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The general aim of this thesis was to describe habitual protein intake of community-
dwelling older adults and to investigate the relationships of protein intake and 
overall diet quality with (decline in) nutritional and functional status. To this end, 
data were used from multiple large European and North-American population-
based cohort studies and European national surveys of community-dwelling older 
adults. 

In this final chapter, the answers to the three research questions as stated in 
the General Introduction (Chapter 1) are summarised and methodological 
considerations are discussed. Thereafter directions for future research and 
implications for public health and clinical practice are provided.

MAIN FINDINGS
Prevalence of protein intake below the recommended dietary allowance

The central research question of the first part of this thesis was: ‘What is the 
prevalence of protein intake below the recommended dietary allowance (RDA) 
in community-dwelling older adults?’ Our meta-analysis among European and 
North-American community-dwelling older adults revealed that the prevalence was 
substantial: 22% had a protein intake below the current RDA of 0.8 g/kg adjusted 
body weight (aBW)/d (Chapter 2). Experts propose higher optimal protein intakes 
of 1.0 or 1.2 g/kg aBW/d for older adults [1-3]. The prevalence of protein intake 
below these cut-off values was 47% and 71%, respectively. Older women, older 
adults with a higher body mass index (BMI) and older adults with poor appetite 
were more likely to have a protein intake below the RDA. The prevalence differed 
only marginally by subgroups according to age, education level, living status and 
recent weight loss.

Characteristics of older adults with a protein intake below and above the 
recommended dietary allowance 

The central research question of the second part of this thesis was: ‘To what extend 
differ community-dwelling older adults with a lower protein intake from those with a 
higher protein intake with regard to general and dietary characteristics?’ Our study 
showed that Dutch community-dwelling older adults with a lower daily protein 
intake (<0.8 g/kg aBW/d) consumed consistently less protein at all eating occasions 
as compared to those with a higher daily protein intake (≥0.8) (Chapter 3). Similarly, 
older adults with a lower daily protein intake consumed less protein as percentage 
of energy intake (E%) and had a lower animal-to-total protein intake ratio. These 
differences between the lower and higher protein intake groups were largest at 
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lunch. All older adults obtained most protein from the food groups dairy, meat and 
cereals, regardless of their daily level of protein intake. However, older adults with 
a lower protein intake obtained relatively more protein from cereals but less protein 
from meat as compared to those with a higher protein intake. Older adults who 
followed a diet, were obese or did not drink any alcohol were more likely to have 
a lower daily protein intake.

Associations of protein intake and overall diet quality with nutritional and 
functional status 

The central question of the third part of this thesis was: ‘To what extend are protein 
intake and overall diet quality associated with incident protein-energy malnutrition 
(PEM), incident frailty, muscle strength and physical function in community-
dwelling older adults?’ Our study showed that baseline daily protein intake was not 
associated with the 4-year incidence of PEM in community-dwelling older adults 
(Chapter 4). However, higher daily protein intake was associated with a lower 
incidence of persistent PEM, i.e. having PEM at two consecutive annual follow-up 
examinations. With regard to frailty, no association between daily protein intake 
and the 4-year incidence of frailty was observed in older adults who were robust 
or pre-frail at baseline (Chapter 5). Zooming in on the individual components of 
frailty, we observed that higher baseline protein intake was associated with a lower 
incidence of physical inactivity among initially robust older adults, but not with 
other frailty components. With regard to muscle strength and physical function, 
we observed that higher daily protein intake was prospectively associated with 
better knee extensor strength and better performance on the Timed Up and Go 
(TUG) test (Chapter 6). An association was not observed with handgrip strength. 
Also, the findings for knee extensor strength and physical function were no longer 
statistically significant after adjustment for the baseline values of these outcomes, 
indicating that higher protein intake was not associated with decline in muscle 
strength and physical function over three years. Our longitudinal study, with a 
maximum follow-up of 8.5 years, showed that baseline protein intakes of 0.8-1.0, 
1.0-1.2 and ≥1.2 g/kg aBW/d were associated with less decline in walking speed 
and with a lower incidence of mobility limitation (defined as difficulty walking >200 
metres or difficulty climbing stairs) as compared to a protein intake <0.8 g/kg 
BW/d, with some evidence of these associations being dose-dependent (Chapter 
7). These (dose-response) associations were observed in older adults with a low 
physical activity level as well as in those with a high physical activity level, which 
suggests no interaction with level of physical activity. We observed no associations 
between protein intake and other mobility limitation transitions (i.e. no mobility 
limitation to death, recovery from mobility limitation or mobility limitation to death). 

8
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Together, the findings of these studies provide some but limited evidence for a 
contributing role of protein intake in preservation of nutritional and functional status 
in community-dwelling older adults.

In addition to daily total protein intake, we examined other parameters of protein 
intake, i.e. protein source, protein intake distribution across meals, number of 
protein-providing meals and snacks or optimal protein dose per meal, in relation 
to frailty (Chapter 5), muscle strength (Chapter 6) or physical function (Chapter 
6). We observed that higher vegetable protein intake was associated with a lower 
incidence of (pre-)frailty and with a lower incidence of the frailty components 
shrinking, slowness and physical inactivity. We observed no association between 
animal protein intake and the 4-year incidence of frailty. A few associations were 
observed for less evenness of protein intake distribution across meals and higher 
number of protein-providing snacks with better muscle strength or physical 
function, but these findings were inconsistent across sex and outcomes (handgrip 
strength, knee extensor strength and physical function (TUG)). In men nor women 
was the number of protein-providing meals associated with muscle strength or 
physical function. The optimal protein dose per meal to maximise the effect size 
for muscle strength and physical function was found to be 30-35 g protein in men 
and 30-50 g in women. 

We used the a priori diet quality index ‘Healthy Eating Index’ (HEI) to investigate 
whether better adherence to national (US) dietary guidelines was associated 
with the incidence of PEM (Chapter 4) and frailty (Chapter 5). We observed no 
association between baseline overall diet quality and the 4-year incidence of PEM. 
In contrast, we observed that better overall diet quality was associated with a lower 
4-year incidence of frailty among the older adults who were robust or pre-frail at 
baseline. We did, however, not observe an association between overall diet quality 
and incident (pre-)frailty among the older adults who were robust at baseline. With 
respect to the individual frailty components, we observed that better overall diet 
quality was associated with a lower incidence of physical inactivity, but not with 
any other frailty component. Overall, these findings suggest that better overall diet 
quality – reflective of better adherence to national dietary guidelines – is related to 
the development of frailty but not to the development of PEM.
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Text box 1. Overview of prospective observational and experimental studies 
on the role of protein intake in nutritional and functional status in older adults

Observational studies
Prospective observational studies on associations of total protein intake with 
nutritional and functional status in community-dwelling older adults have been 
performed since approximately 15 years. Among older men and women, higher 
protein intake was associated with lower risk of weight loss [4]. Our study was 
the first to examine the association between protein intake and incident PEM and 
showed that higher protein intake was associated with a lower risk of persistent 
PEM (Chapter 4). Four studies showed that higher protein intake was associated 
with less decline in muscle or lean mass [5-8], whereas three studies showed 
no association [9-11]. Higher protein intake was associated with less change 
in muscle strength in some [12-15] but not all [7, 16, 17] studies. Our study 
showed no association between protein intake and change in muscle strength 
(Chapter 6). With regard to physical function, one study showed a trend towards 
an association of higher protein intake with less decline in performance-based 
physical function [14], whereas five studies showed no association [10, 13, 16-18]. 
In our study, protein intake was not associated with change in performance-
based physical function (TUG) (Chapter 6). However, in our longitudinal study 
including data from four ageing cohorts, higher protein intake was associated 
with less decline in performance-based physical function (walking speed) 
(Chapter 7). The two studies examining protein intake in relation to self-reported 
physical function both showed that higher protein intake was associated with 
a lower risk of mobility limitation [13, 19]. These results were confirmed in our 
longitudinal study (Chapter 7). Higher protein intake was associated with lower 
frailty risk in some [20-22] but not all [23, 24] studies. In our study (Chapter 5), 
protein intake was not associated with incident frailty in community-dwelling 
older adults.

Experimental studies
Recent systematic reviews of randomized controlled trials (RCTs) on the effect 
of protein on nutritional and functional status include amongst others the meta-
analysis by Ten Haaf et al. among non-frail community-dwelling older adults 
[25]. This meta-analysis showed no effect of protein supplementation on lean 
mass, muscle strength or physical function, neither with nor without concomitant 
resistance exercise training. A recent meta-analysis by Liao et al. among frail 
older adults showed that higher protein intake combined with resistance exercise 

8
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training improved muscle mass and muscle strength, but not physical function, as 
compared to resistance exercise training alone [26]. A more recent RCT showed 
no additional effect of protein supplementation on muscle strength and physical 
function among sarcopenic obese older women undergoing resistance exercise 
training [27]. Other recent RCTs showed no effect of protein supplementation on 
muscle strength and physical performance in sarcopenic [28] and healthy [29] 
older adults who were (moderate) physically active. Also, no effects of protein 
supplementation on muscle mass, muscle strength or physical function were 
observed in relatively healthy older adults with [30] or without [31] concomitant 
resistance exercise training. In contrast, in frail older adults, a protein intake of 1.5 
compared to 0.8 g/kg BW/d was effective in reducing the decline in muscle mass 
and gait speed, but had no effect on muscle strength or other physical function 
measures. Neither was an effect observed of a protein intake of 1.2 compared 
to 0.8 g/kg BW/d [32]. Also in functionally-limited older men, a protein intake of 
1.3 compared to 0.8 g/kg BW/d had no effect on lean mass, muscle strength or 
physical function [33]. Among generally healthy older women, a protein intake of 
1.2 compared to 0.8 g/kg BW/d in combination with resistance exercise training 
showed a small effect on gait speed, but did not affect muscle strength or other 
physical function measures, as compared to resistance exercise training alone 
[34].

METHODOLOGICAL CONSIDERATIONS
Pros and cons of observational research

Epidemiological research comprises studies that investigate the occurrence of a 
health condition (i.e. outcome) and its relationship with (risk) factors (i.e. exposures 
or determinants) based on the distribution of determinants and outcomes in a 
population [35]. This thesis consists of observational studies, which serve the 
purpose of testing hypotheses and further deepen our understanding of potential 
underlying mechanisms. As the studies in this thesis are all of observational 
(and not experimental) nature, the focus is mainly on methodological aspects of 
observational research throughout the upcoming section.

Causality
Experimental studies, in particular randomized controlled trials (RCTs), are 
considered the gold standard for establishing causal relationships [36]. However, 
RCTs have two major drawbacks; one related to ethics and one related to feasibility 
[37]. When a certain factor likely harms a person, it is unethical to expose a person 
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to that. For example, you will not advise a person to drink alcoholic beverages 
when you hypothesise that this will increase cancer risk. For practical, technical or 
financial reasons, conducting an RCT may be hampered or simply impossible. For 
example, when a person should be exposed to a risk factor for decades before a 
disease (e.g. cancer) actually develops or when the prevalence of a disease is very 
low, conducting an RCT is infeasible. Observational studies are then a valuable 
alternative, although limitations should be well considered. One prerequisite 
of causality is that confounding is eliminated. RCTs and possibly Mendelian 
randomization studies [38] are the only type of research that could establish a 
causal relationship. Nevertheless, conventional observational studies with a 
prospective design may be supportive to RCTs as they serve another prerequisite of 
causality; temporality [35, 39, 40]. In our prospective cohort studies, the determinant 
was assessed at the time that the participants were free of the outcome and 
participants were followed over time for the occurrence of the outcome. Although 
a causal relationship cannot be guaranteed from our studies, they may contribute 
to the total body of evidence on the (causal) relationships that are investigated in 
this thesis.

Confounding
One of the challenges in observational research is coping with potential confounding 
factors. A confounder is a covariate that is associated with both the determinant 
and the outcome without residing in the causal pathway from determinant to 
outcome [39]. In the studies in which we examined associations of protein intake 
or overall diet quality with PEM, frailty, muscle strength or physical function, we 
applied multivariable analyses, which is a method to reduce confounding [39]. All 
cohorts that we used for our studies enclosed a large set of variables, enabling us to 
control for many potential confounders. We selected potential confounders based 
on prevailing knowledge from literature and biological plausibility. Nevertheless, 
we may have been unaware of certain potential confounders and thus we cannot 
exclude any residual confounding. Moreover, confounders that were inaccurately 
measured may also have caused residual confounding [41]. As a result, our 
associations may have been attenuated or strengthened, depending on the 
relationship of the (unknown) confounder with the determinant and the outcome. 
Last, we may have unintentionally adjusted for a factor that we assumed was a 
confounder while in fact is a mediator, known as overadjustment. This may have 
led to associations biased towards the null [42].

Energy intake is often considered a confounder in epidemiological studies 
examining the association between nutrients and health outcomes, because 
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energy intake is often strongly correlated with the intake of nutrients [43] and is 
often itself associated with the outcome. The most applied approach to control for 
energy intake is energy adjustment (Chapter 4 and 7). By this, one aims to separate 
the effect of the nutrient of interest from the effect of the energy imbalance [44]. 
Indeed, in most real-life situations, one aims to promote health or prevent diseases 
by dietary changes without disturbing energy balance. Whether or not adjustment 
for energy intake is the best choice to simulate this is debated [43-45]. The main 
issue raised by researchers is that energy intake is often estimated inadequately 
by food frequency questionnaires (FFQs) in epidemiological studies. Adjusting for 
an inaccurately measured confounder does not remove all confounding bias [43, 
45]. Furthermore, the measurement errors of different dietary nutrients are often 
highly correlated. A regression model including multiple nutrients, such as protein 
intake and energy intake in our studies, could lead to attenuation of the association 
and an invalid statistical test result as well [43, 45, 46]. 

In Chapter 5, we adjusted for energy intake by using the nutrient residual model 
proposed by Willett and colleagues [44]. Protein intake was regressed on total 
energy intake, resulting in residuals that represent the differences between persons’ 
actual protein intake and their predicted protein intake based on their energy intake 
[44]. By this approach, we aimed to examine the contribution of protein intake to 
frailty independent of energy intake. However, measurement error in the estimates 
of energy and protein intake arising from the FFQ may have led to associations 
biased towards the null. Newly gained insights provided us to use a different 
approach in Chapter 6. We decided not to adjust for energy intake in order to 
avoid overadjustment as a result of including both energy intake and energy-related 
covariates in the regression models. We adjusted for age, body height, body weight, 
physical activity level and weight change – factors that are directly related to energy 
requirement [44, 45]. We believed this to be an appropriate alternative to adjustment 
for energy intake for this study in which some of these covariates are supposed to 
be important confounders independent of their role in energy balance. For example, 
age [16] and physical activity level [17] are independently associated with muscle 
function. Nevertheless, we cannot guarantee that the confounding effect of energy 
intake was fully eliminated by this approach, because these variables may be 
measured with error too. If this approach may have led to underadjustment for 
energy intake in Chapter 6, I expect our results to be only slightly overestimated 
since findings of a comparable study did not change after additional adjustment for 
energy intake [17]. To date, there seems no optimal strategy that can fully eliminate 
the (potential) confounding role of energy intake. To better understand the role 
of protein intake, independent of energy, in the development of nutritional and 
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functional status, it can be helpful when studies report the effect estimates after 
application of multiple energy adjustment methods. The best method(s) should be 
determined prior to data analysis to prevent data-driven (or significance-driven) 
reporting. 

One other concern with energy adjustment – meant to model an isocaloric situation 
– is the shift in macronutrient intake. Protein, carbohydrate, fat and alcohol share 
one function, which is energy provision [47]. Statistically removing variation in 
energy intake while keeping the macronutrient of interest (e.g. protein) constant, 
evidently implies a (statistical) change in the other macronutrients. The change in 
multiple macronutrients makes it more difficult to ascertain which macronutrient 
explained the observed association [48]. One approach to deal with this issue of 
macronutrient shifts with energy adjustment – though not used in this thesis – is the 
use of substitution models [49, 50]. This approach allows for better distinguishing 
the contribution of the various macronutrients to the outcome of interest. In reality, 
however, people do not eat nutrients but foods. Foods contain a combination of 
macronutrients, so when people tend to increase protein intake in daily practice 
(under isocaloric circumstances) it will often be both carbohydrates and fats that 
will be substituted. This is what we aimed to simulate in our studies. Nevertheless, 
our findings in Chapter 4 to 7 might have been different when we would have 
used a substitution model, because of the different presumed effects of other 
macronutrients on nutritional and functional status. However, current evidence on 
the effect of (subtypes of) fat and carbohydrates on nutritional and functional status 
is too limited to speculate on the extent or direction with which substitution for 
protein might have influenced our associations. For example, a higher percentage 
of energy intake from fat was associated with lower risk of adiposity [51] and 
omega-3 fatty acids are presumed to improve muscle mass and function [52-
55], whereas saturated fatty acids are reported to endorse skeletal muscle insulin 
resistance [55, 56]. 

Attrition and survival bias 
A major drawback of longitudinal ageing studies is the increasing level of drop-out 
over the course of the follow-up period. When the loss of follow-up is not random 
but (systematically) related to certain participant characteristics, attrition bias may 
occur [57]. All our studies comprised older adults, who are highly vulnerable for 
attrition [58]. They are at high risk of diseases and mortality, but also social factors 
(e.g. loss of a spouse) might interfere with their willingness or ability to continue the 
study. Although attrition was frequently observed in our studies (Chapter 4 to 7), the 
reasons for attrition were only available in the Health, Aging and Body Composition 

8



214

Chapter 8

(Health ABC) study. After ‘death’ (~37%), the reasons most often reported were 
‘unable to contact or locate’ (~24%) and ‘illness or health problems’ (~7%). It can be 
speculated that the persons who missed their clinical assessment due to health 
problems had a poorer dietary intake. In other words, attrition may have been 
systematically related to the exposure of interest, which may have biased the 
observed associations. Also attrition due to death – known as survival bias – may 
have altered (the direction of) the observed associations [59, 60]. In our study on 
diet quality indicators and incident frailty (Chapter 5), we may have missed the 
occurrence of frailty among the persons who died during follow-up. In fact, frailty 
status of the study participants was routinely measured only once per year and 
frailty status was not ascertained at the time of death. In regular Cox proportional 
hazards analyses, death cases are censored. When these deaths are related to our 
exposure of interest (i.e. lower protein intake or poorer diet quality), this may lead 
to biased effect estimates for the association with incident frailty [61]. We therefore 
applied competing risks analysis in this study (Chapter 5) [62]. In a competing 
risks analysis, the persons who develop the competing event (i.e. death) remain 
“at risk” throughout the follow-up instead of being excluded [63]. This accounts for 
the preclusion of the event of interest (i.e. frailty) by the competing event. Because 
we applied this method in Chapter 5, we expect survival bias to be marginal in this 
study. In fact, associations with incident frailty were attenuated when we used Cox 
proportional hazards analyses as compared to competing risks analyses for overall 
diet quality but not for protein intake. In Chapter 7, joint modelling (i.e. a hierarchical 
linear mixed effects model was combined with a Cox proportional hazards model) 
was used to account for (non-random) attrition [64, 65]. Therefore, we assume that 
our study findings are marginally affected by survival bias.

Generalisability
Participants who were in worse health and had poorer dietary intake (i.e. lower 
protein intake, poorer overall diet quality) at the study’s baseline may have been 
more likely to be lost during follow-up and to have consequent missing data at 
one or more follow-up measurements. As we performed mostly complete case 
analyses, our analytic samples comprised relatively more healthy and/or well-
functioning participants as compared to the target population. Indeed, in Chapter 
5, we observed that the participants that we excluded from the analysis because of 
missing frailty status were older, less physically active, more often current smokers 
and had more chronic diseases at baseline as compared to the participants 
included in the analytic sample. In Chapter 7, excluded participants were more 
often current smokers, were less physically active and had poorer physical function 
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at baseline as compared to included participants. Our findings may therefore be 
less representative to the more unhealthy older population.

Effect modification
Effect modification can be defined as a situation is which the association between 
a determinant and an outcome varies across strata of a third variable, such as sex, 
BMI or physical activity level [66]. Various scenarios have been proposed by which 
the relation between protein intake and muscle and function outcomes may differ 
between men and women. These include sex differences in body composition [67], 
body fat distribution [68], hormonal milieu [69-71] and muscle protein synthesis 
(MPS) rate [72, 73]. It has been suggested that (older) women need less protein 
than (older) men, because women have relatively less fat-free mass [67]. On the 
contrary, metabolic studies showed that postmenopausal women have higher 
MPS rates compared to men, but also a lower anabolic response to protein [72, 73], 
suggesting that protein requirements are higher in older women than in older men. 
We found no indication for effect modification by sex in our studies on protein intake 
and incident PEM (Chapter 4) or frailty (Chapter 5), tested using interaction terms. 
This finding was in line with other observational studies that examined if sex was 
an effect modifier in associations of protein intake with muscle mass [5], muscle 
strength [12, 15, 17] or physical function [17, 19]. It can be argued that a statistical 
test is not definite about the existence of effect modification, because multiple other 
factors determine if the null-hypothesis is rejected, including power, variation in the 
exposure and the outcome and the significance level used. We chose therefore to 
stratify our analyses a priori for sex in our study on associations of protein intake 
parameters with muscle strength and physical function (Chapter 6). We observed 
that the optimal protein dose per meal (to reach maximum effect size for muscle 
strength and physical function) was higher in women compared to men. Other 
studies that a priori stratified for sex also observed different associations for men 
and women [16-19], although these sex differences were not consistent across 
outcomes and studies. Overall, there are indications for sex differences in the 
relationship between protein intake and functional status, but these remain to be 
further explored. 

BMI might be another potential effect modifier in associations between protein 
intake and functional status, but this has been little studied. Obesity (BMI ≥30 
kg/m2), which is characterised by an increase in adipose tissue and leads to an 
accumulation of ectopic fat [74, 75], is a growing concern in older adults. The 
increase in intramuscular fat is associated with a higher level of chronic low-grade 
inflammation in the muscle and elevated insulin resistance, both supposed to 
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attribute to anabolic resistance and reduced MPS in older adults [75, 76]. According 
to these findings, it can be speculated that obese older adults respond differently 
to dietary protein. On the one hand, it can be argued that higher protein intake is 
less effective in obese older adults due to the impaired anabolic response. This 
hypothesis is supported by a recent meta-analysis of RCTs showing a lesser effect 
of protein supplementation on muscle strength in obese (BMI ≥30 kg/m2) compared 
to overweight (BMI 25-30 kg/m2) older adults [77]. On the other hand, when the 
additional protein dose is sufficient to meet the threshold required to overcome the 
(obesity-induced) anabolic resistance, protein intake can have a similar effect in 
obese and non-obese older adults. In our studies on associations of protein intake 
with incident PEM (Chapter 4) and frailty (Chapter 5), no effect modification by 
BMI was observed, which was in line with another observational study on protein 
intake and frailty risk [20]. Future research is needed to investigate whether or 
not the association between protein intake and nutritional or functional status is 
different in obese versus non-obese older adults. This is especially relevant given 
that sarcopenic obesity, i.e. the coexistence of obesity and impaired muscle mass 
and function [78], might exert even more detrimental effects on clinically relevant 
outcomes, such as disability, in older adults than sarcopenia or obesity alone [79]. 

Physical activity, resistance exercise in particular, increases MPS [80, 81] and 
independently improves clinically relevant outcomes including muscle strength 
and physical function in older adults [82-86]. As such, dietary protein in combination 
with physical activity has been proposed to elicit a synergistic or additive effect. 
Though, RCTs did not consistently show that protein supplementation in addition 
to physical exercise augments muscle strength and physical function as compared 
to physical exercise only (Text box 1) [25, 77, 87, 88]. The few observational studies 
that investigated if physical activity was an effect modifier in associations between 
protein intake and nutritional and functional status showed inconsistent findings 
[13, 17]. This may be due to limited statistical power to detect effect modification 
or to inadequately measured physical activity. In observational studies, physical 
activity is often self-reported and not assessed thoroughly (in terms of type, 
intensity or timing related to protein intake), which limits its use and ability to 
derive valid study results [46, 89]. In three of our studies (Chapter 4, 5 and 7) 
also, habitual physical activity was self-reported and we did not find evidence 
for effect modification by physical activity. Objectively assessed habitual physical 
activity and preferably intensity and duration of each single activity, measured by 
for example accelerometry, will contribute to answering the question whether or 
not the association between protein intake and nutritional or functional status is 
affected by physical activity. 
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Selection and assessment of outcomes

The focus of this thesis was on four outcomes defining nutritional and functional 
status: PEM, frailty, muscle strength and physical function. As outlined in the 
General Introduction (Chapter 1), multiple definitions, operationalisations and 
assessment tools exist for each of these outcomes. How the choice for defining, 
operationalising and measuring the outcomes may have influenced our findings 
is discussed in the upcoming section.

Protein-energy malnutrition
In Chapter 4 of this thesis, we operationalised PEM as having a low BMI and/or 
substantial involuntary weight loss. We used measured (objective) body weight and 
height, which has likely reduced bias in our estimates of BMI and weight change as 
compared to self-reported body weight and height [90]. Our operational definition 
of PEM did not include muscle mass, as in the Global Leadership Initiative on 
Malnutrition (GLIM) definition [91]. Protein intake may be stronger associated with 
lean (muscle) mass [5-8] than with body weight per se. Therefore, our observed 
null association for protein intake may be attenuated as compared to using a PEM 
definition that includes muscle mass.

We found that protein intake was associated with incident persistent PEM, i.e. 
PEM at two annual follow-up examinations, but not with incident PEM (Chapter 
4). It is possible that incident PEM is predominantly a result of a short acute period 
of reduced (protein) intake, while our estimate of protein intake was supposed to 
be reflective of the habitual long-term intake and has likely not captured acute 
intake reductions. This may explain our null association for protein intake and 
incident PEM. On the contrary, a long-term lower protein intake may be more 
important for the development of persistent PEM as this characterises permanent 
or chronic (involuntary) weight loss. This may explain why we did observe an 
(inverse) association between habitual protein intake and incident persistent PEM 
in our study. 

With regard to overall diet quality, I do not expect that including muscle mass as a 
criterion for PEM would have altered our findings since a previous study showed 
no association between diet quality and change in (appendicular) lean mass 
[92]. When we would have included inflammation as a criterion for PEM, as in the 
GLIM definition [91], an association for overall diet quality may be more likely. This 
because of the anti-inflammatory properties that have been attributed to certain 
foods, such as fruits, vegetables and whole grains, which are components of the 
HEI [93, 94]. It should be noted that the above considerations are speculations as 
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no previous studies have investigated the relationship of protein intake or overall 
diet quality with incident PEM operationalised using the most recent GLIM criteria.

Frailty
As outlined in the General Introduction (Chapter 1), we chose the physical frailty 
concept [95] and not the multidimensional frailty concept [96] for this thesis. From 
a biological perspective, protein intake is most directly related to physical status. 
Limited evidence is available for a role of protein intake in other domains, such as 
cancer [97-99], diabetes [100] and cognitive function [101-103]. As a consequence, I 
expect that it would be more difficult to detect associations between protein intake 
and a multidimensional concept of frailty. No previous observational studies could 
confirm this hypothesis as comparable studies all adhered to a physical concept 
of frailty [20-24]. 

With regard to overall diet quality, we hypothesised (and observed in Chapter 5) 
that better overall diet quality would be associated with lower frailty risk, amongst 
others via the mechanism ‘inflammation’. Various dietary components, such as 
dietary fibre and antioxidants from fruits, vegetables and whole grains – these 
food groups are components of the HEI – have anti-inflammatory characteristics 
[93, 94]. Higher levels of inflammatory markers are associated with increased loss 
of muscle strength [104-107] and weight loss [108, 109] – both criteria for frailty. As 
multidimensional frailty covers a broader range of health parameters that share the 
underlying mechanisms of inflammation, such as cancer, cardiovascular disease 
and type 2 diabetes [110, 111], a stronger association between overall diet quality 
and multidimensional frailty as compared to physical frailty is to be expected. 

Muscle strength
Muscle strength is frequently measured by either handgrip strength or knee 
extensor strength, both of which are assumed to indicate overall muscle strength 
[112-114]. Whereas isokinetic dynamometry is the recognised gold standard to 
measure muscle strength [115, 116], the hand-held dynamometer is the most widely 
adopted measurement device in the clinical setting because of its affordability and 
easy applicability [112]. In the NuAge study, the hand-held dynamometer MicroFet 
2 and the Martin Vigorimeter were used to assess knee extensor strength and 
handgrip strength, respectively. Knee extensor strength as assessed with hand-held 
dynamometry has shown good reliability [117] and moderate to good validity as 
compared to isokinetic dynamometry [117, 118]. The lower validity of the hand-held 
measurement may be due to the strength of the examiner to hold the dynamometer 
in a fixed position being insufficient to counterbalance the strength produced by 
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the participant, especially lower extremity strength [119, 120]. Though, hand-held 
dynamometry has been suggested to be a useful tool for ranking participants on 
the basis of their knee extensor strength in epidemiological studies [121]. Handgrip 
strength as assessed with hand-held dynamometry has shown good relative 
reliability, but moderate absolute reliability [122]. As a result, measurement error 
resulting from the latter may have hampered the possibility to detect changes in 
handgrip strength over time [122, 123] and thus to observe associations of protein 
intake with change in handgrip strength in our study (Chapter 6).

Physical function
In this thesis, we used either walking speed (Chapter 7) or the TUG test (Chapter 
6 and 7) as performance-based measures of physical function, depending 
on the availability of measures in the used cohorts. Whether the use of these 
specific measures of physical performance instead of, for example, chair stands 
has influenced our observed associations for protein intake is unknown. Clearly, 
walking speed and chair stands do not measure the same construct as they differ 
in the components of functioning they rely on. For example, chair stands might 
be driven more by lower extremity strength because of the getting up and sitting 
down elements, whereas endurance might have a larger share in walking speed 
[112, 124]. However, the available evidence from both observational [10, 13, 14, 16, 
17, 125] and experimental work [126-128] to date does not suggest that a certain 
performance measure is more or less responsive to protein intake. Therefore, 
it remains unknown if using another performance-based measure of physical 
function in our studies would have led to different findings.

In contrast to objective performance-based measures of physical function, self-
reported measures are more sensitive to cognitive function [129, 130], depression 
[131] and socio-cultural factors [132], and may to a greater extent encompass 
personal burden or expectations regarding (impaired) functioning [130]. This 
subjectivity is suggested to be amongst the reasons for the poorer reliability, lower 
validity and lesser sensitivity to change of self-reported physical function [130, 133, 
134]. The larger share of subjectivity in self-reported measures also attributes to 
the moderate correlation between self-reported and performance-based measures 
of physical function [130, 131]. Nevertheless, self-reported physical function yields 
information about a person’s own perception of how well they can perform in 
daily life, which is not captured in a performance-based test. Thus, self-reported 
measures can be complementary to performance-based measures of physical 
function. 

8
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An issue particularly relating to performance-based measures of physical function 
in older age is that such performance tests may not be carried out in older adults 
who are very weak or ill. Especially among those weak persons one expects to 
observe a decline in physical function, so the missing data most likely pertain to 
the largest changes in physical function. For this reason, associations of our study 
in which we examined protein intake parameters in relation to performance-based 
physical function (Chapter 6) might have been attenuated. Self-reported measures 
may be more suitable to pick-up such declines in physical function. As a result, we 
may have found stronger associations when we would have used a self-reported 
measure instead of the performance-based measure in this study. Overall, this 
is what is seen in observational work (Text box 1): protein intake was related to 
self-reported physical function in the two studies that investigated this association 
[13, 18], whereas protein intake was associated with performance-based physical 
function in only one [14] out of six studies that addressed this topic [10, 13, 14, 
16-18]. The same was observed within two single cohorts that used both a self-
reported and performance-based measure of physical function: protein intake was 
associated with incident mobility limitation but not with change in gait speed in the 
Health ABC study [18] and the Women’s Health Initiative (WHI) [13]. Though, in the 
last chapter of this thesis (Chapter 7), higher protein intake was associated with 
less decline in self-reported physical function (i.e. difficulty walking >200 metres 
and difficulty climbing stairs) as well as performance-based physical function (i.e. 
walking speed). 

Assessment of dietary intake

Assessment of dietary intake at baseline
In many longitudinal studies, including the Health ABC study, dietary intake is 
assessed only once during the study period and often at baseline. In our studies for 
which we used data from the Health ABC study (Chapter 4 and 5), we followed the 
participants for four years and assumed that their dietary intake remained stable 
during that time. It can be argued, however, that dietary intake changed, which may 
have led to misclassification of protein intake and overall diet quality. Especially in 
older adults who frequently suffer from appetite loss and who are more vulnerable 
for acute events (e.g. hip fracture, stroke or pneumonia), this may be a valid thought. 
Studies in Western middle-aged and older populations have shown that diet quality 
remained stable or moderately changed (intra-individually) over a period of three 
to six years [135-137]. It is therefore most likely that our estimates reflect habitual 
intake over several years and that our findings have been minimally affected by 
changing intakes. We cannot rule out that acute changes in dietary intake (for 
example as a result of acute illness) have affected our findings. Future studies that 
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assess dietary intake repeatedly over time may provide more insight in the role of 
habitual and acute (change in) dietary intake in nutritional and functional status.

Dietary assessment methods: food frequency questionnaire and 24-hour dietary recall
A major challenge in nutritional epidemiology is accurate assessment of dietary 
intake. Its accuracy relies on the study participant as well as on the clinimetric 
properties of the assessment tool and the manner of administration (e.g. self-
administered or interviewer-assisted). The dietary assessment methods most 
frequently used in research in general and in this thesis are the FFQ and the 24-hour 
dietary recall. FFQs are used to estimate participants’ habitual dietary intake [138]. 
They are very suitable in large cohort studies because of their affordability, ease of 
administration and relatively low participant burden [138, 139]. It is generally agreed 
that FFQs are appropriate for ranking participants according to their dietary intake 
in order to examine relationships between diet and health outcomes, as done in this 
thesis [139]. An often reported limitation of the FFQ is that it is prone to recall bias 
as it thrusts on the participants’ memory [138, 140]. Any resulting misclassification 
of dietary intake may have led to either an underestimation or overestimation of 
observed associations. A 24-hour recall is an in-depth, open-ended interview used 
to estimate actual dietary intake and collects information on the eating occasions 
at which the food was consumed [138]. The latter is an important characteristic of 
the 24-hour recall method as it allowed us to examine protein intake distribution 
over the day (Chapter 3 and 6). A disadvantage of this method is that a single 24-
hour recall does not provide information about the habitual dietary intake due to 
the high day-to-day variation of food intake. Using multiple 24-hour recalls – as in 
Chapter 2, 3, 6 and 7 – may overcome this problem [141].

Assessment of protein intake
Misclassification of protein intake in this thesis may have occurred as a result 
of measurement error from the FFQ or 24-hour recalls [140]. In the Health ABC 
study (Chapter 2, 4, 5 and 7), the Block FFQ was used [142]. The Block FFQ was 
developed to be reflective of the whole diet of the American adult population. It 
showed moderate to good validity for protein and energy in older adults relative 
to 4-day dietary records collected over one year in middle-aged and older women 
[143] and to four 24-hour recalls collected over one year in Americans aged 20 to 
70 years [144]. In LASA (Chapter 2), the HELIUS (HEalthy LIfe in an Urban Setting) 
FFQ was used [145]. The HELIUS FFQ was developed to be reflective of the whole 
diet of the ethnic Dutch adult population. It showed moderate to good validity 
relative to three 24-hour recalls collected over two months among 92 older LASA 
participants [146]. In general, FFQs do not cover the entire diet (i.e. rarely consumed 
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products are usually not part of an FFQ), so that it can be argued that absolute 
protein intake was slightly underestimated [139, 147]. This might have resulted 
in a slight overestimation of the prevalence of protein intake below the RDA that 
was observed in Chapter 2. On the contrary, I presume that this potential (non-
differential) systematic underestimation of protein intake has only marginally 
affected the ranking of the study participants. Therefore, I do not expect this has 
influenced our associations of protein intake with incident PEM, incident frailty or 
physical function to a great extent (Chapter 4, 5 and 7).

In Chapter 2, two or three 24-hour recalls were used to estimate habitual protein 
intake in five out of eight cohorts and national surveys. This number of recalls might 
have been insufficient to account for the day-to-day variation of food intake and 
may have led to less accurate protein intake estimates [148]. We cannot determine 
whether these potential less precise estimates were over- or underestimated and 
thus whether this may have led to an under- or overestimation of the prevalence of 
protein intake below the RDA. The same holds for the study described in Chapter 
3 in which protein intake was estimated with two 24-hour recalls. In Chapter 6, 
we estimated protein intake based on the mean of nine 24-hour recalls collected 
over two years, so that we expect habitual protein intake to be more accurately 
measured there [141, 148]. 

Misclassification as a result of (non-random) misreporting, depending on personal 
characteristics [41, 149], may have affected our findings. Female sex and a higher 
BMI have been shown to be associated with underreporting of energy and/or 
protein intake in middle-aged and older adults [147, 150]. This suggests that the 
higher prevalences of protein intake below the RDA among women and persons 
with a higher BMI observed in Chapter 2 and 3 are most likely overestimated. 
Underreporting of protein intake among persons with a higher BMI may have 
also attenuated our (null) association between protein intake and incident PEM 
(Chapter 5). In this study, PEM was operationalised as having a BMI ≤20 kg/m2 
or unintentional weight loss. So, persons with a higher BMI were more likely to 
be classified as having no PEM but also to have a lower self-reported protein 
intake, which may have blunted any actual association between higher protein 
intake and lower PEM risk. The hypothesis that associations were attenuated due 
to misclassification of protein intake was strengthened through findings from two 
studies performed in the Women’s Health Initiative (WHI) [13, 20]. These studies 
showed that higher protein intake was stronger associated with frailty and physical 
function when biomarker-calibrated protein intake instead of uncalibrated protein 
intake was used. Biomarker-calibrated protein intake refers to the protein intake 
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calculated by using regression equations derived from regressing biomarker 
urinary nitrogen on FFQ-based protein intake and several participant characteristics 
including age and BMI. Uncalibrated protein intake refers to the amount of protein 
calculated directly from the FFQ. Thus, using biomarkers for protein might improve 
intake estimations and thereby increase the probability of detecting an association.

Assessment of overall diet quality
For this thesis, we measured overall diet quality using the 1994-1996 HEI, an a 
priori diet quality index established on the basis of the US dietary guidelines [151]. 
The HEI was based on the intakes of food groups as well as nutrients, which were 
estimated using the Block FFQ. Measurement error may have led to inaccurate 
estimates of overall diet quality, but it is unclear to what extent. One reason for this is 
that the HEI consist of multiple dietary components. The validity of the utilized FFQ 
for assessing each of these individual dietary components is unknown. A second 
reason is that some dietary components were scored ‘negatively’ (e.g. higher total 
fat intake, lower score) whereas other dietary components were scored ‘positively’ 
(e.g. higher fruit intake, higher score). Consequently, a systematic underestimation 
of intakes due to missing foods in the FFQ might differently affect the individual 
component scores and thus the overall score. Potential confounding by energy 
intake – persons with higher energy needs and thus a higher total food intake 
may be more likely to meet requirements for certain food groups or nutrients – is 
likely not an issue since it was already accounted for in the composition of the HEI 
score. In fact, the recommended number of servings for food groups depends on 
the recommended energy intake for specific age and sex groups. The components 
total fat and saturated fat were also expressed relative to energy intake [152]. 
Overall, it remains unknown if the associations of overall diet quality with incident 
PEM (Chapter 4) and frailty (Chapter 5) were affected by potential inaccurate 
estimates of dietary intake.

Additional considerations with regard to protein intake

Expression of protein intake
Following the RDA, we expressed protein intake relative to body weight in most of 
our studies, with one essential adjustment. We used ‘adjusted’ body weight (aBW) 
instead of ‘actual’ body weight in order to control for the deficit or excess in body 
weight of underweight and overweight people, respectively [153]. We believed this 
approach to be most appropriate, although it may have some limitations. First, it 
can be argued that expressing protein intake in g/kg (a)BW is not adequate as 
body weight and BMI both do not well reflect body composition in old age [154, 
155]. If the hypothesis is that protein requirement is mainly driven by fat-free mass, 
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it can be argued that protein requirement and protein intake should be expressed 
relative to fat-free mass and not to total body weight. This has been suggested by 
Boirie and colleagues [156], but has not yet been applied in epidemiological studies 
investigating relationships between protein intake and nutritional or functional 
status. Practical aspects are likely a major underlying reason since body weight 
and body height are much easier to measure in clinical practice than fat-free mass. 
Second, there is some evidence that MPS rates and the anabolic response to 
protein are blunted in obese older adults [157, 158], suggesting that obese older 
adults need more protein to prevent muscle degradation [159]. In this respect, 
protein requirements would not only depend on fat-free mass but also on fat 
mass, favouring the use of protein expressed in g/kg actual body weight. The best 
way of expressing protein intake remains unknown. Future research is needed to 
further explore this theory as it may help optimising protein recommendations and 
unravelling the role of protein intake in nutritional and functional status. 

Protein intake parameters
Associations observed in observational and experimental studies suggest that other 
aspects of protein intake beyond its (daily) quantity, such as the protein source and 
the protein intake distribution across meals, matter in terms of preventing functional 
decline. Such findings for protein intake parameters may be translated into dietary 
strategies through which the effect of protein intake on clinically relevant outcomes 
can be strengthened. In other words, protein intake parameters may influence the 
efficiency of total protein intake. With regard to protein source, it is hypothesised 
that animal-based protein is more strongly related to functional status than a 
similar amount of plant-based protein as the first generally has a higher biological 
quality [160]. This has not been confirmed in observational studies though. Some 
studies showed only an association for animal-based protein [5, 22], whereas 
other studies showed an association for both animal- and plant-based protein 
[15, 19]. Our study (Chapter 5) showed an association between higher vegetable 
protein intake, but not animal protein intake, and incident (pre-)frailty. A different 
ratio between animal-based and plant-based protein across cohorts may explain 
the discrepancies in findings, but the variation in the specific foods consumed can 
also be an explanation. The amino acid content differs from one food product to 
another, also within the animal-based or plant-based category, so that each food 
likely differently relates to nutritional and functional status. Therefore, in addition to 
studies examining animal-based versus plant-based protein in relation to nutritional 
and functional status, future studies investigating specific food sources of protein 
(e.g. beef, cheese and legumes) are required. This topic will become even more 
relevant given the fact that the Dutch government has set the goal to shift the 
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animal-based to plant-based protein ratio from 60:40% to 40:60% by 2030 [161]. 
This means that older adults, who now consume on average 60% animal-based 
protein and 40% plant-based protein, should lower their animal protein intake. 
This might have considerable health implications if these animal foods are not 
adequately substituted.

We added new data to the small evidence base of prospective observational 
studies on protein intake distribution across meals in relation to nutritional and 
function status in community-dwelling older adults. Findings from these studies 
and our study (Chapter 6) are, however, inconclusive. In the Newcastle 85+ study, 
no association of protein intake distribution with (change in) muscle strength or 
physical function was observed [17]. In the NuAge study, Farsijani et al. observed 
that a more even distribution was associated with higher lean mass and better 
muscle strength, but not with physical function [9, 16]. We observed in the NuAge 
study an association between a less even protein intake distribution and better 
physical function, but not muscle strength (Chapter 6). The heterogeneity in study 
findings may be a result of the optimal level of protein intake that should be reached 
in a single dose to maximise MPS, a different amino acid profile of the diets or that 
muscle groups respond differently to protein ingestion. The heterogeneity may 
also suggest that the evenness of the protein intake distribution across meals is of 
minor importance as compared to total protein intake, the protein source and the 
optimal protein dose per meal. Overall, the contribution of specific protein intake 
parameters to the prevention of nutritional and functional decline remains unknown 
and should be further explored.

Additional considerations with regard to overall diet quality

Comparison of diet quality indices
Over the years, multiple diet quality indices have been developed and used in 
studies relating diet quality to health outcomes [162-164]. They differ from one 
another in the components from which they are constructed as a result of variation 
in the health outcome(s) or population they were developed for or the dietary 
guidelines or dietary pattern they should reflect. I expect to have found similar 
results when we would have used another diet quality index that is reflective of 
dietary guidelines than the HEI, given the overall consistent finding that better 
adherence to (inter)national guidelines, as assessed using various diet quality 
indices, was associated with lower frailty risk in older adults [24, 165, 166]. One a 
priori diet quality index that has received wide attention in the last two decades, is 
the Mediterranean diet score (MDS). The MDS is not based on (inter)national dietary 
guidelines, but reflects the dietary pattern of inhabitants of the Mediterranean 
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region in the mid-1950s [167-169]. It is specifically this diet quality index that has 
been most often studied in relation to frailty and consistently showed an inverse 
association with frailty [166, 170-173]. When comparing the different indices, it 
seems that the food groups fruits, vegetables and whole (unrefined) grains may 
play a beneficial role in frailty prevention, whereas saturated fatty acids may play 
an unfavourable role. The contribution of the food groups dairy and meat, which 
are important sources of protein, is less clear as they are scored negatively in the 
MDS but positively in the HEI. Overall, our study supports current evidence that 
better overall diet quality may prevent frailty in older adults. 

Diet quality index for older adults
A point of consideration is whether or not the HEI accurately reflects the dietary 
needs of older adults. Like most of the existing a priori diet quality indices, the HEI 
is based on dietary guidelines for all adults regardless of age [174]. Differences 
in dietary requirements across ages can limit the applicability of such an index 
for specific age groups as it may incorrectly classify a person as having a diet 
of good or poor quality. Consequently, it may attenuate associations between 
overall diet quality and health outcomes. The 1994-1996 HEI includes age- 
and sex-specific cut-off values for the five food groups thereby allowing for the 
different recommendations for age and sex groups [152]. However, cut-off values 
for nutrients were not age- or sex-specific whereas nutrient requirements may 
differ across age and sex. Moreover, it is unknown if food groups or nutrients other 
than in the current HEI might better discriminate between older persons. I am 
aware of only one diet quality index that was designed specifically for older adults; 
the Elderly Dietary Index (EDI) [175]. The EDI was developed based on the Food 
Guide Pyramid for older adults and completed with two dietary characteristics of 
the Mediterranean diet (i.e. alcohol and olive oil). The EDI has a strong focus on 
prevention of cardiovascular diseases, so that the cut-off values for the dietary 
components were chosen accordingly [175]. With another clinically relevant 
outcome in mind, such as disability or cognitive impairment, other nutrients or food 
groups might be considered more relevant. One dietary component that is rarely 
part of a diet quality index [163], whereas it is considered highly important for older 
adults, is protein. Although there is ongoing discussion about whether or not the 
optimal level of protein intake for older adults is higher than 0.8 g/kg BW, this cut-
off could be used as reference value until we have more convincing evidence that 
higher protein intake may lead to better health outcomes. Besides protein, nutrients 
such as calcium might also be potential relevant dietary components for older 
adults. In conclusion, because we do not know if existing diet quality indices well 
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reflect older adults’ nutritional requirements, the development of a diet quality index 
that best summarises the dietary requirements of older adults is recommended.

IMPLICATIONS FOR FUTURE RESEARCH
Protein intake below recommended levels

We were the first to provide a global estimate of the prevalence of protein intake 
below the RDA among a large number of community-dwelling older men and 
women from multiple Western countries. However, several limitations with regard 
to self-reported dietary assessments methods (e.g. FFQ or 24-hour recalls) 
or selective misreporting reduce the validity of our findings. Future studies are 
warranted to provide more accurate estimates of the prevalence of protein intake 
below recommended levels by using more precise estimates of protein intake. 
Biomarkers of protein intake, for example 24-hour urinary nitrogen, are helpful in 
this regard. Moreover, protein intake estimated from biomarkers is less dependent 
on selective misreporting as compared to protein intake estimated from FFQs or 
24-hour recalls. This gives the opportunity to better detect specific subgroups of 
older adults that more often have a lower protein intake.

Protein intake in relation to nutritional and functional status

Ageing cohorts and meta-analyses 
The available prospective cohort studies on protein intake and nutritional or 
functional status [4-24] including our studies (Text box 1), were performed in 
many different cohorts (n=14). These cohorts cover many global regions (e.g. 
North-America, Europe and Asia) and dietary habits, but the outcome measures 
also vary substantially. One aspect that strengthens evidence for a (causal) 
relationship is consistency [39, 40]. A consistent finding among studies involving 
different populations, settings and circumstances increases the likelihood of 
an association to actually exist. Therefore, reproducing studies using the same 
outcome in various cohorts is important. Some of the ageing cohorts, including 
Health ABC, Newcastle 85+, NuAge and WHI-OS, have been used much more 
often for studies on protein intake and nutritional or functional status. Therefore, 
studies should be reproduced in other ageing cohorts that have dietary intake data, 
such as InCHIANTI (Invecchiare in Chianti) [176], LASA (Longitudinal Aging Study 
Amsterdam) [177], LiLACS NZ (Life and Living in Advanced Age: a Cohort Study in 
New Zealand) [178] and TILDA (The Irish Longitudinal Study on Ageing) [179]. On 
top of this, meta-analyses of observational studies are required. Following our study 
(Chapter 7), more meta-analyses or pooled analyses of individual participant data 
can be performed addressing other outcomes (e.g. muscle strength or frailty) or 
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other specific exposures (e.g. animal-based versus plant-based protein). A major 
advantage is that such a pooled analyses yields more statistical power to detect 
associations. This also implies that differences (if any) in associations between 
specific subgroups of older adults (e.g. according to age, sex, BMI or habitual 
physical activity level) are more likely to be detected [180].

Methodological recommendations for future observational studies
There are many methodological considerations related to observational research, 
as outlined earlier in this chapter. Following this elaboration, I have five study-
specific recommendations for observational studies: 

1. With regard to protein intake, researchers should consider to estimate 
protein intake by using biomarkers or biomarker-derived regression 
equations (which need to be developed). It is also desirable that protein 
intake is expressed and reported in multiple ways (e.g. in g/d and g/
kg BW/d), as long as it fits the research question. Furthermore, using 
repeated measures of protein intake will increase the validity of the 
estimated habitual protein intake and will allow for detecting (acute) 
changes in protein intake over time. To support the debate on whether a 
protein intake higher than 0.8 g/kg BW/d (the current RDA) is optimal for 
older adults, researchers are encouraged to categorise protein intake on 
the basis of multiple cut-off values (e.g. 0.8, 1.0 and 1.2 g/kg BW/d) when 
relating protein intake to health outcomes. Another approach to identify 
the optimal level of protein intake in relation to health outcomes, is to use 
spline regression models [181]. 

2. With regard to outcome measures, the scientific community is encouraged 
to develop a consensus definition and operationalisation for frailty as 
well as to provide recommendations for assessment tools, measurement 
protocols and cut-off values to be used in ageing cohorts in order to 
support uniformity across studies. Furthermore, frequent measurements 
(more than annually) of muscle strength and performance-based physical 
function are required to allow for detecting functional decline before 
participants are unable to perform such tests. This is especially relevant 
in studies among frail persons, who are at high risk of functional decline. 
In addition, both a performance-based and a self-reported measure of 
physical function should be used in order to get a clear view of functional 
status.

3. With regard to confounding, researchers are advised to well consider and 
adjust for all relevant confounders. Particular attention should be paid to 
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the role of energy intake. As there is no optimal statistical approach yet to 
eliminate all confounding by energy intake, researchers are encouraged to 
apply different statistical techniques and report study results accordingly. 

4. With regard to effect modification, researchers are advised to well 
consider what factors, and at least sex, BMI and physical activity, might be 
effect modifiers in the relationship of interest. They should also consider 
whether analyses should be stratified a priori or that testing for effect 
modification suffices. Decisions should be made prior to data analysis 
to prevent data-driven reporting and chance findings.

5. With regard to attrition, researchers are advised to apply advanced 
statistical techniques to account for (non-random) attrition during follow-
up, such as competing risks analyses [62, 63] or joint modelling [64, 65]. 

Additional areas for future observational studies
The efficiency of daily protein intake might be influenced by other aspects of protein 
than the total amount per se, referred to as protein intake parameters in this thesis. 
These aspects may be of great value for the development of dietary strategies. As 
current observational evidence on associations between protein intake parameters 
and nutritional or functional status is both limited and inconclusive, there is a clear 
need for further research in this area. Specifically, observational studies are needed 
to investigate if and to what degree animal-based versus plant-based protein intake 
are differently associated with nutritional and functional status in older adults. It is 
of additional interest to examine what combinations of animal-based and plant-
based food products are optimal from both a health and sustainability perspective. 
Observational studies are also needed to investigate associations of protein intake 
distribution across meals with nutritional and functional status. A caveat is that 
many cohort studies use an FFQ to assess dietary intake, whereas an FFQ does not 
provide information on intake per eating occasion. Cohorts in which dietary intake 
was assessed with 24-hour recalls, such as the Newcastle 85+ study or LiLACS NZ 
should be used for this purpose. In line with this, it is recommended to use (multiple) 
24-hour recalls as dietary assessment method in upcoming measurement waves 
of ongoing and new cohorts. Studies in which dietary intake was assessed with 
24-hour recalls are also needed in order to investigate optimal protein doses per 
meal for which the effect on or association with nutritional and functional status 
is maximal. Finally, studies are needed to investigate the role of physical activity in 
associations of protein intake with nutritional and functional status. Physical activity 
should be assessed more accurately (e.g. by accelerometry) and in more detail 
(e.g. with regard to intensity and timing related to protein intake).  

8
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Overall diet quality in relation to nutritional and functional status

In general, international and national dietary guidelines are established for the 
prevention of chronic non-communicable diseases, such as obesity, cardiovascular 
disease and cancer [103, 182]. Whether better adherence to these guidelines also 
contributes to preservation of nutritional and functional status in community-
dwelling older adults has been studied less extensively. To date, the majority 
of studies point towards a positive association between overall diet quality and 
functional status [24, 165, 166, 183-185], but the relation with nutritional status 
remains unknown. Our study was the first to examine associations of overall diet 
quality with incident PEM in older adults. There is a clear need for more studies 
on this topic to replicate our findings, taking into account the following aspects. 
First, a diet quality index should be used that well reflects dietary requirements of 
older adults. Second, repeated measurements of diet quality over time are needed 
in order to detect potential (acute) changes in diet quality. It could be that acute 
changes in diet quality are more important in the development of PEM as compared 
to habitual diet quality. Third, as energy intake is an important contributor to PEM, 
adjustment for energy intake is essential. Preferably multiple appropriate methods 
for energy adjustment should be used and results should be reported accordingly.

IMPLICATIONS FOR PUBLIC HEALTH AND CLINICAL 
PRACTICE

Population ageing comes with an indisputable rise in adverse health conditions 
affecting individual and societal health. Both international and national (Dutch) 
policy is aimed at providing the conditions enabling older adults to live at home 
independently for as long as possible. Dietary interventions are key strategies 
in the prevention of many adverse health conditions, including nutritional and 
functional decline. Not all health care practitioners are, however, aware of (the 
risk of) suboptimal dietary intakes in older adults and thus the potential to improve 
function through diet. Findings from this thesis are helpful in increasing awareness 
of lower protein intake in old age by showing that over one-fifth of community-
dwelling older adults have a protein intake below the RDA of 0.8 g/kg BW/d as 
currently recommended by the European Food Safety Authority (EFSA), and are 
thus at risk of protein inadequacy. 

In order to optimise protein intake in community-dwelling older adults (to at least 
0.8 g/kg BW/d), it is important to identify those who are at high risk of inadequate 
protein intake. Identification of at-risk persons in the community setting is difficult, 
because most older adults who live at home are not (regularly) seen by a dietitian 
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or nutritionist and nutrition is rarely a topic of discussion by most other health care 
practitioners. Also, a thorough dietary assessment is too time-consuming in most 
occasions. Routinely screening for a higher risk of a lower protein intake would 
be a practical alternative. The Protein Screener 55+ might be an example of such 
a quick (online) screener for the community setting [186]. The Protein Screener 
55+ estimates the probability of lower protein intake based on ten questions. This 
screener is currently only used as a research tool, but might be used as a (self-)
screening tool in the community in the future.

Multiple health care providers and governmental institutions question how much 
protein an older adult should optimally eat. Is a protein intake of 0.8 g/kg BW/d 
optimal to prevent deficiencies and optimise health in (all) generally healthy older 
adults? Although this thesis cannot provide a direct answer to this question, it 
provides new evidence contributing to the total understanding of the role of dietary 
protein in nutritional and functional status of community-dwelling older adults. 
Since the release of the EFSA recommendations (2012) [187] and the position 
statements of the international PROT-AGE expert group (2013) [2] and the European 
ESPEN expert group (2014) [1], many observational and experimental studies have 
been performed on protein intake in relation to nutritional and functional status in 
older adults. It is therefore essential that the literature will be re-examined in order 
to determine if the current EFSA recommendation for protein should be revised. 
This is especially relevant given the fact that the EFSA in 2012 concluded that the 
available data was insufficient to specifically determine the protein requirements 
for older adults and thus based their recommendation exclusively on the meta-
analysis of nitrogen-balance studies by Rand et al. [188], which included very few 
older adults, and on a single metabolic [189] and observational study [5]. Also the 
PROT-AGE and ESPEN expert groups – they concluded that the RDA of 0.8 g/kg 
BW/d was likely insufficient for (generally healthy) older adults and recommended 
a protein intake of at least 1.0 to 1.2 g/kg BW/d – based their recommendation on 
a selective set of a few metabolic, observational and experimental studies. One 
can argue about the strength of that evidence to make such statements. In my 
opinion, evidence from observational and experimental studies currently available 
(Text box 1) is too limited to state that a protein intake higher than 0.8 g/kg BW/d 
will contribute to better nutritional and functional status in community-dwelling 
older adults. Consequently, I would currently not recommend to increase the RDA 
for older adults beyond 0.8 g/kg BW/d. Further observational and experimental 
research, such as the PROMISS trial in generally healthy older adults with a habitual 
protein intake below 1.0 g/kg BW/d [190], should be awaited for to evaluate the 
protein recommendations for older adults.
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Regardless of whether the RDA of 0.8 g/kg protein is óptimal for older adults, it is 
generally agreed that this level is the minimal amount of protein for older adults to 
consume in order to prevent deficiencies. Furthermore, findings from this thesis 
as well as existing literature suggest that better overall diet quality is beneficial 
for physical health, including functional status, in generally healthy community-
dwelling older adults. As such, promotion of a healthy diet as reflected in (inter)
national dietary guidelines is recommended. For the Netherlands, this means 
that adherence to the Dutch ‘Wheel of Five’ Guidelines (Richtlijnen ‘Schijf van Vijf’) 
should be promoted [191]. The Wheel of Five Guidelines are food-based guidelines 
for a healthy dietary pattern that are based on the Dutch dietary guidelines [192] as 
well as the Dutch dietary reference values [193, 194]. Adherence to these guidelines 
may not only allow for reaching adequate protein intake, but also for meeting the 
requirements of other nutrients and improving overall diet quality.

OVERALL CONCLUSIONS

In light of the growing number of older adults in our society and the consequent 
individual and societal burden, health promotion is essential. Primary and 
secondary prevention of nutritional and functional decline among community-
dwelling older adults through dietary intake may constitute an important strategy. 
Findings from this thesis indicate that a substantial proportion of community-
dwelling older adults have a protein intake below the current RDA of 0.8 g/kg 
BW/d, indicating that there is ample room for (dietary) improvement. Results from 
this thesis further indicate that older adults with a protein intake below the current 
RDA consumed particularly less protein at lunch and had a lower animal-to-total 
protein intake ratio as compared to those with a protein intake above the RDA. 
These findings facilitate the development of dietary strategies to optimise protein 
intake in older adults. Results from this thesis also add valuable information to the 
existing literature with regard to potent target groups for dietary interventions. In 
line with other studies, findings from this thesis suggest that older women and older 
adults with a higher BMI may be more likely to have a protein intake below the RDA. 

This thesis provides limited evidence for an association of higher protein intake 
with nutritional and functional status. We found some indications that higher total 
protein intake is related to lower (persistent) PEM risk and less physical function 
decline, but we observed no associations with decline in muscle strength or 
frailty risk. Evidence from our studies and existing observational and experimental 
studies are not yet sufficient to draw conclusions on whether higher protein intake 
(≥0.8 g/kg BW/d) can contribute to prevention of PEM and slow down functional 
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decline in older adults. Accordingly, I would not conclude that there is an optimal 
protein intake higher than the current RDA of 0.8 g/kg BW/d that would improve 
nutritional or functional status in generally healthy community-dwelling older 
adults. Since there is a lack of evidence to date to conclude that certain protein 
intake parameters, such as protein source, protein intake distribution across meals 
or optimal protein dose per meal to maximise MPS, affect nutritional or functional 
status, advises to increase protein intake to at least the current RDA should be 
tailored to individual preferences and dietary habits. 

Finally, this thesis adds prospective data on the association of overall diet 
quality with nutritional and functional status in community-dwelling older adults. 
Combined results of this thesis and existing literature indicate that better overall 
diet quality may contribute to the prevention of frailty and to better functional status 
in community-dwelling older adults. It remains unknown if overall diet quality plays 
an important role in the development of PEM. 
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