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Abstract

Skin autofluorescence (SAF), reflecting advanced glycation endproducts’ accumulation in tissue, has been proposed as a noninvasive aging bio-
marker. Yet, SAF has not been compared with well-established blood-based aging biomarkers such as MetaboHealth in association with frailty.
Furthermore, no previous study determined the longitudinal association of SAF with frailty.

We used 2 382 Doetinchem Cohort Study participants’ (aged 46.0-85.4) cross-sectional data, of whom 1 654 had longitudinal SAF measure-
ments. SAF was measured using the AGE Reader. MetaboHealth was calculated on "H-NMR-metabolomics. Linear regressions were used for
the associations of SAF and MetaboHealth on the 36-deficit frailty index and logistic regressions for being pre-frail or frail as determined by the
frailty phenotype. Longitudinal associations were determined by an interaction term between age and SAF in a linear mixed model.

SAF and MetaboHealth were associated with higher odds of pre-frailty (odd ratios per standard deviation SAF: 1.21 [1.10-1.32], MetaboHealth:
1.35 [1.24-1.49]) and frailty (SAF: 1.70 [1.41-2.06], MetaboHealth: 1.90 [1.57-2.32]). When mutually adjusted, both aging biomarkers remained
associated with pre-frailty (SAF: 1.16 [1.05-1.27], MetaboHealth 1.33 [1.21-1.46]) and frailty (SAF: 1.562 [1.25-1.85], MetaboHealth: 1.75 [1.43-
2.14]). Additionally, SAF and MetaboHealth were associated with higher frailty index scores (percentage increase per standard deviation SAF:
1.35 [1.00-1.70], MetaboHealth: 1.87 [1.54-2.20]), also after mutual adjustment (SAF: 1.02 [0.68-1.37], MetaboHealth: 1.69 [1.35-2.02]). SAF was
also longitudinally associated with the frailty index (percentage per unit/year increase: 0.12 [0.07-0.16]).

The mutual independence of SAF and MetaboHealth implies they capture distinct aspects of the aging process. Altogether, these findings
emphasize SAF's clinical potential as an age-related decline biomarker, which could be further enhanced when combined with MetaboHealth.
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Background can be assessed noninvasively by placing the forearm on the
AGE Reader device, reflecting the long-term accumulation of
advanced glycation end products (AGEs) in tissue (12,13).
AGEs are compounds formed through nonenzymatic conden-
sation between the carbonyl groups of reducing sugars and
the free amino groups in proteins, lipids, or nucleic acids, fol-
lowed by subsequent rearrangements into stable, irreversible
end-products (14,15). Glycation has effects through three
main pathways: (i) AGE tissue accumulation, (ii) in situ glyca-
tion, which leads to tissue structure damage, and (iii) receptor
(RAGE) activation, which activates pro-inflammatory and
pro-oxidative signaling pathways (15-17). Together, they lead
to chronic inflammation/oxidative stress, fibrosis, and tissue
stiffness (15-17).

Previous studies have demonstrated cross-sectional associ-
ations between SAF and MetaboHealth with both the frailty
phenotype and frailty index and their components (8,10,18,19).
However, the association of SAF with the frailty index and

Frailty, a hallmark of aging, is characterized by age-associated
declined physiological functioning and increased vulnerabil-
ity to age-related diseases (1). However, the onset and level of
frailty vary between individuals and cannot be explained by
chronological age alone (2). Frailty is associated with higher
risks of mortality, hospitalization, falls, and long-term care
admissions, thereby affecting the quality of life (1,3,4). The
predominantly used frailty definitions are the frailty pheno-
type (5), a measure of merely physical frailty, and the frailty
index (6), a measure of accumulated age-related deficits.
Several invasive blood-based molecular biomarkers of
biological age, such as MetaboHealth (7)—a metabolomics-
based aging biomarker—have been proposed to quantify and
predict an individual’s age-related decline (8,9). In recent
studies, skin autofluorescence (SAF) has emerged as a prom-
ising biomarker for assessing biological age (10,11). SAF
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frailty phenotype has not been validated in another cohort,
nor have any longitudinal studies examined the relationship
between SAF and frailty. Moreover, the associations of SAF and
MetaboHealth with frailty have not been compared, while for
the use of biomarkers in public health or clinical practice, a non-
invasive marker would be preferred over an invasive marker if it
conveyed the same information as the invasive marker.
Therefore, in the current study, we determine, cross-
sectionally and longitudinally, the associations of SAF with the
frailty phenotype and the frailty index and compare the strength
of the cross-sectional association with that of MetaboHealth.

Method

Study Population

The study population consisted of participants from the Doet-
inchem Cohort Study (DCS) (20), a study of adult residents of
Doetinchem, the Netherlands. The study is ongoing and now
includes seven examinations spaced at 5-year intervals.

In the current study, we included 2 382 participants who
participated in the sixth examination (2013-2017) and had
available information on SAF, MetaboHealth, the frailty
index, and the frailty phenotype. Among these participants,
1325 also participated in the seventh examination (2018-
2022) and had available information on SAF, the frailty
index, and the frailty phenotype. The external Medical Ethics
Committees of the Netherlands Organization for Applied
Scientific Research and of the University of Utrecht approved
the study (NL19158.041.07 and NL63779.041.17), and all
participants provided informed consent.

Frailty Phenotype

Following Fried’s criteria (5), participants were considered
pre-frail if they exhibited 1 or 2 of the frailty phenotype com-
ponents and frail when >3 components were present. The
components included weakness, slowness, low physical activ-
ity, exhaustion, and unintentional weight loss.

[1] Weakness was defined as being in the lowest quintile
of handgrip strength stratified by sex and body mass
index (BMI).

[2] Slowness was in the original frailty phenotype mea-
sured by gait speed, which was unavailable in the
sixth  Doetinchem Cohort Study examination round.
Therefore, we defined slowness as the inability to
stand up from a chair without using one’s arms or tak-
ing >14.15 seconds for women and >14.67 for men
to perform the Five Times Sit to Stand Test (FTSTST),
following previously established cutoffs (21). We chose
the FTSTST based on prior research indicating a strong
correlation between low gait speed and a high FTSTST
score (21-24). The FTSTST was exclusively conducted in
participants aged >60, given the a priori expectation that
issues on this test don’t typically arise before this age,
implying that those under 60 were considered not slow.

[3] Low physical activity was determined based on the
Dutch version of the validated European Prospective
Investigation into Cancer and Nutrition physical activ-
ity questionnaire (25). When participants were in the
lowest sex-stratified quintile, we defined them as low
physically active.

[4] Exhaustion was identified through two statements in
the Center for Epidemiological Studies Depression

(CES-D) scale (26): (a) “I felt that everything I did was
an effort”; (b) “I could not get going.” Individuals were
categorized as exhausted if they answered frequently
or mostly on 21 of these statements.

[5] Unintentional weight loss was defined as losing >5% of
body weight compared with the previous visit.

Frailty Index

The frailty index (6), previously used in DCS (27), is com-
posed of 36 age-associated deficits incorporating information
on chronic conditions (7 =22) and cognitive (1 = 3), physi-
cal (n=7), and psychological (7 = 3) functioning. For a full
description of all deficits, see Supplementary Table 1. Health
deficits were categorized into binary or ternary states: O repre-
senting complete absence, 0.5 indicating partial presence, and
1 denoting full presence of the deficit. Based on prior research
(28), we only included participants with available informa-
tion on >30 deficits. Next, the frailty index was calculated
by dividing the total sum of deficits by the number of deficits
considered. As diabetes, BMI, and renal functioning were part
of the frailty index and were included in the statistical models,
we also calculated the frailty index without these deficits for
the purpose of sensitivity analyses. Furthermore, we also cal-
culated domain-specific scores, all using the same procedure
as the frailty indices. These indices, excluding specified defi-
cits, were only calculated when the same ratio of non-missing
deficits as in the full frailty index, that is, >5/6, were available.

Skin Autofluorescence

The AGE Reader SU (DiagnOptics Technologies B.V., Gron-
ingen, The Netherlands) was initially used in the DCS start-
ing May 2013 to measure SAF. A second AGE Reader SU
was introduced in June 2016. In May 2021, these devices
were replaced by two AGE Readers MU (DiagnOptics Tech-
nologies B.V.). Measurements on all devices followed simi-
lar procedures: forearm skin was cleaned with alcohol to
remove lotions, and approximately 4 cm? of forearm skin
was exposed to an excitation light with a peak wavelength of
~378 nm. The AGE Reader utilizes the fluorescence properties
of AGEs, analyzing emission and reflection spectra to estimate
skin AGEs and generating numerical values in arbitrary units
(AU), where higher scores indicate higher tissue AGEs levels.
The automated software of the AGE Reader integrates skin
reflectance values falling within the 6%-10% range (Fitz-
patrick type V skin color) into SAF values, excluding partic-
ipants with skin reflections below 6% (Fitzpatrick type VI)
(29). None of our participants had skin reflections below this
threshold. We Z-scaled SAF values per examination, consid-
ering measurements >3 standard deviations from the mean as
outliers. This led to the exclusion of 28 measurements from
the sixth and 18 measurements from the seventh examination.

MetaboHealth

MetaboHealth is a score based on 14 metabolites measured
in ethylenediaminetetraacetic acid plasma via high-through-
put nuclear magnetic resonance using the Nightingale plat-
form 2020 assay. This score is based on a previous study in
44 168 European participants from 12 European cohorts and
includes metabolite measures of lipid metabolism, fatty acid
metabolism, glycolysis, fluid balance, and inflammation (7).
We calculated MetaboHealth using the MiMIR R-package
(30). A higher score represents a higher metabolomics-based
biological age.
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Selection and Assessment of Covariates

We selected covariates when previous research indicated
they were associated with SAF, or MetaboHealth, and frailty
(7,31-36). Age was determined as the chronological age at
SAF measurement. Sex was based on self-reported sex. Socio-
economic status was based on the highest attained education
following UNESCO classification (37). Smoking status was
assessed through questionnaires and, in our analyses, cate-
gorized into never, former, and current smokers, with never
smokers as the reference category. Weight and height were
measured at the research center, from which BMI was calcu-
lated. Diabetes status was determined based on self-report or
random glucose measurement >=11.1 mmol/l. Renal function
was estimated from plasma creatinine using the 2021 CKD-
EPI formula (38). Considering the documented seasonal
effects of SAF (11) and metabolomics (39) measurements, we
determined the season of measurement using meteorological
seasons. The device used was included in the longitudinal
analyses as a categorical variable, with the first AGE-reader
SU as the reference category, as we observed a confounding
effect of the used device on our association.

Statistical Analysis

We determined differences in baseline characteristics
between the participants with and without information on
SAF and frailty during the seventh examination. For this,
we used a Student’s #-test for normally distributed contin-
uous variables, a Mann—-Whitney test for non-normal dis-
tributed continuous variables, and y? test for binary and
categorical variables.

The Mann—-Whitney tests were used to determine whether
there were differences in SAF and MetaboHealth values
between participants for each component of the frailty phe-
notype separately. Logistic regression analyses were used
to determine the cross-sectional associations between raw
and Z-score normalized SAF and MetaboHealth with the
frailty phenotype and its components. Linear regression
analyses were used to determine the cross-sectional asso-
ciations between raw and Z-score normalized aging bio-
markers with the frailty index and its domains. We include
the raw analyses for future meta-analyses but chose to scale
the aging biomarkers to be able to compare their results.
In the first model, we adjusted analyses for age, sex, socio-
economic status, and season of measurement (11,39). In the
second model, we included the other aging biomarker to
determine whether the effects of SAF and MetaboHealth
on frailty were independent of each other. Next, we per-
formed sensitivity analyses on both models, adjusting for
diabetes status, BMI, renal function, and smoking status,
given the established influence of these factors on SAF and
MetaboHealth (7,31-34). We determined the interaction
terms between SAF and MetaboHealth with sex to deter-
mine whether sex was an effect modifier in the associations
of these aging biomarkers and frailty.

Next, we examined the associations of SAF with changes in
frailty with aging. To assess the dynamics of SAF over time,
we determined the Spearman’s correlation coefficient between
SAF measures from the two visits. We determined the longi-
tudinal association of SAF and changes in the frailty pheno-
type and its components using logistic mixed model analyses
with the Nelder-Mead optimizer. Additionally, linear mixed
model analyses were used for the longitudinal associations of
SAF with the frailty index and its domains. In all analyses, we

included an interaction term between chronological age and
SAF to determine the change in frailty with aging as measured
by SAF. Furthermore, we added the device as a covariate to
adjust for differences that could be attributed to different
devices used between examinations. Additionally, we per-
formed a sensitivity analysis including only participants with
measurements on the first AGE Reader SU.

Allanalyses were performed in R 4.3.2. Language refinement
was done using ChatGPT and Grammarly. Subsequentially,
the authors reviewed and edited the text as needed and take
full responsibility for the content of the publication.

Results

Participants Characteristics

We included 2 382 DCS participants with cross-sectional
information on SAF, MetaboHealth, frailty phenotype, and
frailty index from the sixth examination. Of them, for 1 654
participants, also information was available on SAF and both
frailty measures in the seventh examination. MetaboHealth
was not available for the seventh examination. Participants
who attended both examinations were, on average, younger,
with lower BMI, MetaboHealth, SAF, and frailty index scores
and higher renal function during the sixth examination.
Additionally, participants with longitudinal SAF information
available were also more likely to be highly educated and
less likely to have a diabetes diagnosis or be frail at the sixth
examination (Table 1).

Cross-Sectional Analyses: Frailty Phenotype

As illustrated in Figure 1, higher median SAF values and
MetaboHealth scores were observed in individuals with unin-
tended weight loss, exhaustion, slowness, and low physical
activity compared with those without unintended weight loss,
no exhaustion, no slowness, and normal physical activity,
respectively. Higher median MetaboHealth scores were also
observed with weakness compared with non-weak participants.

An increase of one unit in both SAF and MetaboHealth
was associated with higher odds of prevalent pre-frailty.
Specifically, the odds ratio (OR) per unit increase in SAF
was 1.53 (95% confidence interval 1.24; 1.89), and for
MetaboHealth, it was 2.06 (1.65-2.57). Similarly, for prev-
alent frailty, the OR per unit increase in SAF was 3.35
(2.18-5.21) and 4.45 (2.85-7.05) for MetaboHealth. These
associations were observed in a multivariable logistic regres-
sion model adjusting for age, sex, season, and socioeconomic
status (Supplementary Table 2).

To facilitate the comparison of the results between SAF
and MetaboHealth, we Z-transformed both aging biomark-
ers. We observed higher odds ratios for MetaboHealth than
SAF on both prevalent pre-frailty (SAF OR per standard devi-
ation [SD] increase: 1.21 [1.10-1.32], MetaboHealth: 1.35
[1.24-1.49]) and frailty (OR per SD SAF: 1.70 [1.41-2.06],
MetaboHealth: 1.90 [1.57-2.32]). These results indicate that
per SD increase in SAF, the odds of being pre-frail were 21%
higher, the odds of being frail 70% higher, and respectively
35% and 90% higher per SD increase in MetaboHealth.
Furthermore, both were associated with higher odds of hav-
ing any of the components of the frailty phenotype, although
the association between SAF and exhaustion was not statisti-
cally significant (Table 2).

When both scaled SAF and scaled MetaboHealth were
included in the same model, both remained independently
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Table 1. Characteristics of the Study Population

Al Only 6th Examination  Both Examinations p-Value
N 2382 728 1654
Women (%) 1247 (52.4) 382 (52.5) 865 (52.%) .97
Age (years) at 6th examination (SD) 63.7 (8.9) 67.0 (9.6) 62.2 (8.2) <.01
Age (years) at 7th examination (SD) 67.8 (8.2) 67.8 (8.2)
Highest attained education <.01
Primary education (%) 64 (2.7) 35 (4.8) 29 (1.8)
Lower vocational or intermediate general education (%) 823 (34.6) 327 (44.9) 496 (30.0)
Intermediate vocational or secondary education (%) 825 (34.6) 195 (26.8) 630 (38.1)
Higher vocational education (%) 670 (28.1) 171 (23.5) 499 (30.2)
BMI (kg/m?) at 6th examination (SD) 26.7 (4.2) 27.1(4.3) 26.5 (4.1) <.01
BMI (kg/m?) at 7th examination (SD) 26.6 (4.4) 26.6 (4.4)
Smoking status at 6th examination® .06
Current smoker (%) 282 (11.8) 109 (15.0) 173 (10.5)
Former smoker (%) 1178 (49.5) 369 (50.7) 809 (48.9)
Never smoker (%) 897 (37.7) 242 (33.2) 655 (39.6)
Smoking status at 7th examination®
Current smoker (%) 115 (7.0) 115 (7.0)
Former smoker (%) 857 (51.8) 857 (51.8)
Never smoker (%) 658 (39.8) 658 (39.8)
Diabetes at 6th examination (%) 150 (6.3) 61 (8.4) 89 (5.4) .01
Diabetes at 7th examination (%) 111 (6.7) 111 (6.7)
Renal function (eGFR) at 6th examination [IQR] 77.8 168.4,87.3] 76.2 [65.7,85.7] 78.5169.4, 88.1] <.01
Renal function (eGFR) at 7th examination [IQR] 72.7 [64.4, 82.7] 72.7 [64.4, 82.7]
Skin autofluorescence (AU) at 6th examination [IQR] 2.312.1,2.7] 2.51[2.2,2.8] 2.3[2.0,2.6] <.01
Skin autofluorescence (AU) at 7th examination [IQR] 2.412.1,2.8] 2.412.1,2.8]
MetaboHealth (AU) [IQR] -0.07 [-0.32,0.22] 0.07 [-0.21, 0.37] -0.12 [-0.35, 0.16] <.01
Frailty phenotype at 6th examination
Frail (%) 161 (6.8) 94 (12.9) 67 (4.1) <.01
Pre-frail (%) 1141 (47.9) 382 (52.5) 759 (45.9)
Not frail (%) 1080 (45.3) 252 (34.6) 828 (50.1)
Frailty index (0-1) at 6th examination [IQR] 0.07 [0.03, 0.13] 0.09 [0.04, 0.17] 0.06 [0.03, 0.11] <01

Frailty phenotype at 7th examination

Frail (%) 114 (6.9) 114 (6.9)
Pre-frail (%) 829 (50.1) 829 (50.1)
Not frail (%) 711 (43.0) 711 (43.0)

Frailty index (0-1) at 7th examination [IQR]

0.08 [0.03, 0.14]

0.08 [0.03, 0.14]

Notes: AU = arbitrary units; BMI = body mass index; eGFR = estimated glomerular filtration rate; IQR = interquartile range; SD = standard deviation.
Values represent number of participants and percentages for categorical variables, mean and standard deviation for age and BMI and median and
interquartile range for renal function, skin autofluorescence, MetaboHealth, and the frailty index. The p-value indicates differences in baseline
characteristics between the participants with and without a measurement during the seventh examination using a Student’s #-test for normally distributed
continuous variables, a Mann—Whitney test for non-normal distributed continuous variables, and y? test for binary and categorical variables.

sSmoking status information was missing for 25 participants (of whom 17 had two SAF measurements) at the sixth examination and for 20 participants at

the seventh examination.

associated with being pre-frail (OR per SD SAF: 1.16 [1.05-
1.27], MetaboHealth 1.33 [1.21-1.46]) and frail (OR per
SD SAF: 1.52 [1.25-1.85], MetaboHealth 1.75 [1.43-2.14]).
Furthermore, we only observed a small attenuation of the
effect sizes for the different components of the frailty phe-
notype when both SAF and MetaboHealth were mutually
adjusted (Table 2).

Cross-Sectional Analyses: Frailty Index

Furthermore, one unit increase in both SAF and Metabo-
Health was associated with higher frailty index scores (per-
centage increase in frailty index (%) per unit increase SAF:

2.97 [2.21-3.73], MetaboHealth: 4.31 [3.55-5.07]) (Supple-
mentary Table 2). After we standardized the aging biomarkers
to enhance comparability, we observed higher effect estimates
for MetaboHealth compared with SAF (% per SD 1.35 [1.00-
1.70], MetaboHealth: 1.87 [1.54-2.20]). These associations
remained statistically significant in a sensitivity analysis using
the frailty index without the deficits of BMI, diabetes, and
renal function (% per SD SAF: 1.26 [0.90-1.61], Metabo-
Health: 1.58 [1.24-1.92]). These associations were observed
across all domains of the frailty index (Table 2).

Moreover, the association of scaled SAF and scaled
MetaboHealth with the frailty index was mutually independent
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Figure 1. Boxplots of SAF and MetaboHealth by the presence of
different frailty phenotype components. The figure illustrates boxplots
per frailty phenotype component of (A) skin autofluorescence, (B)
MetaboHealth. Asterix indicates the significance of the Mann-Whitney
test of participants in whom a certain component was absent (left/blue)
or present (yellow/right), with ns indicating p > .05; *p < .05 and p > .01;
**p < .01 and p > .001; ***p < .001 and p > .0001; and ****p < .0001.

(% per SD SAF: 1.02 [0.68-1.37], MetaboHealth: 1.69
[1.35-2.02]) and all domains (Table 2). This mutual indepen-
dence remained in a sensitivity analysis using the frailty index
without deficits of BMI, diabetes, and renal function (% per
SD SAF: 0.99 [0.63-1.35], MetaboHealth: 1.40 [1.06-1.74]).

Sensitivity analyses additionally adjusting for BMI, smok-
ing status, renal function, and diabetes did not notably change
any of the previously mentioned results (Supplementary
Table 3). There was no significant interaction term between
SAF or MetaboHealth and sex (p >.1) for either the frailty
phenotype, its components, the frailty index, or the different
domains of the frailty index.

Longitudinal Analyses

SAF had a Spearman’s rank correlation coefficient of 0.58
between examinations. The interaction term between age (in
years) and SAF (per AU) suggested longitudinal associations
with the frailty phenotype, showing marginally increased
odds of being pre-frail (OR per AU/year 1.02 [1.00-1.04])
with a similar effect size when only including participants
who were measured two times with the same device (OR per
AU/year 1.02 [1.00-1.05]) (Table 3, Supplementary Table 4).
As shown in Table 3, we observed a relatively large effect esti-
mate for the association of SAF with being frail (OR per AU/
year 1.39 [0.93-2.08]), yet this result was not statistically sig-
nificant. However, this association attenuated when adjusting
for smoking status, diabetes, renal function, and BMI (OR per
AUlyear 1.02 [0.97-1.08]) (Supplementary Table 4), suggest-
ing that these factors confounded the longitudinal association
between SAF and being frail.

Moreover, we observed longitudinal associations of SAF
with the frailty index (% per AU/year 0.12 [0.07-0.16])
with similar effect estimates after excluding BMI, diabe-
tes, and renal function from the frailty index (% per AU/
year 0.12 [0.07-0.17]). These results indicate that for each
year increase in age, one AU unit of SAF is associated with
a 0.12% higher frailty index. We observed stronger effect
sizes when restricting to participants with the same device
for both measurements for the normal frailty index (% per
AUlyear 0.20 [0.13-0.27]) and the frailty index without the
three before-mentioned deficits (% per AU/year 0.20 [0.12-
0.27]), as shown in Supplementary Table 4. Domain-specific
analyses suggested that the cognitive domain (% per AU/year
0.47 [0.32-0.62]), the physical domain (% per AU/year 0.19
[0.10-0.29]), and the prevalence of chronic diseases (% per
AUlyear 0.06 [0.01-0.11]) drove these longitudinal associ-
ations. Sensitivity analyses, including adjustments for BMI,
diabetes, and renal function, did not notably alter the results
(Supplementary Table 4).

Interaction terms between SAF and sex did not reach sta-
tistical significance (p >.1) in associations with the frailty
phenotype, its individual components, the frailty index, or its
domains.

Discussion

In this first study with longitudinal measurements of SAF in
a population-based cohort, we validated the cross-sectional
associations between the noninvasive, easy-to-measure SAF
and the frailty phenotype and frailty index. Furthermore,
we compared the associations of SAF and frailty with those
between the more invasive MetaboHealth and frailty. Our
findings showed similar effect sizes between the two bio-
markers, with generally higher effect sizes for MetaboHealth.
Moreover, we demonstrated that higher SAF was associated
with frailty index increases over time. We did not observe
sex-specific associations.

The cross-sectional relationship between SAF and
MetaboHealth with frailty phenotype and index aligns with
previous research in the Rotterdam Study (8,10). In the
Rotterdam Study participants with cross-sectional frailty
index measures, each unit increase in SAF corresponded to
a 2.6% increase in frailty index, consistent with our cohort’s
3.0% increase. Yet, in contrast with our findings, SAF was
not significantly associated with unintended weight loss in the
Rotterdam Study, although it had a point estimate of 1.17.
Therefore, more well-powered studies are needed to give
insight into the association of SAF with unintentional weight
loss. MetaboHealth was in the Rotterdam Study association
with the scaled frailty phenotype and scaled frailty index (8),
precluding direct comparison with our results. Furthermore,
in both the current study and the Rotterdam Study, SAF and
MetaboHealth remained associated with the frailty pheno-
type and frailty index even after adjustment for traditional
risk factors (8,10). This consistency strengthens the evidence
that these biomarkers capture frailty risk beyond conventional
risk factors and emphasizes their ability as holistic biomark-
ers. Contrary, in a smaller study including 423 French partic-
ipants aged 275, of whom 35% had chronic kidney disease,
compared with 11% in the Rotterdam Study and 10% in the
current cohort, no association of SAF with prevalent frailty as
measured by the frailty phenotype was observed (19). Given
the association between renal function and both AGEs (33)
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Table 3. Longitudinal Associations of Skin Autofluorescence

Odds on being/having N Nobs 0Odd ratio (95% CI) pFDR
Pre-frail (reference non-frail) 2260 3761 1.02 (1.00-1.04) .03
Frail (reference non-frail) 1534 2066 1.39 (0.93-2.08) .16
Unintended weight loss (no/yes) 2382 4036 1.01 (0.99-1.03) .62
Weakness (no/yes) 2382 4036 1.10 (1.02-1.17) .02
Exhaustion (no/yes) 2382 4036 1.03 (0.96-1.12) 47
Slowness (no/yes) 2382 4036 0.97 (0.94-1.01) 22
Low physical activity (no/yes) 2382 4036 1.02 (1.00-1.05) 15
Outcome N Nobs Beta (CI) pFDR
Frailty index (0-100%) 2382 4036 0.12 (0.07-0.16) <.001
Frailty index without BMI, renal func- 2380 4031 0.12 (0.07-0.17) <.001
tion, diabetes (0-100%)

Chronic conditions (0-100%) 2382 4031 0.06 (0.01-0.11) .05
Cognitive domain (0-100%) 2226 3616 0.47 (0.32-0.62) <.001
Physical domain (0-100%) 2380 3456 0.19 (0.10-0.29) <.001
Psychological domain (0-100%) 2347 3952 0.05 (-0.08-0.18) 49

Notes: Effect estimates indicate the interaction term between age and skin autofluorescence per arbitrary unit per year. Analyses are adjusted for sex,
season of measurement, AGE-reader used, and socioeconomic status. BMI = body mass index; CI = 95%-confidence interval; N = number of participants;
Nobs = number of observations; pFDR = p-value after false discovery rate correction.

and frailty (40,41), the comparability of our results with this
French study is constrained. However, this discrepancy under-
scores the necessity for additional research involving partici-
pants with reduced renal function to gain deeper insights into
the clinical applicability within this subgroup.

Furthermore, our results showed similar and independent
relationships between SAF and MetaboHealth with frailty,
indicating an added value in measuring both. No previous
study has compared SAF to MetaboHealth or any other omics-
based aging biomarker. However, in a previous study, we
compared MetaboHealth to epigenetic biomarkers, where we
also observed independent associations of MetaboHealth and
DNAm GrimAge with different frailty measures (8). Therefore,
we urge future studies to compare SAF to other invasive aging
biomarkers, aiming to gain further insights into the distinct
contributions of different omics layers to the aging process.

The moderate correlation of SAF across visits suggests that
SAF is a dynamic measure of aging. This variability over time
might be explained by responsiveness to lifestyle changes
(42). Yet, this moderate correlation might also be the result of
measurement errors. Therefore, additional longitudinal stud-
ies are necessary to ascertain SAF’s reliability.

Moreover, in our relatively healthy cohort, we observed
that increases in SAF were longitudinally associated with
increases of 0.12% per AU/year in the frailty index indepen-
dent from age, sex, socioeconomic status, device used, and
season of measurement. A cross-sectional study of healthy
individuals demonstrated that SAF increased by about 0.023
AU annually up to age 70 (10,43). Furthermore, in indi-
viduals over 70 with early-stage dementia, increases up to
0.4 AU/year were reported (10,44). Therefore, although an
increase of 0.12% per AU/year might not seem much, added
to the expected increase in SAF and frailty with age (6,43)
and given the healthy nature of our cohort, SAF might have
serious potential as an aging biomarker for high-risk indi-
viduals when tracked longitudinally. This finding aligns with
prior research on a single SAF measurement and longitudinal

outcomes, indicating associations with disability, mortality,
and severe postsurgical complications the year post-surgery
in older cardiac patients (18).

We did not observe a robust longitudinal association of
SAF with physical frailty. This finding is in line with a pre-
vious study on a single SAF measurement with incident
frailty as measured by the frailty phenotype after four years
in a subset of the earlier discussed older French community-
dwelling cohort (19). The absence of observed longitudinal
associations with the frailty phenotype may potentially stem
from the categorization of physical frailty, which could result
in reduced sensitivity to detect changes compared with con-
tinuous metrics. This hypothesis is further supported by the
attenuation of the association with frailty in the current study,
which included relatively healthy participants after additional
adjustments for smoking status, diabetes, renal function, and
BMI. Unlike the frailty phenotype, the continuous frailty
index remained robust, suggesting that the continuous frailty
index may capture more subtle and earlier signs of aging.

Cross-sectionally and longitudinally, we did not observe
effect modification of sex in the associations of SAF and
MetaboHealth with neither the frailty phenotype nor the
frailty index. These findings are in line with the cross-sectional
results from the Rotterdam Study, where no statistically sig-
nificant interaction terms were reported in the association of
SAF with the frailty phenotype (10) and MetaboHealth with
five different frailty measures (8). Unfortunately, we could
not validate the longitudinal results due to the absence of
other studies providing longitudinal information on SAF and
frailty. Consequently, future research with longitudinal SAF
and frailty data should be used to validate the absence of sex-
specific effects before asserting their nonexistence.

This study’s strengths lie in the availability of both SAF and
metabolomics, enabling a direct comparison between SAF and
the established blood-based aging biomarker MetaboHealth.
Furthermore, our longitudinal assessment of SAF and frailty
provides valuable insights into their interrelationship. However,
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the absence of longitudinal MetaboHealth data at correspond-
ing time points limits longitudinal comparison. Additionally,
we had information on the two most commonly used frailty
metrics. However, previous research indicated that different
frailty metrics consider different participants frail (8,43), lead-
ing to different association patterns of aging biomarkers with
different frailty metrics. The results can thus not be general-
ized to other frailty metrics. Therefore, future research on the
association with other frailty metrics is needed. Moreover, the
lack of another cohort with longitudinal SAF and frailty data
hinders external validation. Additionally, there is evident selec-
tion bias towards healthier individuals attending the seventh
examination, making the results less generalizable to a frailer
population. Furthermore, this selection bias has likely led to an
underestimation of the association between SAF and frailty, as
participants who were already frail or probably had the stron-
gest increase in frailty over time were underrepresented. Given
our data’s restriction to a maximum of two measurements per
participant, we were not able to detect potential nonlinear
SAF-frailty associations. Future investigations should priori-
tize longitudinal data collection for MetaboHealth, SAF, and
frailty at multiple time points to validate our results, con-
duct longitudinal comparisons, and explore nonlinear trends.
Lastly, clinical studies are encouraged to evaluate the clinical
applicability of SAF and MetaboHealth as aging biomarkers.

In summary, we demonstrate cross-sectional and lon-
gitudinal associations of SAF measurement with frailty.
Cross-sectionally, SAF and MetaboHealth displayed similar
associations with both physical frailty and the frailty index,
indicating that the noninvasiveness of SAF measurement does
not hinder its performance as a holistic aging biomarker.
Moreover, the associations between both aging biomarkers
with frailty were independent of each other, suggesting that
each captures a different part of the aging process, with pos-
sible advantages of measuring both. Altogether, these insights
suggest the potential of SAF as a measure of age-related
decline, with the prospect of enhanced applicability when
combined with MetaboHealth.
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