity as presumed time-varying con-
founders further reduced the effects of weight loss (FE-a+, estimated from Eq (6)). Notewor-
thy, when only considering BMI change ignoring its direction (i.e. estimating Eq (3) with
controls) and pooling men and women, as e.g. Memel et al. (2016) [25] have done using the
same data, we could replicate their finding of a significantly positive BMI effect (not shown).
However, this does not imply a beneficial effect of weight gain but was solely due to the nega-
tive effect of weight loss.

Our data allowed us to conduct an additional test to assess whether the significant coeffi-
cient for BMI decrease points to a substantive effect or rather to unaccounted health issues. To
this end, we utilized self-reported information on whether an experienced weight loss was ill-
ness-related and added a separate variable accounting for this (see Eq (7)). Results are shown
in Fig 1 (FE-all+), where the hollow circle represents the additional indicator. Note that this
slightly changed the interpretation of the original variable to weight loss not attributed to ill-
ness by respondents. For men, we could observe that the coefficient for the original variable
was, as expected, further reduced and became insignificant while the effect of the additional
variable was much larger. This pointed to unobserved heterogeneity in illness even after con-
trolling for observed diseases and some additional value in the self-reported measure to
uncover it. However, the two coefficients did not differ significantly due to their large standard
errors. Moreover, we did not find the same pattern for women.

A final model specification addressed the possibility that age profiles in weight and cogni-
tive performance may be spuriously correlated. This is not sufficiently addressed by control-
ling for age and individual intercepts and thus leads to potentially biased results from fixed
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effects regression [61]. Results from employing Eq (9) are reported in the final column in Fig 1
(FEIS). While point estimates differed from FE-a+, a specification test revealed that these dif-
ferences are not significant, making FE-a+ the model of choice. Moreover, differences were
less pronounced when employing weights, suggesting that the FEIS sample, which required at
least three observations per respondent, got more selective.

Investigating the role of confounders

Overall, our findings suggested that the association between BMI and cognition was amplified
by confounding variables, such as severe diseases, leading to weight loss or changes in body
composition and cognitive impairment, whereas there was no protective effect of weight gain
in older age against cognitive decline. To learn more about the underlying mechanisms, we
investigated how the different control variables contributed to the confounding effect. Table 2
reiterates the estimates for BMI increase and decrease before (FE-a) and after (FE-a+) includ-
ing controls and decomposes the differences (A) according to the contributions of the used
control variable sets.

For both, women and men, grip strength and observed diseases accounted for a sizeable
and significant part of the association of weight loss and cognitive decline-over and above age,
which might have already partially absorbed any (unobserved) age-related health deteriora-
tion, and physical activity. For men, the overall contribution amounted to about a third of the
total within association. For women, the fraction was smaller (about one fifth). This was
mainly due to the greater importance of grip strength in shaping the association of weight loss
and cognitive decline for men, which might point to hand grip strength being a better indica-
tor of lean muscle mass for men than for women [48]. Observed diseases confounded BMI
decrease negatively for both, men and women; physical activity, although itself beneficial for
cognitive performance, was not found to significantly confound the relationship.

The estimate for BMI increase, in turn, was positively confounded by grip strength, again
more strongly for men. This clearly pointed to BMI alone being a suboptimal measure for

Table 2. Disentangling the confoundedness of BMI change and cognitive performance.

omen | | |
B (s.e.) A A attributable to
FE-a FE-a+ overall grip strength diseases physical activity
BMI increase 0.0036 0.0039 -0.0003 0.0003* -0.0004" -0.0003"*
(0.0027) (0.0027) (0.0003) (0.0001) (0.0002) (0.0001)
BMI decrease -0.0106™** -0.0086"** -0.0020"** -0.0009*** -0.0011*** -0.0000
(0.0026) (0.0026) (0.0003) (0.0002) (0.0002) (0.0001)
men
B (s.e.) A A attributable to
FE-a FE-a+ overall grip strength diseases physical activity
BMI increase 0.0003 -0.0014 0.0016"** 0.0016"** 0.0003 -0.0003*
(0.0037) (0.0036) (0.0004) (0.0003) (0.0002) (0.0001)
BMI decrease -0.0133*** -0.0092** -0.0041*** -0.0026"** -0.0014*** -0.0001
(0.0034) (0.0034) (0.0005) (0.0004) (0.0002) (0.0001)
Note
* p<0.05
** p<0.01
% p<0.001; clustered SE in parentheses.
https://doi.org/10.1371/journal.pone.0249651.t002
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overweight as it largely ignores body composition. As grip strength itself was positively related
to cognition in the within regressions on cognition, holding BMI constant, our findings can be
interpreted as a positive effect of lean body mass at a given weight. Interestingly, while BMI
increase was not significantly confounded by observed diseases for men, we found that it was
negatively confounded for women (see Table 2). Illness thus appeared to be positively related
to BMI changes in either direction for women. This suggests that both estimates, for BMI
decrease and increase, would likely be downward biased in the presence of further unobserved
heterogeneity in confounding health conditions for women.

Is weight gain beneficial for the oldest old?. The analyses reported so far did not con-
sider any potential heterogeneity in effects of weight change. However, interaction effects of
weight change with other variables may exist, such that our finding of no effect for weight gain
and a negative effect for weight loss may be wrong for subgroups of our sample. For instance,
as suggested by the literature, a positive weight effect might only emerge at older ages [7]. We
therefore split the sample according to respondents’ age when they entered the panel and repli-
cated all analyses on the two resulting subsamples. The chosen cut-point was 65 years, result-
ing in a mean age of about 76 years for the older and 60 years for the younger subsample.

Results can be summarized as follows: First, in line with previous findings, estimates
from the models exploiting between-variation (POLS and BE) were significantly higher in the
older compared to the younger subsample. The negative association of BMI and cognition
found for women in the full sample could not be replicated for the older sample. However,
estimates did not turn positive. Second, estimates from models exploiting within-variation
only, including FEIS, were more pronounced in the older than in the younger subsample, but
differences were not significant. Further details are reported in the supplementary material
(see tables C, D, and E in S1 Table). Third, with respect to the confounding effects of grip
strength and illness, patterns largely prevailed but were again more pronounced among the
older, except for physical activity, which appeared to be more important for the younger (see
table F in S1 Table).

The potential role of recovery

We further investigated whether weight gain might exhibit different effects for people with a
preceding episode of weight loss. Given that weight loss typically indicates illness, subsequent
weight gain might point to recovery and therefore be positively related to cognitive perfor-
mance. To test this hypothesis, we interacted BMI increase with a lagged measurement of BMI
decrease and added this term to our reference model (FE-a+), using different specifications.
We found a positive interaction for women: weight gain without preceding weight loss had no
effect on cognitive performance but became beneficial at relatively high levels of preceding
weight loss. While the linear interaction was significant at the one per cent level, this finding
was also robust against the specification of the functional form of the interaction. Fig 2 shows
the resulting average marginal effects of a one-unit BMI increase conditional on the magnitude
of a preceding weight loss for women and men, using a squared parametrization of lagged
BMI decrease. Our findings suggested that the positive (non-significant) effect previously
found for women was likely pointing to a recovery effect. For men, there was no significant
interaction.

A replication of the analysis, conducted separately for the younger and older subsamples,
showed that the effect found in the overall sample was more pronounced among older women,
while it did not occur among the younger ones (see figure A in S1 Fig). This can be seen as
consistent with the notion of a recovery effect, since disease-related weight loss (as a prerequi-
site for recovery-related weight gain) becomes more likely with older age.
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Fig 2. Effects of BMI increase by preceding weight loss.
https://doi.org/10.1371/journal.pone.0249651.9002

Further effect heterogeneity

Further effect heterogeneity could be at play: notably, the literature suggests positive effects of
weight gain at higher levels of BMI and older age [7,30], the latter of which we already partially
addressed. In addition, given the cross-national nature of our data and the mixed findings from
different countries, accounting for possible heterogeneity across countries seemed appropriate.
We addressed these issues by re-estimating Eq (6) including quadratic terms for the BMI
change variables to account for non-linear effects, c.f. [29], as well as interactions with BMI
level, age (squared) and country. Including a flexible specification of age in this exercise aimed
for a more comprehensive understanding of possible age-heterogeneity, since any sample split
is ultimately arbitrary. Based on this specification, we computed conditional average marginal
effects as reported in Fig 3. Incremental F-statistics of the respective interaction terms were
used to assess the presence of effect heterogeneity with respect to a specific variable.

We found non-linear effects for BMI increase as well as effect heterogeneity by BMI level
and, to some extent, age (for women). The effect for BMI increase got smaller and eventually
turned negative, the more weight people continued to accumulate. Similarly, while a BMI
increase might be beneficial at low levels of BMI, the beneficial effect diminished and eventu-
ally turned negative at higher levels of BMI. For men, the reverse was true for weight loss,
which particularly harmed the underweight but had no effect for the overweight. This might
point to negative effects of weight loss (indicating unobserved illness) and actual positive
effects cancelling each other out. Age patterns appeared less clear but provided no support for
a positive effect of weight gain particularly for the oldest old. However, weight loss became
more detrimental with women’s age, which might lead to wrong conclusions if weight gain
and loss are not considered separately.

We further found large country heterogeneity in our sample but no clear pattern (see figure
B in S1 Fig). By tendency, effects were below average for the Baltic countries and above average
for Central European countries and Israel. Interestingly, in countries where weight loss was
more detrimental, weight gain was also more detrimental and vice versa. Countries thus
appeared to differ in the direction and intensity by which older people respond cognitively to
weight change in either direction.

PLOS ONE | https://doi.org/10.1371/journal.pone.0249651  April 21, 2021 13/20


https://doi.org/10.1371/journal.pone.0249651.g002
https://doi.org/10.1371/journal.pone.0249651

PLOS ONE

Bodyweight change and cognitive performance in the older population

Women

BMI increase

effect size

10 10 10
01 2 3 4 5 6 7 8 9 10 15 20 25 30 35 40 50 60 70 80 90
BMI increase mean BMI level age
Test for heterogeneity: P>|F| = 0.026 Test for heterogeneity: P>|F| = 0.003 Test for heterogeneity: P>|F| = 0.085

BMI decrease

effect size

05 -.05 05
-10 -10 -10
01 2 3 45 6 7 8 9 10 15 20 25 30 35 40 50 60 70 80 90
BMI decrease mean BMI level age
Test for heterogeneity: P>|F| = 0.573 Test for heterogeneity: P>|F| = 0.405 Test for heterogeneity: P>|F| = 0.003
Men
BMl increase
15 15 15

effect size

10 10 10
01 2 3 4 5 6 7 8 9 10 15 20 25 30 35 40 50 60 70 80 90
BMI increase mean BMI level age
Test for heterogeneity: P>|F| = 0.252 Test for heterogeneity: P>|F| = 0.014 Test for heterogeneity: P>|F| = 0.450

BMI decrease
05 05 05

effect size

15 15 15
0 1 23 45 6 7 8 89 10 15 20 25 30 35 40 50 60 70 80 90
BMI decrease mean BMI level age
Test for heterogeneity: P>|F| = 0.751 Test for heterogeneity: P>|F| = 0.009 Test for heterogeneity: P>|F| = 0.393

Fig 3. Non-linearity and moderation by BMI level and age.
https://doi.org/10.1371/journal.pone.0249651.9003

Sample selection

Our results rely on the analysis of repeated observations, which raises the question of selective
panel dropout. To check whether sample selection drove our findings, we conducted two tests,
one related to possible selectivity in entering the panel (i.e. being observed at least twice) and
one related to panel retention. First, we applied inverse probability weighting to all models.
Effectively, this put a higher weight on respondents in the panel sample that were more similar
to initial dropouts in their baseline characteristics. As already shown in the results section,
there were only marginal differences. Second, for all model specifications, weighted and
unweighted, we implemented a formal test for attrition bias, which is based on the idea that a
significant effect for a variable indicating dropout in the next wave points to a selective sample
with respect to cognition [38]. The test was never significant for women or men in the full
sample as well as in the younger subsample, reassuring that our estimates were not severely
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affected by attrition bias. However, there was some indication of potential attrition bias in the
models that did not account for confounding health issues in the older male subsample. This
can be seen as in line with the notion of selective survival.

Conclusion & discussion

This study aimed at examining the relationship between bodyweight change and cognitive
decline in old age in a comprehensive way and, more specifically, challenge the hypothesis that
weight gain may mitigate cognitive decline (the so-called obesity paradox in cognition). To
this end, we considered asymmetric effects of weight change and a rich set of possible con-
founders, accounted for unobserved heterogeneity in cognition levels and age-trends and
investigated the presence of heterogeneous effects across subgroups. Our findings demonstrate
that the estimated (average) relationship crucially depends on whether the employed model
imposes symmetric effects of weight gain and weight loss, a thorough consideration of con-
founding factors, and characteristics of the sample under study. This may well account for dif-
ferences in previous findings.

Substantively, our findings suggest that weight loss in older age appears to be detrimental to
cognitive development, but largely so because it is a sign of progressive physical deterioration.
The remaining (i.e. conditional on observed illness) effect we found might be due to the
incomplete or imperfect measurement of confounding factors. For example, there may be
unobserved diseases leading to weight loss and cognitive decline at the same time. However,
the remaining effect was also mainly driven by low-BMI respondents, for whom further weight
loss may become a health issue itself. Our results further suggest that weight gain per se is, on
average, unrelated to cognitive performance. Instead, a gain in bodyweight is disadvantageous
when signalling illness or reduced physical activity, while it is beneficial when pointing to
health recovery. However, we found some evidence for heterogeneous effects of BMI: while
(particularly male) underweight persons might profit from a moderate weight gain, it becomes
more and more detrimental as it accumulates or affects persons with an already elevated BMI.
It should be stressed, though, that all found associations are substantially small and explain
very little of the intrapersonal variability in cognitive functioning.

Of course, our study does not come without limitations. The first concerns the use of BMI,
which does not provide information about body composition. While we addressed this limita-
tion by complementing BMI with grip strength as a proxy for fat-free (lean) body mass, it must
be noted that grip strength, although giving an approximation of total body muscle strength, is
not a perfect measure. E.g,, it is also dependent on the efficacy of the central and peripheral ner-
vous systems to activate the muscles as well as participants’ motivation or stamina [66]. More
precise measures of body composition would be preferable, e.g. by means of bioelectric imped-
ance analysis (BIA) or dual energy x ray absorptiometry (DXA) [67,68], which are, however,
rarely available in large scale surveys. Alternatively, and more widespread, waist circumference
or waist-to-hip ratio could be employed as a complementary measure of abdominal fatness
[68]. Unfortunately, neither of these measures were available in the SHARE data.

A second limitation concerns the generalizability of our findings beyond possible weight
effects on fluid cognitive ability as measured by immediate and delayed cognitive recall tests
[43,69,70]. While this measure is affected first and most prominently by ageing [45], some pre-
vious (mostly cross-sectional) studies suggest that the link between weight and cognitive func-
tioning may depend on the specific measure employed (see [7] for an overview). We thus
encourage further research to see whether the findings from this study can be replicated using
more refined measures for body composition and a more comprehensive view on cognitive
functioning as multidimensional construct.
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Opverall, subject to the aforementioned limitations, our analyses thus provided no support
for an obesity paradox in cognition. At the same time, they have some implications for the crit-
ical assessment and interpretation of previous findings. Treating weight change as a unidimen-
sional concept presupposes that weight gain and weight loss have opposing effects, which may
not be warranted. Studies focussing on BMI change may thus entice recipients to come to
wrong conclusions about possible (positive) effects of weight gain, while, in fact, they are unin-
formative in this respect. The refutation of possible positive weight (gain) effects on cognition
in old age has important practical implications. Given the known adverse health effects of
being overweight and obese and the associated societal costs, physicians’ false beliefs could pre-
vent adequate medical advice. This may already be reflected in the documented rareness of
doctoral advice to lose weight despite its effectiveness on behaviour [71].

The presence of effect heterogeneity we found implies that results will always be contingent
on characteristics of the sample under study. For example, it will be more likely to find a posi-
tive association between weight gain and cognitive functioning the lower initial weight and the
smaller the BMI increase experienced are on average and the more likely weight gain is an
indication of health recovery. Additionally, there appears to be considerable cross-country var-
iation in the way weight change and cognitive performance are related in the older population.
This likely points to omitted relevant variables that systematically differ between countries and
calls for more cross-cultural research on the topic.

Supporting information

S1 Fig. Heterogeneity.
(PDF)

S§1 Table. Regression output.
(PDF)

Author Contributions

Conceptualization: Judith M. Kronschnabl, Thorsten Kneip, Luzia M. Weiss, Michael
Bergmann.

Data curation: Thorsten Kneip, Luzia M. Weiss, Michael Bergmann.

Formal analysis: Thorsten Kneip.

Methodology: Judith M. Kronschnabl, Thorsten Kneip, Luzia M. Weiss, Michael Bergmann.
Project administration: Judith M. Kronschnabl.

Validation: Thorsten Kneip, Michael Bergmann.

Visualization: Thorsten Kneip.

Writing - original draft: Judith M. Kronschnabl, Thorsten Kneip, Luzia M. Weiss, Michael
Bergmann.

Writing - review & editing: Judith M. Kronschnabl, Thorsten Kneip, Luzia M. Weiss, Michael
Bergmann.

References
1. WHO. Obesity: Preventing and managing the global epidemic: WHO; 2000.

PLOS ONE | https://doi.org/10.1371/journal.pone.0249651  April 21, 2021 16/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249651.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249651.s002
https://doi.org/10.1371/journal.pone.0249651

PLOS ONE

Bodyweight change and cognitive performance in the older population

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Plassman BL, Williams JW, Burke JR, Holsinger T, Benjamin S. Systematic review: Factors associated
with risk for and possible prevention of cognitive decline in later life. Ann Intern Med. 2010; 153(3):182—
193. https://doi.org/10.7326/0003-4819-153-3-201008030-00258 PMID: 20547887

Gunstad J, Paul RH, Cohen RA, Tate DF, Spitznagel MB, Gordon E. Elevated body mass index is asso-
ciated with executive dysfunction in otherwise healthy adults. Compr Psychiatry. 2007; 48(1):57-61.
https://doi.org/10.1016/j.comppsych.2006.05.001 PMID: 17145283

LiY, Dai Q, Jackson JC, Zhang J. Overweight is associated with decreased cognitive functioning
among school-age children and adolescents. Obesity. 2008; 16(8):1809-1815. https://doi.org/10.1038/
oby.2008.296 PMID: 18551126

Lokken KL, Boeka AG, Austin HM, Gunstad J, Harmon CM. Evidence of executive dysfunction in
extremely obese adolescents: A pilot study. Surg Obes Relat Dis. 2009; 5(5):547-552. https://doi.org/
10.1016/j.soard.2009.05.008 PMID: 19766958

Nilsson L-G, Nilsson E. Overweight and cognition. Scand J Psychol. 2009; 50(6):660—-667. https://doi.
org/10.1111/j.1467-9450.2009.00777.x PMID: 19930267

Smith E, Hay P, Campbell L, Trollor JN. A review of the association between obesity and cognitive func-
tion across the lifespan: Implications for novel approaches to prevention and treatment. Obes Rev.
2011; 12(9):740-755. https://doi.org/10.1111/].1467-789X.2011.00920.x PMID: 21991597

Atti AR, Palmer K, Volpato S, Winblad B, De Ronchi D, Fratiglioni L. Late-life body mass index and
dementia incidence: Nine-year follow-up data from the kungsholmen project. J Am Geriatr Soc. 2008;
56(1):111-116. https://doi.org/10.1111/j.1532-5415.2007.01458.x PMID: 18028342

Bischof GN, Park DC. Obesity and aging: Consequences for cognition, brain structure and brain func-
tion. Psychosom Med. 2015; 77(6):697. https://doi.org/10.1097/PSY.0000000000000212 PMID:
26107577

Oreopoulos A, Kalantar-Zadeh K, Sharma AM, Fonarow GC. The obesity paradox in the elderly: Poten-
tial mechanisms and clinical implications. Clin Geriatr Med. 2009; 25(4):643—659. https://doi.org/10.
1016/j.cger.2009.07.005 PMID: 19944265

Van den Berg E, Biessels G, De Craen A, Gussekloo J, Westendorp R. The metabolic syndrome is
associated with decelerated cognitive decline in the oldest old. Neurology. 2007; 69(10):979-985.
https://doi.org/10.1212/01.wnl.0000271381.30143.75 PMID: 17785666

West NA, Haan MN. Body adiposity in late life and risk of dementia or cognitive impairment in a longitu-
dinal community-based study. J. Gerontol. A Biol Sci Med Sci. 2009; 64(1):103—-109. https://doi.org/10.
1093/gerona/gin006 PMID: 19168781

Dixon J, Egger G, Finkelstein E, Kral J, Lambert G. ‘Obesity paradox’ misunderstands the biology of
optimal weight throughout the life cycle. Int J Obes. 2015; 39(1):82. https://doi.org/10.1038/ijo.2014.59
PMID: 24732145

Fitzpatrick AL, Kuller LH, Lopez OL, Diehr P, O’Meara ES, Longstreth W, et al. Midlife and late-life obe-
sity and the risk of dementia: Cardiovascular health study. Arch Neurol. 2009; 66(3):336—342. https://
doi.org/10.1001/archneurol.2008.582 PMID: 19273752

Kuo HK, Jones RN, Milberg WP, Tennstedt S, Talbot L, Morris JN, et al. Cognitive function in normal-
weight, overweight, and obese older adults: An analysis of the advanced cognitive training for indepen-
dent and vital elderly cohort. J Am Geriatr Soc. 2006; 54(1):97—103. https://doi.org/10.1111/j.1532-
5415.2005.00522.x PMID: 16420204

Sellbom KS, Gunstad J. Cognitive function and decline in obesity. J Alzheimer’s Dis. 2012; 30(s2):S89—
S95. https://doi.org/10.3233/JAD-2011-111073 PMID: 22258511

Skinner JS, Abel WM, McCoy K, Wilkins CH. Exploring the "obesity paradox’ as a correlate of cognitive
and physical function in community-dwelling black and white older adults. Ethn Dis. 2017; 27(4):387—
394. https://doi.org/10.18865/ed.27.4.387 PMID: 29225439

Benito-Leo6n J, Mitchell A, Hernandez-Gallego J, Bermejo-Pareja F. Obesity and impaired cognitive
functioning in the elderly: A population-based cross-sectional study (nedices). Eur J Neurol. 2013; 20
(6):899-906. https://doi.org/10.1111/ene.12083 PMID: 23323838

Elias M, Elias P, Sullivan L, Wolf P, D’agostino R. Lower cognitive function in the presence of obesity
and hypertension: The framingham heart study. Int J Obes. 2003; 27(2):260-268. https://doi.org/10.
1038/sj.ij0.802225 PMID: 12587008

Waldstein S, Katzel L. Interactive relations of central versus total obesity and blood pressure to cogni-
tive function. Int J Obes. 2006; 30(1):201-207. https://doi.org/10.1038/s}.ij0.0803114 PMID: 16231030

Sakakura K, Hoshide S, Ishikawa J, Momomura S-I, Kawakami M, Shimada K, et al. Association of
body mass index with cognitive function in elderly hypertensive japanese. Am J Hypertens. 2008; 21
(6):627—632. https://doi.org/10.1038/ajh.2008.157 PMID: 18443570

PLOS ONE | https://doi.org/10.1371/journal.pone.0249651  April 21, 2021 17/20


https://doi.org/10.7326/0003-4819-153-3-201008030-00258
http://www.ncbi.nlm.nih.gov/pubmed/20547887
https://doi.org/10.1016/j.comppsych.2006.05.001
http://www.ncbi.nlm.nih.gov/pubmed/17145283
https://doi.org/10.1038/oby.2008.296
https://doi.org/10.1038/oby.2008.296
http://www.ncbi.nlm.nih.gov/pubmed/18551126
https://doi.org/10.1016/j.soard.2009.05.008
https://doi.org/10.1016/j.soard.2009.05.008
http://www.ncbi.nlm.nih.gov/pubmed/19766958
https://doi.org/10.1111/j.1467-9450.2009.00777.x
https://doi.org/10.1111/j.1467-9450.2009.00777.x
http://www.ncbi.nlm.nih.gov/pubmed/19930267
https://doi.org/10.1111/j.1467-789X.2011.00920.x
http://www.ncbi.nlm.nih.gov/pubmed/21991597
https://doi.org/10.1111/j.1532-5415.2007.01458.x
http://www.ncbi.nlm.nih.gov/pubmed/18028342
https://doi.org/10.1097/PSY.0000000000000212
http://www.ncbi.nlm.nih.gov/pubmed/26107577
https://doi.org/10.1016/j.cger.2009.07.005
https://doi.org/10.1016/j.cger.2009.07.005
http://www.ncbi.nlm.nih.gov/pubmed/19944265
https://doi.org/10.1212/01.wnl.0000271381.30143.75
http://www.ncbi.nlm.nih.gov/pubmed/17785666
https://doi.org/10.1093/gerona/gln006
https://doi.org/10.1093/gerona/gln006
http://www.ncbi.nlm.nih.gov/pubmed/19168781
https://doi.org/10.1038/ijo.2014.59
http://www.ncbi.nlm.nih.gov/pubmed/24732145
https://doi.org/10.1001/archneurol.2008.582
https://doi.org/10.1001/archneurol.2008.582
http://www.ncbi.nlm.nih.gov/pubmed/19273752
https://doi.org/10.1111/j.1532-5415.2005.00522.x
https://doi.org/10.1111/j.1532-5415.2005.00522.x
http://www.ncbi.nlm.nih.gov/pubmed/16420204
https://doi.org/10.3233/JAD-2011-111073
http://www.ncbi.nlm.nih.gov/pubmed/22258511
https://doi.org/10.18865/ed.27.4.387
http://www.ncbi.nlm.nih.gov/pubmed/29225439
https://doi.org/10.1111/ene.12083
http://www.ncbi.nlm.nih.gov/pubmed/23323838
https://doi.org/10.1038/sj.ijo.802225
https://doi.org/10.1038/sj.ijo.802225
http://www.ncbi.nlm.nih.gov/pubmed/12587008
https://doi.org/10.1038/sj.ijo.0803114
http://www.ncbi.nlm.nih.gov/pubmed/16231030
https://doi.org/10.1038/ajh.2008.157
http://www.ncbi.nlm.nih.gov/pubmed/18443570
https://doi.org/10.1371/journal.pone.0249651

PLOS ONE

Bodyweight change and cognitive performance in the older population

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Gustafson D, Rothenberg E, Blennow K, Steen B, Skoog |. An 18-year follow-up of overweight and risk
of alzheimer disease. Arch Intern Med. 2003; 163(13):1524—1528. https://doi.org/10.1001/archinte.163.
13.1524 PMID: 12860573

Rosengren A, Skoog |, Gustafson D, Wilhelmsen L. Body mass index, other cardiovascular risk factors,
and hospitalization for dementia. Arch Intern Med. 2005; 165(3):321-326. https://doi.org/10.1001/
archinte.165.3.321 PMID: 15710796

Whitmer RA, Gunderson EP, Barrett-Connor E, Quesenberry CP, Yaffe K. Obesity in middle age and
future risk of dementia: A 27 year longitudinal population based study. BMJ. 2005; 330(7504):1360.
https://doi.org/10.1136/bm;j.38446.466238.E0 PMID: 15863436

Memel M, Bourassa K, Woolverton C, Sbarra DA. Body mass and physical activity uniquely predict
change in cognition for aging adults. Ann Behav Med. 2016; 50(3):397-408. https://doi.org/10.1007/
512160-015-9768-2 PMID: 26733191

Dahl AK, Hassing LB, Fransson El, Gatz M, Reynolds CA, Pedersen NL. Body mass index across mid-
life and cognitive change in late life. Int J Obes. 2013; 37(2):296—302. https://doi.org/10.1038/ijo.2012.
37 PMID: 22450854

Deschamps V, Astier X, Ferry M, Rainfray M, Emeriau J, Barberger-Gateau P. Nutritional status of
healthy elderly persons living in dordogne, france, and relation with mortality and cognitive or functional
decline. Eur J Clin Nutr. 2002; 56(4):305-312. https://doi.org/10.1038/sj.ejcn.1601311 PMID:
11965506

Driscoll I, Espeland MA, Wassertheil-Smoller S, Gaussoin SA, Ding J, Granek A, et al. Weight change
and cognitive function: Findings from the women’s health initiative study of cognitive aging. Obesity.
2011; 19(8):1595-1600. https://doi.org/10.1038/0by.2011.23 PMID: 21394095

Brubacher D, Monsch A, Stahelin H. Weight change and cognitive performance. Int J Obes. 2004; 28
(9):1163-1167. https://doi.org/10.1038/sj.ij0.0802721 PMID: 15224124

Han C, Jo SA, Seo JA, Kim BG, Kim NH, Jo |, et al. Adiposity parameters and cognitive function in the
elderly: Application of ’jolly fat” hypothesis to cognition. Arch Gerontol Geriatr. 2009; 49(2):e133—e138.
https://doi.org/10.1016/j.archger.2008.11.005 PMID: 19108905

Taki Y, Kinomura S, Sato K, Inoue K, Goto R, Okada K, et al. Relationship between body mass index
and gray matter volume in 1,428 healthy individuals. Obesity. 2008; 16(1):119—-124. https://doi.org/10.
1038/0by.2007.4 PMID: 18223623

Walther K, Birdsill AC, Glisky EL, Ryan L. Structural brain differences and cognitive functioning related
to body mass index in older females. Hum Brain Mapp. 2010; 31(7):1052—1064. https://doi.org/10.
1002/hbm.20916 PMID: 19998366

Sweat V, Starr V, Bruehl H, Arentoft A, Tirsi A, Javier E, et al. C-reactive protein is linked to lower cogni-
tive performance in overweight and obese women. Inflammation. 2008; 31(3):198—207. https://doi.org/
10.1007/s10753-008-9065-3 PMID: 18347963

Al Hazzouri AZ, Haan MN, Whitmer RA, Yaffe K, Neuhaus J. Central obesity, leptin and cognitive
decline: The sacramento area latino study on aging. Dement Geriatr Cogn Disord. 2012; 33(6):400—
409. https://doi.org/10.1159/000339957 PMID: 22814127

Ades PA, Savage PD, editors. The obesity paradox: Perception vs knowledge. Mayo Clin Proc; 2010:
Mayo Foundation.

lliodromiti S, Celis-Morales CA, Lyall DM, Anderson J, Gray SR, Mackay DF, et al. The impact of con-
founding on the associations of different adiposity measures with the incidence of cardiovascular dis-
ease: A cohort study of 296 535 adults of white european descent. Eur Heart J. 2018; 39(17):1514—
1520. https://doi.org/10.1093/eurheartj/ehy057 PMID: 29718151

Elias MF, Goodell AL, Waldstein SR. Obesity, cognitive functioning and dementia: Back to the future. J
Alzheimer’s Dis. 2012; 30(s2):S113-S125.

Wooldridge JM. Econometric analysis of cross section and panel data: MIT press; 2010.

Borsch-Supan A, Brandt M, Hunkler C, Kneip T, Korbmacher J, Malter F, et al. Data resource profile:
The survey of health, ageing and retirement in europe (share). Int J Epidemiol. 2013; 42(4):992—-1001.
https://doi.org/10.1093/ije/dyt088 PMID: 23778574

Bergmann M, Kneip T, De Luca G, Scherpenzeel A. Survey participation in the survey of health, ageing
and retirement in europe (share), wave 1-6. Munich: Munich Center for the Economics of Aging. 2017.

Fawaz Y, Mira P. Social isolation, health dynamics, and mortality: Evidence across 21 europe countries.
Madrid: CEMFI. 2020.

Celidoni M, Dal Bianco C, Weber G. Retirement and cognitive decline. A longitudinal analysis using
share data. J Health Econ. 2017; 56:113—125. https://doi.org/10.1016/j.jhealeco.2017.09.003 PMID:
29040897

PLOS ONE | https://doi.org/10.1371/journal.pone.0249651  April 21, 2021 18/20


https://doi.org/10.1001/archinte.163.13.1524
https://doi.org/10.1001/archinte.163.13.1524
http://www.ncbi.nlm.nih.gov/pubmed/12860573
https://doi.org/10.1001/archinte.165.3.321
https://doi.org/10.1001/archinte.165.3.321
http://www.ncbi.nlm.nih.gov/pubmed/15710796
https://doi.org/10.1136/bmj.38446.466238.E0
http://www.ncbi.nlm.nih.gov/pubmed/15863436
https://doi.org/10.1007/s12160-015-9768-2
https://doi.org/10.1007/s12160-015-9768-2
http://www.ncbi.nlm.nih.gov/pubmed/26733191
https://doi.org/10.1038/ijo.2012.37
https://doi.org/10.1038/ijo.2012.37
http://www.ncbi.nlm.nih.gov/pubmed/22450854
https://doi.org/10.1038/sj.ejcn.1601311
http://www.ncbi.nlm.nih.gov/pubmed/11965506
https://doi.org/10.1038/oby.2011.23
http://www.ncbi.nlm.nih.gov/pubmed/21394095
https://doi.org/10.1038/sj.ijo.0802721
http://www.ncbi.nlm.nih.gov/pubmed/15224124
https://doi.org/10.1016/j.archger.2008.11.005
http://www.ncbi.nlm.nih.gov/pubmed/19108905
https://doi.org/10.1038/oby.2007.4
https://doi.org/10.1038/oby.2007.4
http://www.ncbi.nlm.nih.gov/pubmed/18223623
https://doi.org/10.1002/hbm.20916
https://doi.org/10.1002/hbm.20916
http://www.ncbi.nlm.nih.gov/pubmed/19998366
https://doi.org/10.1007/s10753-008-9065-3
https://doi.org/10.1007/s10753-008-9065-3
http://www.ncbi.nlm.nih.gov/pubmed/18347963
https://doi.org/10.1159/000339957
http://www.ncbi.nlm.nih.gov/pubmed/22814127
https://doi.org/10.1093/eurheartj/ehy057
http://www.ncbi.nlm.nih.gov/pubmed/29718151
https://doi.org/10.1093/ije/dyt088
http://www.ncbi.nlm.nih.gov/pubmed/23778574
https://doi.org/10.1016/j.jhealeco.2017.09.003
http://www.ncbi.nlm.nih.gov/pubmed/29040897
https://doi.org/10.1371/journal.pone.0249651

PLOS ONE

Bodyweight change and cognitive performance in the older population

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.
63.
64.
65.

66.

Engelhardt H, Buber |, Skirbekk V, Prskawetz A. Social involvement, behavioural risks and cognitive
functioning among the aged. Ageing Soc. 2010; 30(5):779-809.

Schwartzman AE, Gold D, Andres D, Arbuckle TY, Chaikelson J. Stability of intelligence: A 40-year fol-
low-up. Can J Exp Psychol. 1987; 41(2):244. https://doi.org/10.1037/h0084155 PMID: 3502899

Bonsang E, Adam S, Perelman S. Does retirement affect cognitive functioning? J Health Econ. 2012;
31(3):490-501. https://doi.org/10.1016/j.jhealeco.2012.03.005 PMID: 22538324

Bordone V, Weber D. Number of children and cognitive abilities in later life. Vienna Yearb Popul Res.
2012:95-126.

Schaie KW. The hazards of cognitive aging. Gerontologist. 1989; 29(4):484—493. https://doi.org/10.
1093/geront/29.4.484 PMID: 2521108

Barbat-Artigas S, Plouffe S, Pion CH, Aubertin-Leheudre M. Toward a sex-specific relationship between
muscle strength and appendicular lean body mass index? J Cachexia Sarcopenia Muscle. 2013; 4
(2):137—144. https://doi.org/10.1007/s13539-012-0100-8 PMID: 23389764

Otten L, Bosy-Westphal A, Ordemann J, Rothkegel E, Stob&us N, Elbelt U, et al. Abdominal fat distribu-
tion differently affects muscle strength of the upper and lower extremities in women. Eur J Clin Nutr.
2017; 71(3):372-376. https://doi.org/10.1038/ejcn.2016.226 PMID: 27924806

Lorefalt B, Ganowiak W, Palhagen S, Toss G, Unosson M, Granérus AK. Factors of importance for
weight loss in elderly patients with parkinson’s disease. Acta Neurol Scand. 2004; 110(3):180-187.
https://doi.org/10.1111/j.1600-0404.2004.00307.x PMID: 15285776

Kauhanen M-L, Korpelainen J, Hiltunen P, Brusin E, Mononen H, Maatta R, et al. Poststroke depression
correlates with cognitive impairment and neurological deficits. Stroke. 1999; 30(9):1875-1880. https://
doi.org/10.1161/01.str.30.9.1875 PMID: 10471439

Tannock IF, Ahles TA, Ganz PA, van Dam FS. Cognitive impairment associated with chemotherapy for
cancer: Report of a workshop. J Clin Oncol. 2004; 22(11):2233-2239. https://doi.org/10.1200/JCO.
2004.08.094 PMID: 15169812

Hutchinson AD, Hosking JR, Kichenadasse G, Mattiske JK, Wilson C. Objective and subjective cogni-
tive impairment following chemotherapy for cancer: A systematic review. Cancer Treat Rev. 2012; 38
(7):926—-934. https://doi.org/10.1016/j.ctrv.2012.05.002 PMID: 22658913

Barrett-Connor E, Edelstein SL, Corey-Bloom J, Wiederholt WC. Weight loss precedes dementia in
community-dwelling older adults. J Am Geriatr Soc. 1996; 44(10):1147—-1152. https://doi.org/10.1111/j.
1532-5415.1996.tb01362.x PMID: 8855991

Johnson DK, Wilkins CH, Morris JC. Accelerated weight loss may precede diagnosis in alzheimer dis-
ease. Arch. Neurol. 2006; 63(9):1312-1317. https://doi.org/10.1001/archneur.63.9.1312 PMID:
16966511

Prince MJ, Reischies F, Beekman AT, Fuhrer R, Jonker C, Kivela S-L, et al. Development of the euro—d
scale—a european union initiative to compare symptoms of depression in 14 european centres. BrJ
Psychiatry. 1999; 174(4):330-338. https://doi.org/10.1192/bjp.174.4.330 PMID: 10533552

Allison PD. Asymmetric fixed-effects models for panel data. Socius. 2019; 5:2378023119826441.

Kohler U, Karlson KB, Holm A. Comparing coefficients of nested nonlinear probability models. Stata J.
2011; 11(3):420-438.

Ding X, Barban N, Tropf FC, Mills MC. The relationship between cognitive decline and a genetic predic-
tor of educational attainment. Soc Sci Med. 2019; 239:112549. https://doi.org/10.1016/j.socscimed.
2019.112549 PMID: 31546143

Smith JA, Kho M, Zhao W, Yu M, Mitchell C, Faul JD. Genetic effects and gene-by-education interac-
tions on episodic memory performance and decline in an aging population. Soc Sci Med. 2018:112039.
https://doi.org/10.1016/j.socscimed.2018.11.019 PMID: 30449520

Rattenauer T, Ludwig V. Fixed effects individual slopes: Accounting and testing for heterogeneous
effects in panel data or other multilevel models. Sociol Methods Res. 2020:1-42.

StataCorp. Stata statistical software: Release 14. College Station, TX: StataCorp. LP; 2015.
Jann B. Making regression tables from stored estimates. Stata J. 2005; 5(3):88—-308.
Jann B. Plotting regression coefficients and other estimates. Stata J. 2014; 14(4):708-737.

Ludwig V. Xtfeis: Stata module to estimate linear fixed-effects model with individual-specific slopes
(feis) 2019. Available from: https:/EconPapers.repec.org/RePEc:boc:bocode:s458045.

Rantanen T, Volpato S, Luigi Ferrucci M, Eino Heikkinen M, Fried LP, Guralnik JM. Handgrip strength
and cause-specific and total mortality in older disabled women: Exploring the mechanism. J Am Geriatr
Soc. 2003; 51(5):636—641. https://doi.org/10.1034/j.1600-0579.2003.00207.x PMID: 12752838

PLOS ONE | https://doi.org/10.1371/journal.pone.0249651  April 21, 2021 19/20


https://doi.org/10.1037/h0084155
http://www.ncbi.nlm.nih.gov/pubmed/3502899
https://doi.org/10.1016/j.jhealeco.2012.03.005
http://www.ncbi.nlm.nih.gov/pubmed/22538324
https://doi.org/10.1093/geront/29.4.484
https://doi.org/10.1093/geront/29.4.484
http://www.ncbi.nlm.nih.gov/pubmed/2521108
https://doi.org/10.1007/s13539-012-0100-8
http://www.ncbi.nlm.nih.gov/pubmed/23389764
https://doi.org/10.1038/ejcn.2016.226
http://www.ncbi.nlm.nih.gov/pubmed/27924806
https://doi.org/10.1111/j.1600-0404.2004.00307.x
http://www.ncbi.nlm.nih.gov/pubmed/15285776
https://doi.org/10.1161/01.str.30.9.1875
https://doi.org/10.1161/01.str.30.9.1875
http://www.ncbi.nlm.nih.gov/pubmed/10471439
https://doi.org/10.1200/JCO.2004.08.094
https://doi.org/10.1200/JCO.2004.08.094
http://www.ncbi.nlm.nih.gov/pubmed/15169812
https://doi.org/10.1016/j.ctrv.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22658913
https://doi.org/10.1111/j.1532-5415.1996.tb01362.x
https://doi.org/10.1111/j.1532-5415.1996.tb01362.x
http://www.ncbi.nlm.nih.gov/pubmed/8855991
https://doi.org/10.1001/archneur.63.9.1312
http://www.ncbi.nlm.nih.gov/pubmed/16966511
https://doi.org/10.1192/bjp.174.4.330
http://www.ncbi.nlm.nih.gov/pubmed/10533552
https://doi.org/10.1016/j.socscimed.2019.112549
https://doi.org/10.1016/j.socscimed.2019.112549
http://www.ncbi.nlm.nih.gov/pubmed/31546143
https://doi.org/10.1016/j.socscimed.2018.11.019
http://www.ncbi.nlm.nih.gov/pubmed/30449520
https://EconPapers.repec.org/RePEc:boc:bocode:s458045
https://doi.org/10.1034/j.1600-0579.2003.00207.x
http://www.ncbi.nlm.nih.gov/pubmed/12752838
https://doi.org/10.1371/journal.pone.0249651

PLOS ONE

Bodyweight change and cognitive performance in the older population

67.

68.

69.

70.

71.

Sergi G, De Rui M, Stubbs B, Veronese N, Manzato E. Measurement of lean body mass using bioelec-
trical impedance analysis: A consideration of the pros and cons. Aging Clin Exp Res. 2017; 29(4):591—
597. https://doi.org/10.1007/s40520-016-0622-6 PMID: 27568020

Wells J, Fewtrell M. Measuring body composition. Arch Dis Child. 2006; 91(7):612—617. https://doi.org/
10.1136/adc.2005.085522 PMID: 16790722

Fuscaldo M. Physical limitations, depressive symptoms and cognitive problems: Exploring the complex
structure of un-health among older people in italy. Universita di Modena e Reggio Emilia, Dipartimento
di Economia" Marco Biagi", 2012.

Mazzuco S, Meggiolaro S, Ongaro F, Toffolutti V. Living arrangement and cognitive decline among
older people in europe. Ageing Soc. 2017; 37(6):1111-1133.

Loureiro ML, Nayga Jr RM. Obesity, weight loss, and physician’s advice. Soc Sci Med. 2006; 62
(10):2458-2468. https://doi.org/10.1016/j.socscimed.2005.11.011 PMID: 16376006

PLOS ONE | https://doi.org/10.1371/journal.pone.0249651  April 21, 2021 20/20


https://doi.org/10.1007/s40520-016-0622-6
http://www.ncbi.nlm.nih.gov/pubmed/27568020
https://doi.org/10.1136/adc.2005.085522
https://doi.org/10.1136/adc.2005.085522
http://www.ncbi.nlm.nih.gov/pubmed/16790722
https://doi.org/10.1016/j.socscimed.2005.11.011
http://www.ncbi.nlm.nih.gov/pubmed/16376006
https://doi.org/10.1371/journal.pone.0249651

