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ABSTRACT
Background: In nutritional epidemiology, dealing with confounding and complex internutrient relations are major

challenges. An often-used approach is dietary pattern analyses, such as principal component analysis, to deal with

internutrient correlations, and to more closely resemble the true way nutrients are consumed. However, despite these

improvements, these approaches still require subjective decisions in the preselection of food groups. Moreover, they

do not make efficient use of multivariate dietary data, because they detect only marginal associations. We propose the

use of copula graphical models (CGMs) to model and make statistical inferences regarding complex associations among

variables in multivariate data, where associations between all variables can be learned simultaneously.

Objective: We aimed to reconstruct nutritional intake and physical functioning networks in Dutch older adults by

applying a CGM.

Methods: We addressed this issue by uncovering the pairwise associations between variables while correcting for

the effect of remaining variables. More specifically, we used a CGM to infer the precision matrix, which contains all

the conditional independence relations between nodes in the graph. The nonzero elements of the precision matrix

indicate the presence of a direct association. We applied this method to reconstruct nutrient–physical functioning

networks from the combined data of 4 studies (Nu-Age, ProMuscle, ProMO, and V-Fit, total n = 662, mean ± SD

age = 75 ± 7 y). The method was implemented in the R package nutriNetwork which is freely available at https:

//cran.r-project.org/web/packages/nutriNetwork.

Results: Greater intakes of vegetable protein and vitamin B-6 were partially correlated with higher scores on the total

Short Physical Performance Battery (SPPB) and the chair rise test. Greater intakes of vitamin B-12 and folate were partially

correlated with higher scores on the chair rise test and the total SPPB, respectively.

Conclusions: We determined that vegetable protein, vitamin B-6, folate, and vitamin B-12 intakes are partially

correlated with improved functional outcome measurements in Dutch older adults. J Nutr 2020;150:634–643.

Keywords: copula graphical models, nutrient networks, muscle health, physical functioning, older adults,

sarcopenia

Introduction

In studying relations between nutritional intake and health-
related outcomes, dealing with confounding is a major chal-
lenge. A straightforward and frequently used approach is via
linear models, which adjusts for important covariates that
confound the association. These covariates, however, have to
be selected a priori, and this selection is therefore prone to
subjectivity. Many other approaches have arisen to (partly)
overcome the issues in dealing with confounders. In the last

few years, more and more researchers have used dietary
pattern analyses, such as principal component analysis and
cluster analysis, to deal with internutrient correlations, and to
more closely resemble the true way nutrients are consumed.
However, despite these improvements, these approaches still
require subjective decisions in the preselection of food groups
(1). Furthermore, these approaches only inform about relations
between dietary patterns and outcomes, which do not allow
for mechanistic explanations and for identification of the exact
nutritional factors that need improvements (2).
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Graphical models are a powerful class of statistical models
for reconstructing the complex relations between variables in
multivariate data (3). The key feature of graphical models
is to uncover conditional dependence relations, meaning that
2 variables are connected by an edge if and only if they
are dependent after all other variables are accounted for.
The detection of conditional (in)dependence relations through
graphical models is a key component of the statistical analysis
of observational studies. Graphical models, and specifically
undirected graphical models, have been used extensively in
genetics (4–9), metabolomics (10, 11), and epidemiology (12).
There are different types of graphical models [see, e.g., (13)];
one specific type of graphical model is called the copula
graphical model (CGM), which can deal with ordinal data,
non-Gaussian data, and mixed ordinal/continuous data. A
Gaussian CGM is the simplest possible multivariate ordinal
(or mixed ordinal/continuous) model because it uses the lowest
number [O( p2) for p number of variables or, to be precise,
p (p − 1)/2] of parameters to describe the full multivariate
dependence. Other multivariate models for ordinal data (or
mixed ordinal/continuous data) usually require estimating
larger number of parameters, which make them more complex
to be applied to high-dimensional data.

Recently, Iqbal et al. (14) used Gaussian graphical models
for identifying conditional independence structures between
food intake variables in dietary intake data to understand the
eating behavior of German adults. The Gaussian graphical
model assumes that data follow a multivariate Gaussian
distribution. However, multivariate data sets arising from food
and nutrition science typically accommodate different variable
types. Thus, in this article we focus on CGMs (15–17) which
can be applied to any study that involves a mixture of binary,
ordinal, and non-Gaussian variables. Recently, CGMs have been
used to detect dietary meal networks (18). Here, we use the
methodology developed by Behrouzi and Wit (15) to learn
complex association patterns that exist among nutrient intake,
physical performance, and muscle strength. This method may
help to identify conditional intakes of different nutrients to
prevent the progressive loss of muscle mass and muscle strength
and ultimately to understand the process involved in aging.

Dietary adjustments might provide feasible strategies to
promote healthy ageing. Therefore, understanding the relations
between dietary intake and physical functioning in older adults
is of great interest. However, decisions regarding new dietary
strategies for healthy ageing cannot be based on the result of
a single study, because results typically vary from one study to
another. Rather, it is necessary to synthesize data across studies.
Here we integrated data from multiple studies, where we have
combined the most overlapping dietary studies that included
dietary intake, physical performance, and muscle strength,
carried out within the same center (Wageningen University,
Netherlands). Given the aforementioned considerations, we
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combined the baseline data of 4 studies: Nu-Age (19),
ProMuscle (20), ProMO (21), and V-Fit (22).

The key objective of this article is therefore to implement
the CGM on the combined data (as well as on each individual
study) to reveal conditional dependence relations between
muscle function variables (handgrip, different functional tests),
nutrients, and other covariates (e.g., age, gender, and BMI).
Studying underlying partial correlation networks jointly for
dietary intake and nutrient components along with muscle
strength and physical performance variables may indicate which
nutrients play important roles in age-related functional decline.

Methods
Assessment of dietary intake and physical
functioning in the 4 substudies
The inclusion and exclusion criteria of the 4 substudies and the dietary
assessment methods they used are shown in Table 1. All subjects
in all studies gave written informed consent and all studies were
approved by the Wageningen University Medical Ethical Committee.
The substudies that started after 2005 (Nu-Age, ProMuscle, and
ProMO) were registered at clinicaltrials.gov.

Nu-Age
The participants of the Nu-Age trial (n = 252; NCT01754012) were
recruited via invitation letters sent to all older adults living in apartment
buildings in the surroundings of Wageningen and Arnhem, Netherlands.
Participants were independently living nonfrail older adults aged
65–79 y, free of malnutrition, dementia, major chronic diseases, severe
heart disease, and type 1 or insulin-treated type 2 diabetes.

Participants filled out food records on 7 consecutive days. Partici-
pants were trained in reporting foods, portion sizes, and preparation
methods. Trained dietitians or research nutritionists assessed the
food records for completeness during a home visit. Nutrient content
was calculated by the Dutch food composition database of 2011.
Frequency, type, brand name, and dose of specific vitamin supplements
(multivitamin, iron, vitamin D, vitamin B complex, and folic acid) were
assessed via additional questionnaires. The Short Physical Performance
Battery (SPPB) was performed at Wageningen University, in accordance
with the protocol described by Guralnik et al. (23), with a 2.44-m gait
speed, 5-times chair rise test, and a 3-position balance test.

ProMuscle
A total of n = 122 participants were included in the ProMuscle trial
(NCT01109628). Participants were recruited via a volunteer database,
flyers, and information meetings. Participants were included when
frail or prefrail according to the Fried criteria (24). Participants were
excluded when they participated in resistance-type exercise programs
in the 2 y before screening, or when they were diagnosed with any
form of cancer, chronic obstructive pulmonary disease, diabetes, or renal
insufficiency.

Dietary intake was assessed via 3-d food records on randomly
assigned weekdays and weekend days. Food records were discussed
with trained dietitians and household measures were used to optimize
the portion size estimation. Nutrient intake was calculated using the
Dutch food composition database of 2006. Dominant handgrip strength
was measured by handheld dynamometry (Jamar, Jackson, MI) to the
nearest 0.5 kg. Participants were seated on a chair without armrests,
with their arms flexed at a 90-degree angle. The maximum effort of 3
attempts was used for analysis. The SPPB was performed similarly to the
Nu-Age study, following the original protocol as described by Guralnik
et al. (23).

ProMO
The study population of ProMO (n = 81; NCT02683720) consisted
of participants aged 65 y and older who were malnourished or at
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TABLE 1 Characteristics of the 4 included studies1

Study name Nu-Age ProMuscle ProMO V-Fit

Years of enrolment 2012–2014 2009–2010 2016–2017 1997
Inclusion criteria Aged 65–79 y >65 y old, frail or prefrail

according to Fried criteria
>65 y old, malnutrition (score

<12 on MNA-SF)
>70 y old, using care service,

BMI ≤25 kg/m2 or
unintentional weight loss

Exclusion criteria • Frail according to Fried criteria
• Malnutrition
• Dementia
• Major chronic diseases
• Severe heart disease
• Insulin-treated diabetes

• Participation in
resistance-type exercise
programs in 2 y before study

• eGFR <60 mL · min−1 ·
1.73m−2

• Any present form of cancer
• COPD
• Diabetes

• Resistance exercise >2 h/wk
• Life expectancy <12 mo
• eGFR <30 mL · min−1 ·

1.73m−2

• Use of diabetes medication
• Use of >21 alcohol units per

week

• Regular exercise
• Institutionalized
• Terminal disease
• Taking multivitamins

Dietary assessment
method

7-d food records 3-d food records 2-d food records 3-d food records

1COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; MNA-SF, Mini Nutritional Assessment Tool—Short Form.

risk of malnutrition (a score <12 on the Mini Nutritional Assessment
Tool—Short Form). Participants were recruited via dieticians, geriatric
outpatient clinics of 2 hospitals (Rijnstate, Arnhem, Netherlands and
Gelderse Vallei, Ede, Netherlands), the volunteer database of the
university, and via advertisements in local and online media. Exclusion
criteria were an expected life expectancy <12 mo, performing >2
h/wk of resistance exercise, planned increase in exercise during the
study, impaired kidney function (estimated glomerular filtration rate
<30 mL · min−1 · 1.73m−2, measured at baseline), lactose intolerance
or milk protein allergy, use of corticosteroids (unless administered via
inhaler or topically), use of diabetes medications, consumption of >19
portions of oral nutritional supplements in the previous month or
>9 in the previous week, and consumption of >21 alcohol units per
week.

Dietary intake was assessed by using 2-d food records on
2 consecutive days. Participants were interviewed by trained dietitians
to optimize the completeness of the food records. Portion sizes were
estimated by using household measures. The Dutch food consumption
database 2011 was used to calculate the mean daily nutrient intake.
Physical functioning was assessed by means of isokinetic hand grip
strength and the SPPB. Participants performed the handgrip strength
test 3 times per hand, while seated on a chair without armrests and
with their elbows flexed at a 90-degree angle. The SPPB was assessed
via the updated protocol of Guralnik et al. (25), with a balance test,
5-times chair rise test, and a 4-m gait speed test.

V-Fit
Participants of the V-Fit trial (n = 207) were recruited via personal
letters sent to senior residencies, home care organizations, general
practitioners, and local advertisements. Eligible participants were aged
70 y and older, used care services, did not regularly exercise, and
had a BMI ≤25 kg/m2 or experienced unintentional weight loss.
Excluded were participants who were institutionalized, had a terminal
disease, or were taking multivitamin supplements in the preceding
month.

Dietary intake was assessed by a 3-d food record (2 weekdays
and 1 weekend day). Participants were visited at home before and
after the dietary intake assessment, to explain the procedure and
to check completeness. The volumes of frequently used household
measures were assessed to optimize portion size estimation. Nutrients
were calculated by using the Dutch food consumption table of 1997.
Physical functioning was measured by means of peak dominant hand
grip strength and the Groningen Fitness test for Elderly. The latter is
comparable to the SPPB, because it contains a balance test, 5-times chair
rise test, and a 6-m gait speed test.

Statistical methods

Graphical models.
Graphical models are a marriage between probability theory and graph
theory. They provide a powerful tool for dealing with uncertainty and
complexity in statistics. Let Z = (Z1,Z2, . . . , Zp) denote a random
vector with a joint distribution p(Z). The conditional independence
relations among random variables can be summarized in a graph
G = (V, E), where V is a set of vertices (or nodes), and each vertex
corresponds to a random variable, and E is a set of undirected edges.
If 2 vertices Zi, Zj ∈ V form an undirected edge then we say that Zi
and Zj are adjacent or connected and write (i, j) ∈ E. Here, undirected
means that (i, j) ∈ E is equivalent with ( j, i) ∈ E. Thus, undirected
graphs represent symmetric relations. The absence of an edge between
Zi and Zj corresponds with the conditional independence of the
2 random variables given the remaining variables under p(Z) and is
defined by:

Zi � Zj | XV/{i, j}. (1)

This is called the pairwise Markov property. Let Xn ×p be the data
matrix with p the number of variables in the network, and n the number
of observations for each variable. In Gaussian graphical models, it is
assumed that the vector of X = (X1,X2, . . . , Xp) follows a p-variate
normal distribution Np(μ, �−1) with mean μ and variance-covariance
matrix � = �−1, where � represents the precision matrix. The partial
correlation coefficients ρi j|rest, which measure the correlations between
Xi and Xj conditional on all other variables in the models, can be
calculated as:

ρi j|rest = − ωi j√
ωii

√
ω j j

(2)

where ωi j, i, j = 1, . . . , p are the elements of the precision
matrix �.

CGMs.
CGMs are a flexible type of graphical model, where we relax the
multivariate normal distribution assumption for the joint distribution
of X = (X1,X2, . . . , Xp) . In fact, it can be applied to different types
of data sets, such as non-Gaussian data, ordinal data, count data,
and a mix of ordinal and continuous data. Mixed types of variable
are common in food and nutrition data sets. In the proposed CGM
we assume that there is an ordering for the possible values of each
observed variable Xv, v VXv, v ∈ V . This assumption holds if Xv

is binary, categorical with ordered categories, count, or continuous.
We assume the dependence structures among the observed variables
X = (X1,X2, . . . , Xp) are given by the Gaussian copula with a p × p

636 Behrouzi et al.



correlation matrix. The Gaussian copula model can be constructed by
introducing a vector of latent variables Z = Zv Np(0, �)� that are
related to the observed variables X = Xv as:

Xv = F−1
v (� (Zv )) (3)

where Fv denotes the marginal distribution of Xv which are treated
as nuisance parameters, and � is the cumulative distribution function
of the standard normal distribution. As proposed by Behrouzi and
Wit (18), we use CGMs to perform inference in the parameter � of
the Gaussian copula, which contains all the conditional independence
relations between latent variables Z. The inference procedure of their
approach is based on the penalized Expectation-Maximization (EM)
algorithm, which iteratively computes the conditional expectation of
the joint log-likelihood in the E-step, and optimizes this conditional
expectation in the M-step. Furthermore, an l1 regularization technique
is used to put a grid of penalty parameters on the off-diagonal elements
of �, which leads to a sparse matrix. The zeroes of � correspond to
the missing edges in the graph. A grid of regularization parameters
� = (λ1, . . . , λN ) determines the level of the sparsity of �. A different
penalty results in a different graph structure. One approach to select an
optimal graph is to compute various information criteria based on the
observed penalized maximum log-likelihood. Because we are interested
in graph estimation, we use the extended Bayesian information criterion
(eBIC) (26) that has been introduced as follows:

eBIC (λ) = −2 l
(
�̂λ

)
+ {

log (n) + 4γ log (p)
}

d fλ, (4)

for conditional independence graph selection. Here, d fλ refers to the
number of nonzero elements in the off-diagonal of �̂λ and γ ∈ [0, 1]
determines the strength of prior information on the size of the model
space. We set γ = 1/2, because it was shown by Foygel and Drton (26)
that for moderately large n, the eBIC with γ = 1/2 performs well to
recover the underlying true graph. The optimal model has the minimum
value of eBIC with respect to λ.

Inference uncertainty.
In high-dimensional cases, there is often considerable uncertainty in
the number of nonzero elements in the precision matrix. To compute
uncertainty associated with the estimation of the precision matrix, we
used a nonparametric bootstrap method to determine the statistical
accuracy and the importance of each link in the estimated nutrients–
physical functioning network. One can then choose only those links
(or direct associations) that have a high probability of being present
across all the bootstrap samples. For the penalized CGMs, we replicated
B data sets that are generated by sampling with replacement from the
data set Xn×p. For each replicate, we ran the entire inference procedure
of the CGMs, including the model selection to estimate an optimal
graph. This nonparametric bootstrap reflects the underlying uncertainty
in the estimated network. We implemented this procedure to calculate
the uncertainty associated with the estimation of nutrients–physical
functioning networks in the combined data.

Analysis.
The combined data set of the 4 studies contains n = 662 individuals and
P = 33 variables. We grouped the variables into 3 categories: physical
functioning, nutrient intakes, and general covariates. Different colors
in the network represent variables and their corresponding categories
(Figure 1, Results). We note that in the combined data set we kept
the unit of all variables consistent across the various studies (e.g.,
energy intake is in kilojoules across all the 4 studies). Furthermore, we
defined 4 dummy variables to represent each study to let the conditional
independence property correct for associations that may arise from the
different studies.

CGMs were used to construct the underlying connectivity networks
for the combined data as well as for the individual studies. For each
data set, we used our R package nutriNetwork to implement the CGM.
More specifically, we used the nutriNetwork function with the default
arguments. Furthermore, to select an optimal network across a grid of

penalty parameters, we ran the selectnet function on the output object
of the nutriNetwork function. The sparsity of the selected network is
0.23, where the sparsity level of the highest penalty term proposed by
nutriNetwork is 0.05. To visualize networks we used the plot function
in nutriNetwork.

Furthermore, we used a nonparametric bootstrapping approach
to determine the uncertainty associated with the estimated links in
the nutrients–physical functioning networks from the combined data.
We generated 200 independent bootstrap samples from the combined
data, as aforementioned. For each bootstrap sample we ran the
entire inference procedure, including the model selection, using the
nutriNetwork package. Furthermore, we calculated the frequency of

each nonzero element of �̃
(b)

λ̂
(b = 1, . . . , 200) that was also

nonzero in the estimated �̂
λ̂

from the original combined data. In
addition, we measured the fit of our model to the combined data. In
Supplemental Table 1 we show that the proposed CGM fits the data
properly.

Results

Baseline characteristics of all participants included in the
analyses are presented in Table 2. Characteristics of the
participants in the 4 trials were very comparable. Nonetheless,
participants in the ProMO trial had a lower BMI than
participants in the other 3 studies, and participants in the
Nu-Age trial scored higher on the physical functioning tests
(handgrip strength, total SPPB score, and chair rise test). The
total sample consisted of more female than male participants,
and participants scored relatively highly on the SPPB, with a
mean score of 9.6 out of 12. Nutrient intake of the participants
over the different trials is depicted in Table 3. Overall, the
average intakes of nutrients were close to their RDAs for Dutch
older adults (27). Only intake amounts of calcium [mean intake
992 mg/d, RDA 1200 mg/d (28)], folate [mean intake 243 μg/d,
RDA 300 μg/d (29)], and vitamin D [mean intake 3.6 μg/d,
RDA 20 μg/d (30)] were considerably lower than the RDA.
However, the intake of nutrients via dietary supplements is not
included in these intake amounts. The mean daily energy intake
in the V-Fit study was lower than in the other trials, but the
intake amounts of the nutrients were comparable across all
studies.

Figure 1 represents the estimated network for the combined
data. It shows interesting links between certain nutrients and
functional outcome measures. Vitamin B-6 (pyridoxine), folate,
and vegetable protein intake were positively and directly
correlated with total SPPB score, with 88%, 53%, and 98%
certainty based on bootstrap analysis, respectively. Vegetable
protein and vitamin B-6 were also positively and partially
correlated with chair rise test score (100% and 61% certainty,
respectively), and this also held for vitamin B-12 (cobalamin,
50% certainty). These nutrients were not directly correlated
with balance and gait scores, the 2 other parts of the total
SPPB score. Based on the estimated network there was no
direct association between handgrip strength and any of the
nutrients. The proposed method shows that higher age and
being female resulted in lower handgrip strength. Height,
weight, and, surprisingly, alcohol intake were positively and
directly correlated with handgrip strength. Besides having
a lower handgrip strength, being female was also partially
correlated with lower alcohol intake, lower energy intake, and
lower starch intake. There was a negative partial correlation
between intake of folate and BMI, whereas there was a
positive partial correlation between intake of vitamin B-12
and body weight. In Supplemental Figure 1, we reported
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�

�

physical functioning
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study identifier

FIGURE 1 Nutrients-and-muscle-health networks for the combined data, showing simultaneous associations between nutrient intakes,
measures of physical functioning, and the general covariates, which are inferred from copula graphical models. Edges represent conditional
dependencies between nodes revealed by partial correlation coefficients. The absence of an edge between 2 nodes shows a conditional
independence relation between them. The type of line used represents the certainty of the link, which is the frequency at which the conditional
dependence relation (partial correlation) is found over 200 independent bootstraps. Alcoh, alcohol; ani.pro, animal protein; B-1, thiamin; B-2,
riboflavin; B-6, vitamin B-6; B-12, vitamin B-12; bal, balance; C, vitamin C; D, vitamin D; mg, magnesium; sat.fat, saturated fat; smok, smoking;
SPPB, short physical performance battery; veg.pro, vegetable protein.

the corresponding relative frequencies of each link across the
200 bootstrap samples. In particular, in almost all bootstrap
samples we inferred a direct link between vegetable protein
and SPPB total (an index for measuring physical functioning).
In other words, vegetable protein and SPPB total are partially
correlated after adjusting for the effect of all remaining
variables.

The ProMO study, which included malnourished partici-
pants, was negatively correlated with BMI after controlling
for remaining variables. Intake of vegetable protein was
positively and partially correlated with intakes of magnesium,
starch, and fiber. Intake of folate was positively and partially
correlated with intakes of fiber and vitamin C, and intake of

calcium was partially correlated with intake of vitamin B-2
(riboflavin).

Visual overviews of the CGMs for the different substudies
are presented in the supplementary data (Supplemental Figures
2–5), and corresponding partial correlation coefficients are
presented in Supplemental Figures 6–10. Table 4 provides an
overview of the direct links between nutrients and measures of
physical functioning that the models revealed in the combined
data (letter A) and in the 4 different substudies (letters b–e).
Note that in all data sets the model did not reveal links between
intakes of animal protein, calcium, or magnesium and the
functional outcome measures. Handgrip strength was partially
correlated to intakes of energy, vegetable protein, thiamin, total
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TABLE 2 Baseline characteristics of included Dutch older participants1

Characteristics
Combined data

(n = 662)
Nu-Age

(n = 252)
ProMuscle
(n = 122)

ProMO
(n = 81)

V-Fit
(n = 207)

Age, y 75 ± 7 71 ± 4 79 ± 8 74 ± 6 78 ± 6
Sex, % female 61.7 55.6 60.7 50.6 74.4
BMI, kg/m2 25.3 ± 3.8 26.1 ± 3.6 27.3 ± 4.2 22.0 ± 3.1 24.4 ± 2.7
Height, cm 167 ± 9 169 ± 8 166 ± 9 169 ± 9 164 ± 9
Weight, kg 71 ± 13 75 ± 13 75 ± 13 63 ± 11 66 ± 10
Alcohol intake, units/wk 9.4 ± 12.3 12.8 ± 11.9 10.1 ± 12.1 6.4 ± 5.1 5.4 ± 13.1
Smoker, % yes 30.9 49.62 5.8 60.52 10.8
Handgrip, kg 26 ± 9 29 ± 9 26 ± 9 21 ± 10 23 ± 8
SPPB total points (out of max 12) 9.6 ± 2.5 11.3 ± 1.1 8.0 ± 3.0 10.6 ± 2.1 8.1 ± 1.8
SPPB balance points (out of max 4) 3.5 ± 0.9 3.8 ± 0.6 3.1 ± 2.1 3.7 ± 0.8 3.5 ± 0.9
SPPB chair points (out of max 4) 2.6 ± 1.4 3.6 ± 0.7 1.9 ± 1.4 3.2 ± 1.1 1.3 ± 0.6
SPPB gait points (out of max 4) 3.5 ± 0.9 3.9 ± 0.4 3.0 ± 1.1 3.7 ± 0.6 3.2 ± 1.1

1Values are mean ± SD unless stated otherwise. SPPB, Short Physical Performance Battery.
2In ProMO and Nu-Age data, percentage smokers includes current and former smokers.

fat, and saturated fat in substudies, but these links were not
identified in the combined data. The other way around, intake
of folate and vitamin B-12 intake were not linked to functional
outcomes in the substudies, but were partially correlated
with total SPPB score and chair rise test in the combined
data.

Nu-Age

The network of the Nu-Age (B, Supplemental Figure 2) study
did not suggest any direct link between nutrients and functional
outcome measures. In the Nu-Age network, the different SPPB
components were only linked to each other, but not to any
nutrient or general variable. This isolation can be explained by
the average near-maximum scores on all SPPB components, in
combination with the subsequent lack of variation. The absence
of the expected links between SPPB components and handgrip
strength underlines the profound isolation. Interestingly, age is
not linked to handgrip strength. This is possibly caused by the
relatively low mean (71 y) and maximum age (79 y) in the Nu-
Age trial.

ProMuscle

The network based on data of the ProMuscle (C, Supplemental
Figure 3) study revealed interesting links between nutrients and
function measures, which are often not observed in the other
studies. Total fat and saturated fat intakes, as well as intake
of thiamin and energy intake, were positively and partially
correlated with handgrip strength. The data of ProMuscle
revealed a positive partial correlation of fiber intake with chair
rise test, gait speed, and total SPPB scores. The network based
on ProMuscle data was the only network that revealed a link
between a nutrient and balance score. There was a positive
partial correlation between vegetable protein and this balance
score, as well as with total SPPB score after removing the
effect of remaining variables. Total energy intake was partially
correlated with total SPPB score, and this was also identified
by the estimated physical functioning networks based on the
combined data.

ProMO

The network of the ProMO (D, Supplemental Figure 4) study
showed a positive partial correlation between vegetable protein

TABLE 3 Nutrient intake amounts of the Dutch older adults in the 4 substudies1

Characteristics
Combined data

(n = 662)
Nu-Age

(n = 252)
ProMuscle
(n = 122)

ProMO
(n = 81)

V-Fit
(n = 207)

Energy, kcal/d 1913 ± 469 1908 ± 411 1964 ± 530 2177 ± 507 1779 ± 434
Animal protein, g/d 46 ± 15 46 ± 13 50 ± 18 50 ± 16 43 ± 14
Vegetable protein, g/d 28 ± 9 30 ± 8 26 ± 7 33 ± 12 23 ± 7
Fat, g/d 75 ± 24 73 ± 20 78 ± 25 91 ± 30 70 ± 22
Saturated fat, g/d 30 ± 11 27 ± 9 33 ± 11 37 ± 14 30 ± 10
Starch, g/d 105 ± 33 109 ± 31 100 ± 36 121 ± 40 96 ± 29
Sugar, g/d 106 ± 41 92 ± 32 122 ± 51 106 ± 36 114 ± 41
Fiber, g/d 22 ± 7 22 ± 6 22 ± 7 24 ± 9 21 ± 7
Thiamin, mg/d 1.0 ± 0.5 0.9 ± 0.3 1.2 ± 0.7 1.1 ± 0.5 1.1 ± 0.6
Riboflavin, mg/d 1.4 ± 0.5 1.4 ± 0.4 1.6 ± 0.6 1.6 ± 0.6 1.3 ± 0.5
Vitamin B-6, mg/d 1.5 ± 0.7 1.6 ± 0.5 1.6 ± 0.8 1.6 ± 0.8 1.4 ± 0.9
Folate, μg/d 243 ± 85 255 ± 71 189 ± 68 300 ± 115 239 ± 78
Vitamin B-12, μg/d 4.5 ± 2.7 5.0 ± 2.7 4.7 ± 2.9 5.0 ± 3.1 3.5 ± 2.2
Vitamin C, mg/d 104 ± 54 101 ± 48 113 ± 62 121 ± 68 95 ± 45
Vitamin D, μg/d 3.6 ± 2.3 3.6 ± 2.2 4.6 ± 3.1 3.6 ± 2.2 3.1 ± 1.7
Calcium, mg/d 992 ± 346 965 ± 309 1032 ± 394 1124 ± 386 946 ± 327
Magnesium, mg/d 318 ± 90 333 ± 77 329 ± 83 377 ± 104 267 ± 80

1Values are mean ± SD.
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intake and handgrip strength. Moreover, vitamin B-6 intake was
shown to be positively related to chair rise test score and total
SPPB score, which was also identified by the network of the
combined studies. The network based on ProMO data was the
only network that identified direct links between vitamin D and
physical functioning. Vitamin D was positively correlated with
gait speed and total SPPB score, after removing the effect of
remaining variables.

V-Fit

Also in the network of the V-Fit (E, Supplemental Figure 5)
study, positive correlations of vegetable protein intake with
handgrip strength and with total SPPB score were observed.
Here, total energy intake was also positively related to handgrip
strength. The other nutrients in the V-Fit study were not
partially correlated with physical functioning measures.

Discussion

The field of nutritional epidemiology faces mounting criticism
over the methodological approaches it uses. In nutritional
epidemiology, associations are mainly assessed via conventional
methods like univariate regression (31–33) and principal
components analysis (34–36). Associations between nutrient
intake and health outcomes are prone to confounding by other
variables, and intake amounts of different nutrients are often
partially correlated with each other (37). CGMs, which are
frequently used in various research areas like genomics and
metabolomics, can deal with these common caveats in the field
of nutritional epidemiology.

A main advantage of the CGM is its ability to distinguish
between direct and indirect associations among dietary intake
variables. This is due to the estimation of a precision matrix
(the inverse of the variance-covariance matrix) that contains
all conditional (in)dependence relations among the variables.
Conventional methods such as principal components analysis
use marginal correlations that do not adjust for the indirect
effect of other variables when assessing pairwise associations.
Removing indirect effects is crucial in association studies,
because it advances our understanding of the underlying
mechanisms that generated the data. Sparse structure learning is
another advantage of this study which facilitates interpretation
of results. The proposed method is an exploratory tool
that can be applied to dietary intake non-Gaussian data
and mixed ordinal/continuous data to uncover conditional
independence networks between dietary variables. Also, the
method can deal with missing values, which are common in
nutritional epidemiology, due to the employed EM algorithm. In
addition, the conventional methods only adjust for preselected
confounding variables (38), whereas the proposed CGM avoids
the preselection step. In fact, it handles high-dimensional
data, where the number of variables can exceed the number
of samples. As a result, it addresses confounding by using
conditional dependence relations (or partial correlations),
where measured associations are adjusted for the influence of
all remaining variables in the data set. The major advantage of
the proposed CGM over conventional methods is its ability to
distinguish between direct associations (conditional dependence
relations) and indirect associations (marginal dependencies
or Pearson correlations). Thus, applying the proposed CGM
in nutritional research is appealing, because it addresses the
main caveats in nutritional epidemiology by detecting direct
associations.
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In this study, we used the proposed CGM to detect
simultaneous associations between nutrients and measures of
physical functioning. Via this method, we detected interesting
links between nutrient intake and physical functioning. First,
the estimated network of the combined studies shows that
intake of vegetable protein plays a role in physical functioning,
because it was related to improved total SPPB score and chair
rise test score. Interestingly, we did not observe any direct
links between animal protein intake and physical functioning,
although animal protein is often considered a better source to
promote physical functioning than vegetable protein.

Longitudinal studies have found that high animal protein
intake attenuates strength loss over 6 y of follow-up (39), and, if
combined with physical activity, decreases the risk of developing
disabilities (40). Based on current knowledge, the consensus is
that animal protein has a higher potency in stimulating muscle
protein synthesis than vegetable protein (41). This superiority
of animal protein over vegetable protein is characterized by
a number of studies comparing animal protein sources with
soy protein or wheat protein (42–47). In a recent review by
Gorissen et al. (48), the authors emphasize the large differences
in amino acid profiles of various plant sources. They point out
that specific plant-based proteins (for instance potato protein)
have an amino acid composition that is much more similar to
that of animal protein than the amino acid profile of wheat and
soy protein. Our data are based on food intake of exclusively
Dutch older adults (49). Food consumption research in this
population shows that <1% of their vegetable protein intake is
soy-based. Although wheat protein is, with ∼50%, the largest
source of vegetable protein intake in this population, there are
other protein sources with a notable contribution to vegetable
protein intake (vegetables, 9%; potatoes, 7%; fruits and nuts,
7%). Therefore, it is possible that the suspected superiority of
animal protein over vegetable protein does not fully apply to
this data set of an almost non–soy consuming population.

Besides, it is even possible that vegetable protein has
beneficial effects over animal protein on muscle health. The
alkaline properties of vegetable protein–containing foods are
hypothesized to prevent the muscle wasting response to acidosis,
thereby conserving muscle mass during ageing (50). Acute
supplementation with the alkaline bicarbonate resulted in a
modestly improved lower extremity strength in older women,
but not in men (51). Sahni et al. (51) showed that animal
protein was positively associated with leg lean mass, but
vegetable protein was associated with increased quadriceps
strength. The authors suggested that vegetable protein might
be linked to improved muscle strength (independent of muscle
mass), or that vegetable intake behaves as a marker of overall
dietary quality. This latter explanation is strengthened by
their finding that adjustment for fruit and vegetable intake
attenuates the association between vegetable protein intake
and quadriceps strength. In our study, vegetable protein intake
was related to the chair rise test, a test which relies primarily
on quadriceps strength (52). Although our networks did not
include adjustments for fruit and vegetable intake, we did adjust
for dietary fiber and a broad range of other nutrients, which
removes large amounts of dietary quality confounding. Still,
overall dietary quality could confound this association, because
the model did not include data on intake of other compounds
in the food matrix of vegetable protein–containing products.

All in all, the positive and direct association of vegetable
protein (and not animal protein) with physical functioning in
this study can be explained via 1) a relatively high ingestion
of higher-quality vegetable protein in this Dutch population, 2)

muscle mass–conserving properties of the alkaline properties
of vegetable protein–containing foods, and 3) other, yet to
be unraveled mechanisms via which vegetable protein may
improve muscle quality.

Second, and similarly to intake of vegetable protein, intake
of vitamin B-6 was also directly associated with total SPPB
score and chair rise test score. Two other B-vitamins, folate
and vitamin B-12, were linked to total SPPB score and
chair rise test score, respectively. The exact roles of these B-
vitamins in physical functioning are unclear. However, we know
that vitamin B-6, vitamin B-12, and folate act together in
the one-carbon pathway, via which they lower homocysteine
concentrations. Homocysteine concentrations have been shown
to be negatively associated with quadriceps strength (53),
chair rise test (54), and gait speed (53–55). A few studies
suggest that elevated homocysteine concentrations can hamper
physical functioning by inducing mitochondrial dysfunction
(56–58). Besides, elevated homocysteine concentrations cause
endothelial dysfunction via increased oxidative stress (59), and
are associated with increased white matter hyperintensities,
which especially affects lower extremity functioning (60, 61).
This is in line with our findings, where no association was found
with handgrip strength, but only with functional outcomes
related to the lower extremities.

Previous studies assessing the relation between the intake
of these B-vitamins and physical functioning show conflicting
results. Intake amounts of vitamin B-6, but not folate and
vitamin B-12, were associated with improved mobility (62).
Alternatively, intakes of vitamin B-6 and folate, but not vitamin
B-12, were associated with a lower frailty risk in older adults
(63), and intake amounts of vitamin B-6 and folate, but not
vitamin B-12, were lower in sarcopenic than in nonsarcopenic
older adults (64). Considering the clear associations of ho-
mocysteine concentrations and physical functioning, and the
role of intake of vitamin B-6, folate, and vitamin B-12 in
one-carbon metabolism, it is likely that adequate intake of
these vitamins helps in maintaining physical functioning. The
different findings over the studies investigating the association
between B-vitamin intake and physical functioning could mean
that over the different populations different B-vitamins were
limiting in one-carbon metabolism. Otherwise, it could mean
that these individual B-vitamins act on additional, yet to be
identified mechanisms in relation to physical functioning.

Besides the use of the CGMs, this study has another major
strength: the assessment of dietary intake data via multiple-day
food records. This is considered an accurate way to collect data
on intake of multiple nutrients, performing better than other
frequently used methods such as 24-h recalls or FFQs (65). A
drawback of this study is that data on some confounders were
not available. In the design phase of the substudies, decisions
were made on which outcomes to measure. These decisions
can be viewed as a form of a priori confounder identification
that is still present within our approach. Most importantly, we
did not have data on physical activity, which can be a major
confounder in the intake–function relation. We did however
partly overcome this issue by correcting for total energy intake
and BMI, which together roughly resemble physical activity
level.

There are some potential limitations of the proposed CGM.
First, nonordinal categorical variables such as occupation types,
race, and religions cannot be taken into account explicitly.
However, it is possible to include them in the model via
dummy variables. Second, estimation of graph structure is
a challenging problem in graphical models where a range
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of tuning parameters control the sparsity level of a graph.
Different methods (e.g., extended Bayesian/Akaike information
criteria, cross-validation, and the stability selection approach)
have been proposed for structure learning in graphical models.
However, different methods may differ by having a few
additional or fewer links. Thus, it is always sensible to measure
the underlying uncertainty of an estimated parameter. Third,
Gaussian CGMs often employ 1 parameter to model the
interaction between a pair of variables and no parameters are
available for higher-order interactions between ≥3 variables.
This is computationally convenient, clearly, but this may not
correspond to reality. In fact, it is always sensible to do post hoc
checks to see if the fitted model provides a satisfactory fit to the
data.

In conclusion, Gaussian CGMs are a powerful exploratory
method that can be used to reconstruct dietary intake networks
from high-dimensional data. They reveal partial correlations
between dietary variables which may help us to identify
important nutritional factors in age-related declines in physical
functioning. In this study we found that greater vegetable
protein, folate, and vitamin B-6 and B-12 intakes were partially
correlated with improved functional outcome measurements in
Dutch older adults.

Acknowledgments

The authors’ contributions were as follows—LCPGMdG, FAvE,
and EJMF: designed the research; ETHCS: synthesized the data;
PB and PG: analyzed the data, supported by PLCK, and wrote
the paper; PB: developed the R package, nutriNetwork; and all
authors: read and approved the final manuscript.

References
1. Martinez ME, Marshall JR, Sechrest L. Invited commentary: factor

analysis and the search for objectivity. Am J Epidemiol 1998;148(1):17–
9.

2. Kant AK. Dietary patterns and health outcomes. J Am Diet Assoc
2004;104(4):615–35.

3. Lauritzen SL. Graphical models. Oxford Statistical Science Series, vol.
17. Oxford: Clarendon Press; 1996.

4. Behrouzi P, Wit EC. De novo construction of polyploid linkage maps
using discrete graphical models. Bioinformatics 2019;35(7):1083–93.

5. Rosa GJM, Felipe VPS, Peñagaricano F. Applications of graphical
models in quantitative genetics and genomics. In: Kadarmideen HN ,
editor. Systems biology in animal production and health, vol. 1. Cham
(Switzerland): Springer International; 2016. pp. 95–116.

6. Sinoquet C. Probabilistic graphical models for genetics, genomics, and
postgenomics. Oxford: Oxford University Press; 2014.

7. Ma SS, Gong QQ, Bohnert HJ. An Arabidopsis gene network based on
the graphical Gaussian model. Genome Res 2007;17(11):1614–25.

8. Wille A, Zimmermann P, Vranova E, Furholz A, Laule O, Bleuler S,
Hennig L, Prelic A, von Rohr P, Thiele L, et al. Sparse graphical Gaussian
modeling of the isoprenoid gene network in Arabidopsis thaliana.
Genome Biol 2004;5(11):R92.

9. Lauritzen SL, Sheehan NA. Graphical models for genetic analyses. Stat
Sci 2003;18(4):489–514.

10. Bartzis G, Deelen J, Maia J, Ligterink W, Hilhorst HWM, Houwing-
Duistermaat JJ, van Eeuwijk F, Uh HW. Estimation of metabolite
networks with regard to a specific covariable: applications to plant and
human data. Metabolomics 2017;13(11):129.

11. Krumsiek J, Suhre K, Illig T, Adamski J, Theis FJ. Gaussian graphical
modeling reconstructs pathway reactions from high-throughput
metabolomics data. BMC Syst Biol 2011;5:21.

12. Mohammadi A, Abegaz F, van den Heuvel E, Wit EC. Bayesian
modelling of Dupuytren disease by using Gaussian copula graphical
models. J R Stat Soc Ser C Appl Stat 2017;66(3):629–45.

13. Chen S, Witten DM, Shojaie A. Selection and estimation for mixed
graphical models. Biometrika 2015;102(1):47–64.

14. Iqbal K, Buijsse B, Wirth J, Schulze MB, Floegel A, Boeing H. Gaussian
graphical models identify networks of dietary intake in a German adult
population. J Nutr 2016;146(3):646–52.

15. Behrouzi P, Wit EC. Detecting epistatic selection with partially observed
genotype data by using copula graphical models. J R Stat Soc Ser C Appl
Stat 2019;68(1):141–60.

16. Liu H, Han F, Yuan M, Lafferty J, Wasserman L. High-dimensional
semiparametric Gaussian copula graphical models. Ann Stat
2012;40(4):2293–326.

17. Behrouzi P, Arends D, Wit EC. netgwas: an R package for
network-based genome-wide association studies. arXiv preprint
2017:1710.01236.

18. Schwedhelm C, Knüppel S, Schwingshackl L, Boeing H, Iqbal K.
Meal and habitual dietary networks identified through semiparametric
Gaussian copula graphical models in a German adult population. PloS
One 2018;13(8):e0202936.

19. Berendsen A, Santoro A, Pini E, Cevenini E, Ostan R, Pietruszka B, Rolf
K, Cano N, Caille A, Lyon-Belgy N, et al. A parallel randomized trial
on the effect of a healthful diet on inflammageing and its consequences
in European elderly people: design of the NU-AGE dietary intervention
study. Mech Ageing Dev 2013;134(11–12):523–30.

20. Tieland M, Dirks ML, van der Zwaluw N, Verdijk LB, van de Rest O,
de Groot LCPGM, van Loon LJC. Protein supplementation increases
muscle mass gain during prolonged resistance-type exercise training
in frail elderly people: a randomized, double-blind, placebo-controlled
trial. J Am Med Dir Assoc 2012;13(8):713–9.

21. Grootswagers P, Smeets ETHC, de Groot LCPGM. A novel oral
nutritional supplement improves gait speed in Dutch older adults with
(risk of) undernutrition. Clin Nutr 2018;37:S6.

22. Chin APMJ, de Jong N, Schouten EG, Hiddink GJ, Kok FJ. Physical
exercise and/or enriched foods for functional improvement in frail,
independently living elderly: a randomized controlled trial. Arch Phys
Med Rehabil 2001;82(6):811–7.

23. Guralnik JM, Simonsick EM, Ferrucci L, Glynn RJ, Berkman LF, Blazer
DG, Scherr PA, Wallace RB. A short physical performance battery
assessing lower extremity function: association with self-reported
disability and prediction of mortality and nursing home admission. J
Gerontol 1994;49(2):M85–94.

24. Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener
J, Seeman T, Tracy R, Kop WJ, Burke G, et al. Frailty in older
adults: evidence for a phenotype. J Gerontol A Biol Sci Med Sci
2001;56(3):M146–56.

25. Guralnik JM, Ferrucci L, Pieper CF, Leveille SG, Markides KS, Ostir
GV, Studenski S, Berkman LF, Wallace RB. Lower extremity function
and subsequent disability: consistency across studies, predictive models,
and value of gait speed alone compared with the short physical
performance battery. J Gerontol A Biol Sci Med Sci 2000;55(4):
M221–31.

26. Foygel RD, Drton M. Extended Bayesian information criteria for
Gaussian graphical models. Advances in neural information processing
systems, vol. 23. San Diego (CA): Neural Information Processing
Systems Foundation; 2010. pp. 2020–8.

27. Gezondheidsraad. Voedingsnormen voor vitamines en mineralen voor
volwassenen. Den Haag: Gezondheidsraa; 2018.

28. Gezondheidsraad. Voedingsnormen: calcium, vitamine D, thiamin,
riboflavine, niacine, pantotheenzuur en biotine. Den Haag:
Gezondheidsraa; 2000.

29. Gezondheidsraad. Voedingsnormen: vitamine B6, foliumzuur en
vitamine B12. Den Haag: Gezondheidsraa; 2003.

30. Gezondheidsraad. Evaluatie van de voedingsnormen voor vitamine D.
Den Haag: Gezondheidsraa; 2012.

31. Cesari M, Pahor M, Bartali B, Cherubini A, Penninx BWJH,
Williams GR, Atkinson H, Martin A, Guralnik JM, Ferrucci L.
Antioxidants and physical performance in elderly persons: the
Invecchiare in Chianti (InCHIANTI) study. Am J Clin Nutr 2004;79(2):
289–94.

32. Houston DK, Nicklas BJ, Ding JZ, Harris TB, Tylavsky FA, Newman
AB, Lee JS, Sahyoun NR, Visser M, Kritchevsky SB, et al. Dietary protein
intake is associated with lean mass change in older, community-dwelling
adults: the Health, Aging, and Body Composition (Health ABC) study.
Am J Clin Nutr 2008;87(1):150–5.

33. Scott D, Blizzard L, Fell J, Giles G, Jones G. Associations between dietary
nutrient intake and muscle mass and strength in community-dwelling

642 Behrouzi et al.



older adults: the Tasmanian older adult cohort study. J Am Geriatr Soc
2010;58(11):2129–34.

34. Bamia C, Trichopoulos D, Ferrari P, Overvad K, Bjerregaard L,
Tjønneland A, Halkjær J, Clavel-Chapelon F, Kesse E, Boutron-
Ruault MC, et al. Dietary patterns and survival of older Europeans:
the EPIC-Elderly study (European Prospective Investigation
into Cancer and Nutrition). Public Health Nutr 2007;10(6):
590–8.

35. Kontogianni MD, Melistas L, Yannakoulia M, Malagaris L,
Panagiotakos DB, Yiannakouris N. Association between dietary
patterns and indices of bone mass in a sample of Mediterranean
women. Nutrition 2009;25(2):165–71.

36. León-Muñoz LM, García-Esquinas E, López-García E, Banegas JR,
Rodríguez-Artalejo F. Major dietary patterns and risk of frailty in older
adults: a prospective cohort study. BMC Med 2015;13:11.

37. Ioannidis JPA. The challenge of reforming nutritional epidemiologic
research. JAMA 2018;320(10):969–70.

38. Walter S, Tiemeier H. Variable selection: current practice in
epidemiological studies. Eur J Epidemiol 2009;24(12):733–6.

39. McLean RR, Mangano KM, Hannan MT, Kiel DP, Sahni S. Dietary
protein intake is protective against loss of grip strength among older
adults in the Framingham Offspring cohort. J Gerontol A Biol Sci Med
Sci 2016;71(3):356–61.

40. Bradlee ML, Mustafa J, Singer MR, Moore LL. High-protein foods and
physical activity protect against age-related muscle loss and functional
decline. J Gerontol A Biol Sci Med Sci 2018;73(1):88–94.

41. Gorissen SHM, Witard OC. Characterising the muscle anabolic
potential of dairy, meat and plant-based protein sources in older adults.
Proc Nutr Soc 2018;77(1):20–31.

42. Gorissen SHM, Horstman AMH, Franssen R, Crombag JJR, Langer
H, Bierau J, Respondek F, van Loon LJC. Ingestion of wheat protein
increases in vivo muscle protein synthesis rates in healthy older men in
a randomized trial. J Nutr 2016;146(9):1651–9.

43. Hartman JW, Tang JE, Wilkinson SB, Tarnopolsky MA, Lawrence
RL, Fullerton AV, Phillips SM. Consumption of fat-free fluid milk
after resistance exercise promotes greater lean mass accretion than
does consumption of soy or carbohydrate in young, novice, male
weightlifters. Am J Clin Nutr 2007;86(2):373–81.

44. Phillips SM. Nutrient-rich meat proteins in offsetting age-related muscle
loss. Meat Sci 2012;92(3):174–8.

45. Tang JE, Moore DR, Kujbida GW, Tarnopolsky MA, Phillips SM.
Ingestion of whey hydrolysate, casein, or soy protein isolate: effects on
mixed muscle protein synthesis at rest and following resistance exercise
in young men. J Appl Physiol 2009;107(3):987–92.

46. Wilkinson SB, Tarnopolsky MA, MacDonald MJ, MacDonald JR,
Armstrong D, Philips SM. Consumption of fluid skim milk promotes
greater muscle protein accretion after resistance exercise than does
consumption of an isonitrogenous and isoenergetic soy-protein
beverage. Am J Clin Nutr 2007;85(4):1031–40.

47. Yang Y, Churchward-Venne TA, Burd NA, Breen L, Tarnopolsky MA,
Phillips SM. Myofibrillar protein synthesis following ingestion of soy
protein isolate at rest and after resistance exercise in elderly men. Nutr
Metab 2012;9:57.

48. Gorissen SHM, Crombag JJR, Senden JMG, Waterval WAH, Bierau J,
Verdijk LB, van Loon LJC. Protein content and amino acid composition
of commercially available plant-based protein isolates. Amino Acids
2018;50(12):1685–95.

49. Ocké MM, Buurma-Rethans EJM, De Boer EJ, Wilson-van den Hooven
C, Etemad-Ghameslou Z, Drijvers JJMM, Van Rossum CTM. Diet of

community-dwelling older adults. Dutch National Food Consumption
Survey—older adults 2010–2012. Bilthoven: RIVM; 2013.

50. Dawson-Hughes B, Harris SS, Ceglia L. Alkaline diets favor lean tissue
mass in older adults. Am J Clin Nutr 2008;87(3):662–5.

51. Sahni S, Mangano KM, Hannan MT, Kiel DP, McLean RR. Higher
protein intake is associated with higher lean mass and quadriceps muscle
strength in adult men and women. J Nutr 2015;145(7):1569–75.

52. Bryanton M, Bilodeau M. The role of thigh muscular efforts in limiting
sit-to-stand capacity in healthy young and older adults. Aging Clin Exp
Res 2017;29(6):1211–9.

53. Kuo HK, Liao KC, Leveille SG, Bean JF, Yen CJ, Chen JH, Yu YH,
Tai TY. Relationship of homocysteine levels to quadriceps strength, gait
speed, and late-life disability in older adults. J Gerontol A Biol Sci Med
Sci 2007;62(4):434–9.

54. van Schoor NM, Swart KM, Pluijm SM, Visser M, Simsek S, Smulders
Y, Lips P. Cross-sectional and longitudinal association between
homocysteine, vitamin B12 and physical performance in older persons.
Eur J Clin Nutr 2012;66(2):174–81.

55. Vidoni ML, Pettee Gabriel K, Luo ST, Simonsick EM, Day RS.
Vitamin B12 and homocysteine associations with gait speed in older
adults: the Baltimore longitudinal study of aging. J Nutr Health Aging
2017;21(10):1321–8.

56. Chen S, Dong Z, Zhao Y, Sai N, Wang X, Liu H, Huang G, Zhang
X. Homocysteine induces mitochondrial dysfunction involving the
crosstalk between oxidative stress and mitochondrial pSTAT3 in rat
ischemic brain. Sci Rep 2017;7(1):6932.

57. Ganapathy PS, Perry RL, Tawfik A, Smith RM, Perry E, Roon P,
Bozard BR, Ha YJ, Smith SB. Homocysteine-mediated modulation of
mitochondrial dynamics in retinal ganglion cells. Invest Ophth Vis Sci
2011;52(8):5551–8.

58. Veeranki S, Tyagi SC. Defective homocysteine metabolism: potential
implications for skeletal muscle malfunction. Int J Mol Sci
2013;14(7):15074–91.

59. Loscalzo J. The oxidant stress of hyperhomocyst(e)inemia. J Clin Invest
1996;98(1):5–7.

60. Longstreth WT, Manolio TA, Arnold A, Burke GL, Bryan N, Jungreis
CA, Enright PL, O’Leary D, Fried L. Clinical correlates of white
matter findings on cranial magnetic resonance imaging of 3301
elderly people. The Cardiovascular Health Study. Stroke 1996;27(8):
1274–82.

61. Soumare A, Elbaz A, Ducros V, Tavernier B, Alperovitch A, Tzourio C.
Cross-sectional association between homocysteine and motor function
in the elderly. Neurology 2006;67(6):985–90.

62. Struijk EA, Lana A, Guallar-Castillón P, Rodríguez-Artalejo F, Lopez-
Garcia E. Intake of B vitamins and impairment in physical function in
older adults. Clin Nutr 2018;37(4):1271–8.

63. Balboa-Castillo T, Struijk EA, Lopez-Garcia E, Banegas JR, Rodríguez-
Artalejo F, Guallar-Castillon P. Low vitamin intake is associated with
risk of frailty in older adults. Age Ageing 2018;47(6):872–9.

64. Ter Borg S, de Groot LC, Mijnarends DM, de Vries JH, Verlaan S,
Meijboom S, Luiking YC, Schols JM. Differences in nutrient intake
and biochemical nutrient status between sarcopenic and nonsarcopenic
older adults—results from the Maastricht Sarcopenia Study. J Am Med
Dir Assoc 2016;17(5):393–401.

65. Prentice RL, Mossavar-Rahmani Y, Huang Y, Van Horn L, Beresford
SAA, Caan B, Tinker L, Schoeller D, Bingham S, Eaton CB, et al.
Evaluation and comparison of food records, recalls, and frequencies
for energy and protein assessment by using recovery biomarkers. Am
J Epidemiol 2011;174(5):591–603.

Nutrient intake in relation to physical function 643


