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Abstract: The influence of nutritional factors on frailty syndrome is still poorly understood. Thus,
we aimed to confirm cross-sectional associations of diet-related blood biomarker patterns with
frailty and pre-frailty statuses in 1271 older adults from four European cohorts. Principal compo-
nent analysis (PCA) was performed based on plasma levels of α-carotene, β-carotene, lycopene,
lutein + zeaxanthin, β-cryptoxanthin, α-tocopherol, γ-tocopherol and retinol. Cross-sectional as-
sociations between biomarker patterns and frailty status, according to Fried’s frailty criteria, were
assessed by using general linear models and multinomial logistic regression models as appropriate
with adjustments for the main potential confounders. Robust subjects had higher concentrations of
total carotenoids, β-carotene and β-cryptoxanthin than frail and pre-frail subjects and had higher
lutein + zeaxanthin concentrations than frail subjects. No associations between 25-Hydroxyvitamin
D3 and frailty status were observed. Two distinct biomarker patterns were identified in the PCA
results. The principal component 1 (PC1) pattern was characterized by overall higher plasma levels
of carotenoids, tocopherols and retinol, and the PC2 pattern was characterized by higher loadings
for tocopherols, retinol and lycopene together and lower loadings for other carotenoids. Analyses
revealed inverse associations between PC1 and prevalent frailty. Compared to participants in the
lowest quartile of PC1, those in the highest quartile were less likely to be frail (odds ratio: 0.45, 95% CI:
0.25–0.80, p = 0.006). In addition, those in the highest quartile of PC2 showed higher odds for preva-
lent frailty (2.48, 1.28–4.80, p = 0.007) than those in the lowest quartile. Our findings strengthen the
results from the first phase of the FRAILOMIC project, indicating carotenoids are suitable components
for future biomarker-based frailty indices.
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1. Introduction

Current estimates predict that the proportion of people aged 65+ will rise to 16% of
the world’s population by 2050, resulting in a total of 1.5 billion people worldwide [1].
With higher life expectancy, there is also an increasing need to stay physically healthy and
active even with advanced age. However, as aging progresses, the prevalence of frailty and
sarcopenia increases, leading to a higher risk for falls, fractures, hospitalization, loss of life
quality and premature death [2–5]. Physical frailty is a multifactorial medical syndrome
characterized by “diminished strength, endurance, and reduced physiologic function that
increases an individual’s vulnerability for developing dependency and/or death” [6,7].

For the diagnosis of frailty, there is no universal gold standard to date, with the
frailty phenotype by Fried et al. and the frailty index by Rockwood et al. being the most
commonly used methods [8,9]. The frailty phenotype described by Fried is based on cut-off
values for grip strength, walking speed, unintentional weight loss and low physical activity
as well as self-reported exhaustion [8]. The frailty index by Rockwood is calculated in
relation to a person’s accumulative health deficits [9]. Novel approaches of calculating a
person’s frailty index focus on biomarkers and biomarker patterns. A biomarker-based
frailty index including inflammatory, hematological, immunological, senescence, genetic
and epigenetic markers was suitable for predicting mortality when compared to isolated
biomarkers [10]. Additional biomarkers representing muscle protein turnover, oxidative
stress or dietary habits might be of complementary use in frailty diagnoses [11]. In this
regard, frail patients were characterized by pro-inflammatory and muscle catabolic patterns
by using biomarkers for inflammation and muscle protein turnover as well as dietary
nutrients [12]. However, further studies validating such biomarker patterns in large-scale
populations are still needed.

The FRAILOMIC Initiative aims to identify and to validate predictive biomarkers that
turn frailty into disability [13]. In the first phase of the project, diagnostic biomarkers for
predicting the risk of frailty were identified, but they should subsequently be confirmed
in independent cohorts within the second project phase. The study cohort of the first
FRAILOMIC phase included participants from four European study centers in France,
Spain and Italy [13]. Carotenoids, a group of fat-soluble phytochemicals mainly found in
green, red, orange and yellow fruits and vegetables were thereby identified as potential
markers for frailty in the first phase [14,15]. Frail participants had significantly lower
plasma concentrations of carotenoids such as lutein + zeaxanthin, α-carotene, β-carotene,
lycopene and β-cryptoxanthin as well as higher levels of oxidative stress than their robust
counterparts [14]. No significant association between plasma levels of α-tocopherol and
retinol with frailty status was observed [14]. Therefore, in this study, we aimed to con-
firm the results from the first project phase in four European cohorts independent from
the first phase. We further investigated the associations of dietary blood biomarker pat-
terns, representative of high and low intakes of fruits and vegetables, with the prevalence
of frailty.

2. Materials and Methods

Participants in this study included men and women aged 65+ years from four Euro-
pean cohorts that were part of the FRAILOMIC Initiative. The Toledo Study of Healthy
Aging (TSHA), the Study on Nutrition and Cardiovascular Risk in Spain (ENRICA),
the SardiNIA project and the study on the prevalence of overweight and obese non-
institutionalized Spanish elders (EXERNET). Ethical approval was obtained from respective
institutional ethics committees for each individual cohort.

TSHA: The Toledo Study for Healthy Aging was a population-based study conducted
in 2488 individuals aged 65 years and older aiming to assess the prevalence of frailty
syndrome in the older adult population of Spain [16]. The study included institutionalized
and community-dwelling persons from rural and urban settings around Toledo, Spain.
Participants’ data were collected from 2006 to 2009 and included information on social
support, activities of daily living, comorbidity, physical activity, quality of life, depressive
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symptoms and cognitive function. Of the 2488 enrolled participants, 1751 underwent
physical examination and provided a fasting blood sample (70.4%).

ENRICA: This was a cross-sectional survey of 11,991 individuals, representative of
the non-institutionalized population aged 18 years and older, who were recruited from
June 2008 to October 2010 [17]. The study aimed to assess the frequency and distribution of
the main components of the natural history of cardiovascular disease in Spain, including
food consumption and other behavioral risk factors as well as biological risk factors, early
damage of target organs and diagnosed morbidity. Of the 12,880 individuals selected for
physical examination and blood sampling (12-h fasting), 11,191 completed both (86.9%), of
which 2439 participants were aged ≥65 years. A subgroup of 498 of those individuals were
included in our study.

EXERNET: The cohort was evaluated within the framework of the elderly EXERNET
multi-center study performed on a representative sample of non-institutionalized Spanish
seniors aged 65–92 years. The EXERNET study is an ongoing study aiming to provide an up-
date on the prevalence of overweight and obese elders as well as fitness in a representative
sample of the non-institutionalized Spanish elderly population. Participants were enrolled
in six different locations across Spain (Aragón, Castilla La Mancha, Castilla León, Madrid,
Extremadura and Canarias). A total of 3136 subjects underwent physical examination
for assessment of anthropometric characteristics, physical activity and fitness and general
health data by using validated methods (overall participation rate, 87.1%) [18,19]. Baseline
data were collected between June 2008 and November 2009. A subgroup of 431 participants
with fasting blood samples from the 2017 data collection wave were included in our study.

SardiNIA: The SardiNIA cohort consisted of 6148 individuals aged 14–102 years from a
cluster of four towns in the Lanusei Valley in the Ogliastra region of the Sardinian province
of Nuoro [20]. The study population corresponded to approximately 62% of the population
eligible for recruitment in the area. Recruitment of the study population was conducted
in 2001. Fasting blood samples of a subgroup of 500 individuals aged ≥65 years were
included in our study. All participants signed informed consent to the study protocols
approved by the Sardinian Regional Ethics Committee (protocol no. 2171/CE).

2.1. Frailty Classification and Multimorbidity

Participants were characterized as robust, pre-frail or frail using the criteria developed
by Fried et al. [8]. These include weakness, slow walking speed, low energy expenditure,
shrinking and self-reported exhaustion. Participants lacking any of these criteria were
classified as robust, participants showing 1–2 criteria were considered pre-frail and those
with ≥ 3 criteria were diagnosed as frail. Criteria used for the diagnosis of frailty are listed
in detail in Appendix A Table A1. Multimorbidity was defined as the presence of at least
two of the following self-reported morbidities: hypertension, diabetes, angina pectoris,
stroke, myocardial infarction, cardiac failure and cancer.

2.2. Biomarker Analysis

25-Hydroxyvitamin D3 (25-OH-D3): Serum or plasma concentrations of 25-OH-
D3 were measured via LC-MS/MS following solid-phase extraction. A detailed description
of the method was published previously [21]. All 25-OH-D3 measurements were performed
in serum except for the ENRICA cohort, in which only plasma was available.

Carotenoids, retinol and tocopherols: The carotenoids lutein + zeaxanthin, β-crypto-
xanthin, lycopene and α-, β-carotene, as well as the vitamins α-, γ-tocopherol and retinol,
were simultaneously analyzed in plasma by using high-performance liquid chromatog-
raphy (HPLC) with UV and fluorescence detection, as previously described [22]. In brief,
plasma (40 µL) was extracted with ethanol/n–butanol (1:1, 200 µL) containing β-apo-
carotenal-methyloxime as an internal standard. After centrifugation (21,000× g, 15 min at
4 ◦C), 20 µL of the clear supernatant was analyzed with a Shimadzu Prominence HPLC
(LC-20A, Shimadzu, Duisburg, Germany) with chromatographic conditions, as previously
described in detail [22].
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3-Nitrotyrosine: Protein-bound 3-nitrotyrosine in plasma was measured by using a
non-commercial in-house ELISA method, as previously described [23].

2.3. Statistical Analysis

The participants’ characteristics (Table 1) are described using means and SD for con-
tinuous variables (age, body mass index (BMI)) and frequencies (% (n)) for categorical vari-
ables (sex, smoking status and multimorbidity). To achieve normal distribution, biomarker
concentrations needed to be logarithmically transformed. Differences in characteristics
and biomarker concentrations between frailty groups were analyzed by using one-way
ANOVA (continuous variables) or Pearson’s chi-squared test (distributions). Adjustments
of biomarkers’ concentrations for covariates were performed using univariate general linear
models (GLM) with frailty status as a fixed factor, with age, sex, body mass index (BMI),
multimorbidity and smoking status as covariates and with cohort and season of sampling
as random factors (Table 2). Supplemental Figure S1 lists which data needed to be excluded
due to missing covariates in the dependency of the statistical analysis performed. Principal
component analysis (PCA) based on dietary biomarkers including carotenoids, tocopherols
and retinol was conducted to derive biomarker patterns (principal components, PC). The
biomarker 25-OH-D3 was not included in the PCA, as there were no intercorrelations
between 25-OH-D3 and other biomarkers; this was also due to the small contribution of
dietary intake on 25-OH-D3 status. PC were considered for further analyses if they if
they possessed an eigenvalue ≥ 1 and explained at least 10% of overall variance (Table 3).
Individual factor scores for each PC were calculated and compared between frailty groups
by using one-way ANOVA). Finally, multinomial logistic regression analysis was used to
investigate cross-sectional associations between biomarker patterns and frailty status. For
this purpose, quartiles were formed from the individual factors’ scores of the principal
components. The lowest quartile (Q1) was used as the reference category. Adjusted odds
ratios (OR) were calculated by adjusting for sociodemographic covariates (age and sex)
and health-related covariates (BMI, smoking status, multimorbidity and season of blood
collection) as well as for cohort. All statistical analyses were carried out using SPSS software
(SPSS Inc., Chicago, IL, USA; Version 25.0.0.2).

Table 1. Participant characteristics.

Total Robust Pre-Frail Frail p-Value

N (%) 1348 642 (47.6) 507 (37.6) 199 (14.8) -
Females, % (n) 62.0 (852) 55.8 (358) 65.9 (334) 71.4 (142) <0.001

Age, years 75.64 ± 5.95 73.65 ± 5.01 a 76.24 ± 5.73 b 80.55 ± 6.13 c <0.001
BMI, kg/m2 28.82 ± 4.61 28.21 ± 4.23 a 29.28 ± 4.55 b 29.55 ± 5.59 b <0.001

Current smoker, % (n) 7.0 (93) 8.9 (56) 5.4 (27) 5.0 (10) 0.039
Multimorbidity, % (n) 21.1 (275) 17.2 (107) 21.6 (106) 32.0 (62) <0.001

Results reported as means ± standard deviation or % (n). Values sharing a common superscript letter are not
significantly different (difference between frailty groups found by using one-way ANOVA). Differences between
distributions were assessed using Pearson’s χ2 test. BMI: body mass index

Table 2. Biomarker concentrations in dependency of frailty status.

Biomarker Total Robust Pre-Frail Frail p-Value

Total Carotenoids (µM) 2.24 (2.16–2.32) 2.58 (2.46–2.71) a 2.00 (1.88–2.21) b 1.91 (1.75–2.08) c <0.001
adjusted 2.57 (2.44–2.70) a 2.17 (2.04–2.30) b 1.96 (1.75–2.20) b <0.001
α-Carotene (µM) 0.09 (0.09–0.10) 0.10 (0.10–0.11) a 0.09 (0.08–0.09) b 0.09 (0.07–0.09) b 0.001
adjusted 0.10 (0.09–0.11) 0.09 (0.08–0.10) 0.09 (0.08–0.10) 0.042
β-Carotene (µM) 0.29 (0.27–0.30) 0.33 (0.31–0.36) a 0.26 (0.24–0.28) b 0.23 (0.19–26) b <0.001
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Table 2. Cont.

Biomarker Total Robust Pre-Frail Frail p-Value

adjusted 0.32 (0.30–0.35) a 0.27 (0.25–0.29 b 0.24 (0.20–0.28) b 0.001
Lycopene (µM) 0.99 (0.94–1.05) 1.18 (1.10–1.27) a 0.82 (0.75–0.91) b 0.89 (0.78–1.00) b <0.001
adjusted 1.17 (1.08–1.25) a 0.99 (0.90–1.08) b 0.94 (0.79–1.11) a 0.006
Lutein + Zeaxanthin (µM) 0.22 (0.21–0.23) 0.24 (0.23–0.26) a 0.21 (0.20–0.22) b 0.18 (0.16–0.20) b <0.001
adjusted 0.24 (0.23–0.25) a 0.21 (0.20–0.23) a,b 0.18 (0.16–0.20) b <0.001
β-Cryptoxanthin (µM) 0.33 (0.32–0.35) 0.37 (0.35–0.40) a 0.33 (0.31–0.36) a 0.23 (0.20–0.27) b <0.001
adjusted 0.39 (0.36–0.42) a 0.30 (0.27–0.33) b 0.25 (0.21–0.30) b <0.001
Retinol (µM) 1.69 (1.65–1.73) 1.71 (1.66–1.77) 1.63 (1.57–1.69) 1.69 (1.65–1.73) 0.007
adjusted 1.75 (1.70–1.80) 1.73 (1.68–1.79) 1.66 (1.56–1.77) 0.407
α-Tocopherol (µM) 38.0 (37.3–38.7) 38.6 (37.7–39.6) a 36.15 (35.0–37.2) b 40.9 (39.4–42.5) a <0.001
adjusted 39.2 (38.4–40.0) 37.9 (37.1–38.8) 37.9 (36.2–39.6) 0.097
γ-Tocopherol (µM) 0.92 (0.89–0.95) 0.95 (0.91–1.00) a 0.84 (0.80–0.89) b 1.01 (0.95–1.08) a <0.001
adjusted 0.95 (0.91–0.99) 0.93 (0.88–0.97) 0.99 (0.90–1.09) 0.475
25-OH-D3 (nM) 54.0 (52.5–55.6) 57.7 (55.5–60.0) a 52.9 (50.5–55.4)b 45.9 (42.0–50.2) c <0.001
adjusted 55.0 (52.5–57.7) 51.8 (49.1–54.7) 49.8 (44.9–55.3) 0.125
3-Nitrotyrosine (pmol/mg) 3.62 (3.45–3.79) 3.49 (3.27–3.72) 3.59 (3.31–3.88) 4.19 (3.68–4.77) 0.008
adjusted 3.61 (3.37–3.86) 3.49 (3.22–3.78) 3.88 (3.33–4.52) 0.466

Results reported as geometric means (95% confidence interval; CI). Values sharing a common superscript letter
are not significantly different (differences between frailty groups by GLM). Unadjusted model (n = 1271); adjusted
model (n = 1271). Adjustments included season of blood sampling, sex, age, BMI, current smoking status,
multimorbidity and cohort.

Table 3. Factor loadings for principal components 1 and 2 (n= 1884).

PC1 Biomarkers PC1 Factor Loadings PC2 Biomarkers PC2 Factor Loadings

β-Carotene 0.732 Retinol 0.601
α-Tocopherol 0.693 γ-Tocopherol 0.572
α-Carotene 0.648 α-Tocopherol 0.506

Lutein + zeaxanthin 0.598 Lycopene 0.161
Lycopene 0.583 α-Carotene −0.473

β-Cryptoxanthin 0.523 β-Carotene −0.458
γ-Tocopherol 0.507 β-Cryptoxanthin −0.437

Retinol 0.500 Lutein + zeaxanthin −0.273

Variance explained [%] 36.4 Variance explained [%] 20.9

Factor loadings written in italics represent negative loadings.

3. Results

Table 1 displays the participants’ characteristics by frailty status. Complete data on frailty
status were available for 1348 participants. In total, 14.8% of the participants were frail and
37.6% were pre-frail; corresponding figures were 11.1% frail and 33.7% pre-frail for men,
and 17.0% frail and 40.0% pre-frail for women. Frail participants were significantly older
(80.6 ± 6.1 yrs.) than pre-frail (76.2 ± 5.7) and robust participants (73.7 ± 4.6), and they had a
higher average BMI than robust participants (29.6 ± 5.6 kg/m2 vs. 28.2 ± 4.2). Compared
to robust subjects (17.2%), pre-frail (21.6%) and frail (32.0%) subjects were more likely to be
multimorbid. The frail and pre-frail subjects’ percentages of active smokers were lower than
in robust participants. Detailed participant characteristics according to their cohorts, including
missing values for each variable, are displayed in Appendix A Table A2.

Table 2 shows concentrations of biomarkers according to prevalent frailty status. Ro-
bust participants had significantly higher plasma concentrations of α-carotene, β-carotene,
total carotenoids, lutein + zeaxanthin and β-cryptoxanthin when compared to frail partici-
pants (p < 0.001), even after adjustment for covariates. Non-adjusted lycopene, retinol, α-
and γ-tocopherol showed a U-shaped tendency, being higher in robust and frail participants
than in pre-frail subjects, whereas after adjustment, values decreased from robustness to
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frailty, except for γ-tocopherol. No associations between vitamin E isoforms, vitamin A,
vitamin D3 or oxidative stress and frailty status were found after adjusting for covariates.

The PCA revealed two dominant dietary biomarker patterns within the study popula-
tion (Table 3). The first one (PC1) explained 36.4% of total variance and was characterized
by high factor loadings for all carotenoids, tocopherols and retinol.

PC1 might be explained by a diet high in fruits and vegetables. The PC2 explained
20.9% of total variance and showed high positive factor loadings for tocopherols and retinol
as well as low positive factor loadings for lycopene while simultaneously showing negative
factor loadings for α-carotene, β-carotene, lutein + zeaxanthin and β-cryptoxanthin. Here,
positive factor loadings might mainly result from a high consumption of animal and tomato
products, whereas negative factor loadings possibly reflect a low consumption of fruits
and vegetables.

Robust participants had significantly higher positive factor scores for PC1 than pre-
frail and frail subjects (means: 0.22 ± 1.01 vs. −0.12 ± 1.11 and −0.11 ± 0.93, respectively;
both comparisons p < 0.001), whereas no difference between frail and pre-frail participants
was observed (Figure 1A). At the same time, frail participants showed significantly higher
factor scores for PC2 than pre-frail and robust subjects (0.56 ± 1.03 vs. 0.04 ± 0.99 and
0.06 ± 1.00, respectively; both comparisons p < 0.001) with no differences between robust
and pre-frail participants (Figure 1B).
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Figure 1. Factor scores of PC1 (A) and PC2 (B) by frailty status (n = 1348). Differences between frailty
groups were assessed using one-way ANOVA. *** significance level p < 0.001.

Participants in the highest PC1 quartile had significantly lower odds (OR 0.45, 95%
CI: 0.25–0.80, p-value 0.006) of being frail compared to the lowest quartile (Figure 2). For
PC2, participants in the highest quartile had significantly higher odds (OR 2.48, 95% CI:
1.28–4.80, p-value 0.007) of being frail than the lowest quartile. Interestingly, participants in
the second, third and fourth quartile of PC2 had higher odds for pre-frailty compared to
the lowest quartile, whereas no such associations between PC1 quartiles and pre-frailty
participants were observed.
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Figure 2. Cross-sectional associations between patterns of fat-soluble biomarkers (considered as
quartiles) and frailty status in older adults (n =1271). Results are displayed as odds ratios (OR with
95% CI). ORs were determined via multinomial regression analysis adjusted for season of blood
sampling, sex, age, BMI, current smoking status, multimorbidity and cohort; the vertical line at
OR = 1 represents the reference odds ratio to be considered robust; * p < 0.05. Q1 = reference quartile.
(A): Odds ratios for pre-frailty by PC1 quartile. (B): Odds ratios for frailty by PC1 quartile. (C): Odds
ratios for pre-frailty by PC2 quartile. (D): Odds ratios for frailty by PC2 quartile.

4. Discussion

In our study, we aimed to confirm cross-sectional associations between fat-soluble
micronutrients and frailty statuses previously found in four independent European cohorts
of people aged 65+ years [14]. Compared to the cohorts of the first phase of the FRAILOMIC
project, the prevalence of pre-frailty (37.6% vs. 41.7%) was similar, whereas the prevalence
of frailty (14.8% vs. 22.1%) was lower in the current study [14]. This can be explained
by the low prevalence of frailty in the EXERNET (4.9%) cohort. The prevalence of frailty
and pre-frailty in the current study are consistent with those reported in previous studies,
ranging from 34.0% to 52.8% for pre-frailty and from 3.0% to 15.6% for frailty among
60,816 individuals aged ≥50 years from 18 European countries [24]. Likewise, as reported
in the first phase of FRAILOMIC and in other studies, frailty was associated with age, female
sex, BMI and multimorbidity [14,24–26]. Age, sex, BMI, multimorbidity and smoking status
were therefore considered as frailty-associated covariates and were adjusted for in our
statistical analyses.

We observed inverse associations of plasma levels of the carotenoids β-carotene, β-
cryptoxanthin and lutein + zeaxanthin with frailty status as also found in the first project
phase [14]. Although frail subjects from the first phase had significantly lower γ-tocopherol
levels, no associations occurred between vitamin E isoforms and frailty status in the present
study. Using a machine learning approach with data from the first FRAILOMIC phase,
lutein + zeaxanthin, vitamin D3 and troponin T were identified as potential biomarkers
for frailty, whereas no association between retinol and frailty was found [15]. We revealed
that a biomarker pattern characterized by high levels of carotenoids and tocopherols (PC1)
was associated with a lower frequency of prevalent frailty. The reason for this might be
due to the antioxidant and anti-inflammatory properties of carotenoids [27]. Carotenoids
are known to be effective scavengers of reactive oxygen species, being one of the main
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causes for oxidative stress. Increased oxidative stress in combination with subsequent
inflammation have repeatedly been associated with frailty status [28–30]. A higher dietary
intake of antioxidative phytochemicals, such as carotenoids, might counteract the oxidative
imbalance in muscle tissues that occurs after exercise [31]. Thus, higher dietary intake
and plasma levels of carotenoids are associated with improved grip strength and walking
speed [32,33]. A pro-inflammatory diet, as assessed with the Dietary Inflammatory Index
DII, was associated with higher systemic inflammation and slower gait speed as well as
lower muscle mass in old adults [34]. A dietary biomarker pattern composed of low levels
of carotenoids and high levels of vitamin E, A and lycopene (PC2) was positively associated
with frailty status in the current study. This biomarker pattern can be mainly explained by
a diet rich in animal-based foods, those being the main source for vitamin A and E, whereas
the high plasma lycopene levels with low overall carotenoid status can be explained by high
consumption of processed and unprocessed tomatoes, which are products that are good
sources of lycopene but are low in other carotenoids. Adherence to a Westernized diet rich
in processed meats, saturated fats, refined grains, sugar, alcohol and salt and low in fruits
and vegetable intake was associated with increased frailty risk, whereas a Mediterranean-
style diet has been repeatedly associated with a reduced risk of frailty [35–37]. A high
consumption level of red meat, especially processed, was associated with a higher risk of
frailty in older women in the Nurses’ Health Study [38]. Additionally, the risk for frailty
was reduced when one serving/day of unprocessed or processed red meat was replaced
with alternative protein sources such as nuts, fish or legumes [38]. Furthermore, higher
intakes of plant protein, but not animal protein or diary protein, was associated with lower
risk of frailty in the Nurses’ Health Study [39]. However, the positive associations of fruit
and vegetable consumption with frailty could be attributed to other components found in
those foods such as fiber and potassium. Whereas a diet rich in fiber is linked to a lower
risk of cardiovascular diseases and obesity, both being risk factors for frailty, a diet high in
potassium contributes to the maintenance of normal muscle function [40,41]. In addition to
possible dietary factors, low levels of fat-soluble micronutrients can also be a consequence
of acute or chronic inflammation. Thus, Kochlik et al. recently showed that frail patients
could be characterized by a blood pattern that simultaneously shows low concentrations of
fat-soluble micronutrients and elevated concentrations of pro-inflammatory cytokines [12].

Interestingly, Pilleron et al. observed contrary results to those in the first phase of the
FRAILOMIC initiative, reporting that lower levels of vitamin E and A and high levels of
carotenoids increased odds for frailty [42]. However, the PCA conducted by Pilleron et al.,
in addition to carotenoids and tocopherols, also included 25-OH-D3 [42], which was not
regarded as a dietary biomarker in the current analysis, as only about 10% of vitamin
D3 is derived from dietary intake [43]. Furthermore, our PCA revealed no intercorrelations
between 25-OH-D3 and other measured fat soluble-micronutrients. Thus, PCAs are not
comparable between these two studies because they were based on different biomarkers.

In our study, no association between 25-OH-D3 and frailty was shown (p = 0.125) other
than as described in the first FRAILOMIC phase and in other studies [14,44]. This is likely
due to a proportionally higher number of supplement users in the frail group compared to the
robust group. Thus, the relative number of individuals with vitamin D3 levels > 150 nM was
higher in the frail and pre-frail groups than in the robust group, even when blood sampling
was performed in the winter months (December to March).

Associations between dietary biomarker patterns and pre-frailty showed varying
results. Whereas no association between PC1 quartiles and pre-frailty was observed,
participants in the highest three quartiles of PC2 had significantly increased frequencies of
pre-frailty (Figure 2). Therefore, no significant differences in frailty between the highest
three quartiles were shown. This might be due to a more heterogenic nature of the pre-
frailty group. As only one frailty criterion is sufficient to be characterized as pre-frail, the
probability of false positive diagnoses in this group is increased. As frailty classification
using the frailty phenotype is mostly based on self-reported criteria, a biomarker-based
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frailty diagnosis might thereby be a more helpful tool for an objective diagnosis of frailty
despite its higher cost.

The present study has several limitations. Five-year follow-up data on frailty status
were lacking among most cohorts, which did not allow assessment of the role of dietary
biomarker patterns on incident frailty. Additional covariates such as medication intake
were only available in the TSHA and ENRICA studies’ data and were therefore not included
in the cross-sectional analysis. A higher medication intake was shown to be negatively
associated with plasma carotenoids and positively with vitamin E and A [45]. Information
on frailty status for the SardiNIA cohort could not be used, as frailty status was assessed
differently than in the other cohorts. Unfortunately, data on supplement use were not
available for each cohort, and therefore, analyses could not be adjusted for supplement
intake. In addition, dietary intake was not available except in the ENRICA study; thus, the
calculated biomarker patterns could not be statically adjusted for diet-related factors (e.g.,
energy intake). The validation of the phase 1 research results in four independent cohorts
is the strength of our study, resulting in consistent findings based on data from a total of
eight studies from three European countries with over 2700 participants aged 65+ years. As
our study subjects originated from different European countries, our results cover a wide
range of dietary and lifestyle habits. Biomarker analyses were furthermore performed in
one laboratory in a blinded fashion, limiting variability related to operators, methods and
instruments.

5. Conclusions

In this validation study, we confirmed previously found inverse associations between
carotenoids, especially β-carotene, lutein + zeaxanthin and β-cryptoxanthin, and frailty
status in four independent European cohorts. In contrast, biomarker patterns higher in
vitamin E, A and lycopene and lower in carotenoids were positively associated with frailty.
We conclude that an adequate consumption of carotenoid-rich diets might diminish frailty
risk, whereas diets low in α-carotene, β-carotene, lutein + zeaxanthin, and β-cryptoxanthin
might promote frailty risk. Considering dietary markers (e.g., fruit and vegetable consump-
tion) in novel frailty indexes might be of future interest for a comprehensive diagnosis of
physical frailty.
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Appendix A

Table A1. Harmonized frailty assessment used in the FRAILOMIC Initiative.

Criteria Characteristic

Slowness Defined as the worst quintile in the three-meter walking speed
test, adjusted for sex and height

Inactivity Defined as the worst quintile in the PASE score
Shrinking, weight loss Unintentional weight loss of ≥4.5 kg within a year

Weakness Defined as the worst quintile of maximum grip strength on the
dominant hand, adjusted for sex and body mass index

Exhaustion Self-reported exhaustion (CES-D depression scale)
CES-D: Center for Epidemiologic Studies Depression Scale; PASE: Physical Activity Scale for the Elderly.

Table A2. Detailed participants’ characteristics by cohort.

Total ENRICA TSHA EXERNET SardiNIA p-Value

Country Spain Spain Spain Italy
N (%) 1927 498 (30.5) 498 (30.5) 431 (26.4) 500 (12.6)

Age (years) 75.32 ± 5.57 74.66 ± 6.08 75.86 ± 6.64 76.86 ± 4.54 74.29 ± 4.01 <0.001
Missing, n 52 1 0 51 0

Sex, n (%) <0.001
Female 1124 (59.9) 285 (57.3) 281 (56.4) 286 (75.3) 272 (54.4)
Male 751 (40.1) 212 (42.7) 217 (43.6) 94 (24.7) 228 (45.6)
Missing, n 52 1 0 51 0

BMI, kg/m2 28.60 ± 4.51 28.23 ± 4.56 29.35 ± 4.98 28.86 ± 3.86 28.04 ± 4.20 <0.001
<25 kg/m2, n (%) 369 (19.1) 119 (24.0) 88 (17.7) 57 (15.4) 105 (21.4)
25–29.9 kg/m2, n (%) 861 (46.5) 221 (44.6) 210 (42.3) 183 (49.6) 247 (50.3)
≥30 kg/m2, n (%) 622 (33.6) 155 (31.3) 199 (40.0) 129 (35.0) 139 (28.3)
Missing, n 75 3 1 62 9

Frailty status, n (%) <0.001
Robust 642 (47.6) 203 (41.8) 270 (54.3) 169 (46.3) -
Pre-frail 507 (37.6) 195 (40.1) 134 (27.0) 178 (48.8) -
Frail 199 (14.8) 88 (18.1) 93 (18.7) 18 (4.9) -
Missing, n 579 12 1 66 500
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Table A2. Cont.

Total ENRICA TSHA EXERNET SardiNIA p-Value

Smoking status, n (%) <0.001
Current 115 (6.2) 44 (8.8) 40 (8.0) 10 (2.8) 21 (4.3)
Past 521 (28.2) 186 (37.5) 133 (26.7) 60 (16.8) 142 (28.7)
Never 1210 (65.5) 266 (53.6) 325 (65.3) 288 (80.4) 331 (67.0)
Missing, n 81 2 0 73 6

Health status, n (%)
Multimorbidity 396 (21.9) 99 (20.2) 126 (25.7) 58 (16.3) 113 (23.5) <0.001
Missing, n 115 8 8 80 19

Biomarkers
25-OH-D3 (nM) 56.51 ± 33.74 58.36 ± 32.16 62.97 ± 34.75 64.85 ± 37.00 41.23 ± 25.50 <0.001
25-OH-D3: <25 nM, n (%) 142 (8.8) 40 (8.0) 42 (8.5) 36 (8.5) 24 (11.9)
25-OH-D3: 25–49.9 nM, n (%) 535 (33.1) 188 (37.8) 149 (30.1) 128 (30.3) 70 (34.7)
25-OH-D3: ≥50 nM, n (%) 939 (57.5) 269 (54.1) 304 (61.4) 258 (61.1) 108 (53.5)
Total Carotenoids (µM) 2.96 ± 1.70 3.09 ± 1.63 3.09 ± 1.70 1.70 ± 0.93 3.77 ± 1.67 <0.001
α-Carotene (µM) 0.12 ± 0.13 0.17 ± 0.14 0.12 ± 0.13 0.12 ± 0.12 0.09 ± 0.09 <0.001
β-Carotene (µM) 0.41 ± 0.36 0.45 ± 0.37 0.43 ± 0.36 0.31 ± 0.28 0.45 ± 0.40 < 0.001
Lycopene (µM) 1.64 ± 1.23 1.56 ± 1.09 1.91 ± 1.23 0.57 ± 0.41 2.39 ± 1.18 < 0.001
Lutein + Zeaxanthin (µM) 0.29 ± 0.19 0.32 ± 0.22 0.24 ± 0.13 0.24 ± 0.17 0.35 ± 0.19 < 0.001
β-Cryptoxanthin (µM) 0.49 ± 0.47 0.59 ± 0.54 0.40 ± 0.37 0.46 ± 0.36 0.50 ± 0.55 < 0.001
Retinol (µM) 1.78 ± 0.65 2.04 ± 0.57 2.10 ± 0.67 1.17 ± 0.38 1.71 ± 0.48 < 0.001
α-Tocopherol (µM) 36.81 ± 12.02 46.27 ± 9.72 43.61 ± 10.08 27.01 ± 6.42 28.97 ± 6.88 < 0.001
γ-Tocopherol (µM) 1.00 ± 0.63 1.22 ± 0.64 1.24 ± 0.68 0.66 ± 0.37 0.81 ± 0.53 < 0.001
3-Nitrotyrosine (pmol/mg) 4.76 ± 3.67 7.01 ± 4.00 3.54 ± 2.49 3.67 ± 3.24 - < 0.001

Values are displayed as means ± SD unless otherwise stated. Differences between frailty groups were assessed
using one-way ANOVA for continuous variables and using Pearson’s χ2 test for distributions. p < 0.05. Multimor-
bidity: see Section 2.1. for definition.
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