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Abstract 

Background: Accumulation of advanced glycation end-products (AGEs) in skeletal 
muscle has been implicated in development of sarcopenia.
Aim: To obtain further insight in the pathophysiology of sarcopenia, we studied its 
relationship with skin AGEs in the general population.
Methods: In a cross-sectional analysis, 2744 participants of northern European 
background, mean age 74.1 years, were included from the Rotterdam Study. Skin AGEs 
were measured as skin autofluorescence (SAF) using AGE ReaderTM, appendicular 
skeletal mass index (ASMI) using insight dual-energy X-ray absorptiometry, hand grip 
strength (HGS) using a hydraulic hand dynamometer, and, in a subgroup, gait speed 
(GS) measured on an electronic walkway (n = 2080). We defined probable sarcopenia 
(low HGS) and confirmed sarcopenia (low HGS and low ASMI) based on the European 
Working Group on Sarcopenia in Older People (EWGSOP2) revised criteria cutoffs. 
Multivariate linear and logistic regression were performed adjusting for age, sex, body 
fat percentage, height, renal function, diabetes, and smoking status.
Results: The prevalence of low ASMI was 7.7%; probable sarcopenia, 24%, slow GS, 3%; 
and confirmed sarcopenia, 3.5%. SAF was inversely associated with ASMI [β −0.062 (95% 
CI −0.092, −0.032)], HGS [β −0.051 (95% CI −0.075, −0.026)], and GS [β −0.074 (95% CI 
−0.116, −0.033)]. A 1-unit increase in SAF was associated with higher odds of probable 
sarcopenia [odds ratio (OR) 1.36 (95% CI 1.09, 1.68)] and confirmed sarcopenia [OR 2.01 
(95% CI 1.33, 3.06)].
Conclusion: Higher skin AGEs are associated with higher sarcopenia prevalence. We call 
for future longitudinal studies to explore the role of SAF as a potential biomarker of 
sarcopenia.
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Primary or age-related sarcopenia has been officially rec-
ognized in 2016 as an independent disease (1). Advanced 
glycation end-products (AGEs) have been implicated in the 
pathogenesis of primary sarcopenia and other chronic dis-
eases related to aging (2). AGEs constitute a diverse group 
of compounds formed spontaneously, nonenzymatically, 
and irreversibly on proteins after their initial glycation (3). 
Accumulation of AGEs in skeletal muscles has been shown 
to be associated with reduced skeletal muscle strength and 
mass in independent human studies (4-6). AGEs can form 
cross-links between collagen fibers in intramuscular con-
nective tissue, which leads to increased stiffness and reduced 
elasticity (7). Additionally, binding of AGEs to receptor for 
advanced glycation end-products (RAGE) induces inflam-
mation and causes endothelial dysfunction, leading to loss 
of myocytes and muscle regenerating satellite cells (8,9).

Previous studies have reported an inverse association be-
tween AGEs measured in serum and skeletal muscle mass, 
strength, or function. High levels of circulating carboxy-
methyl-lysine (CML), a noncross-linking AGE, have been 
associated with slow walking speed in 944 adults (10) and 
low hand grip strength (HGS) in moderate to severely dis-
abled 559 community-dwelling women including only those 
≥65years (11). Tanaka et al reported a significant negative 
correlation between circulating serum pentosidine, a cross-
linking AGE, and SMI in 133 postmenopausal women with 
type 2 diabetes (T2DM) (12). Yet, these studies used small 
cohorts with specific population subgroups and serum 
AGEs whose levels could vary on daily basis depending on, 
for example, dietary intake or renal function.

In contrast to serum AGEs, tissue AGEs bound to pro-
teins with longer half-life are assumed to represent the 
long-term burden of AGEs. A  promising, reproducible, 
and noninvasive technique to estimate tissue AGEs is skin 
autofluorescence (SAF) measured with the help of an AGE 
Reader. The technique has been validated by comparing 
SAF to the total and independent AGE levels (CML and 
pentosidine) determined in skin biopsies (13). Additionally, 
AGEs have never been studied in relation to sarcopenia—a 
clinical entity combining those with reduced muscle mass 
and strength. Thus, using skin AGEs might be a reflection 
of muscle burden of AGEs and a potential biomarker of 
sarcopenia in elderly.

The aim of this study was to investigate a potential re-
lationship between SAF and sarcopenia and with its indi-
vidual components—skeletal muscle mass, HGS, and gait 
speed (GS)—in a Dutch cohort comprised of middle-age 
and elderly.

Methods

The Rotterdam Study (RS) was approved by the Medical 
Ethics Committee of the Erasmus Medical Centre and 
by the Ministry of Health, Welfare, and Sport of the 
Netherlands, implementing the Wet Bevolkingsonderzoek: 
ERGO (Population Studies Act: Rotterdam Study). Written 
informed consent has been obtained from all participants.

Study Population

For our cross-sectional analysis, we included participants 
from an ongoing prospective, large population-based co-
hort study: the RS. A detailed description of the design and 
methodology of this study has been described elsewhere 
(14). Participants aged ≥55 years residing in the Ommoord 
district of Rotterdam were invited in 1989-1990 for their 
first evaluation (RS-I). The cohort was extended in 2000-
2001 by inviting new inhabitants aged ≥55years (R-II) and 
in 2006-07, with new residents aged ≥45  years (RS-III). 
All participants were invited for follow-up visits every 3to 
4 years after their inclusion.

In RS, 3029 participants had measurements on SAF and 
skeletal muscle related parameters at the sixth follow-up 
visit of RS-I (2014-2016), the fourth follow-up visit of RS-II 
(2014-2016), and second follow-up visit of RS-III (2011-
2013). We excluded individuals with no informed consent 
for follow-up; outliers of SAF values; and missing data on 
appendicular lean mass, HGS, creatinine value, smoking, 
and diabetes status [Supplementary Figure 2 (15)]. The 
present study comprised, thus, a total of 2744 participants 
for whom the included parameters were available from 
RS-I (n = 670), RS-II (n = 988), and RS-III (n = 1086) in 
the aforementioned visits. In a subset of total participants 
(n = 2080), GS was also assessed, which we use consistently 
for comparison and exploratory analysis.

Measurement of Skin Autofluorescence

SAF was measured using an AGE ReaderTM (DiagnOptics 
Technologies BV, Groningen, The Netherlands) as de-
scribed elsewhere (13). Participants were advised not to 
apply lotions or creams on the dominant arm for 2 days 
preceding SAF measurement. A small area of forearm skin, 
approximately 4 cm2, was illuminated with an excitation 
light source from the AGE Reader with a peak wavelength 
of 370 nm. The AGE Reader estimates AGEs based on the 
emission and reflection spectrum of skin converted through 
a software program into numerical values reported in 
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arbitrary units. In practice, the AGE Reader can be used up 
to skin color Fitzpatrick type V and is suitable for most ra-
cial groups, except part of subjects of sub-Saharan African 
or Afro-American descent. An automated software in the 
AGE Reader ensured the incorporation of skin reflectance 
values between 6% and 10% (corresponds to Fitzpatrick 
type V) in SAF values and exclusion of participants with 
skin reflectance under 6% (16).

Assessment of Skeletal Muscle Parameters

Muscle mass
Total body composition was analyzed by insight dual-
energy X-ray absorptiometry total body fan-beam densi-
tometer (GE Lunar Corp., Madison, WI, USA). enCORE 
software was employed to analyze the scans using an algo-
rithm which divides the total body into regions of interest, 
such as trunk, arms, and legs. Appendicular lean mass is 
computed by summing up the lean mass from the arms 
and legs. Appendicular skeletal muscle index (ASMI) was 
defined by dividing appendicular lean mass by squared 
body height (kg/m2). Low muscle mass was defined as 
ASMI < 7  kg/m2 for males and < 5.5  kg/m2 for females 
using European Working Group on Sarcopenia in Older 
People (EWGSOP2) revised definition (17).

Muscle strength
HGS was assessed using a hydraulic hand dynamometer 
(Fabrication Enterprises Inc., White Plains, NY, USA). 
Measurements were performed in the nondominant hand, 
and the maximum value out of 3 was recorded as HGS. 
Weak muscle strength was defined differentially across 
sexes as weak HGS < 27kg for men and <16 kg for women 
using EWGSOP2 criteria.

Muscle performance
Gait was evaluated using a 5.79-m long walkway (GAITRite 
Platinum; CIR systems, Sparta, NJ: 4.88-m active area; 
120-Hz sampling rate). The reliability and validity of this 
device have been previously established (18,19). Low phys-
ical performance was defined as having a slow GS < 0.8 m/s 
for both men and women using EWGSOP2 criteria.

Assessment of Sarcopenia

Sarcopenia was categorized according to the EWGSOP2 
revised definition (Fig. 1). Probable sarcopenia is defined 
as having only weak HGS, confirmed sarcopenia as having 
both weak HGS and low ASMI simultaneously, and severe 
sarcopenia as having weak HGS, low ASMI, and slow GS 
at the same time.

Assessment of Covariates

Smoking status was obtained through self-reporting by 
the participants recorded during home interviews by the 
research staff. It was classified as current, past, or never-
smokers. Height was recorded in standing position at the 
research center without shoes. An adaptive version of the 
LASA Study Physical Activity Questionnaire was used to 
calculate metabolic equivalent of task values as a represen-
tative of physical activity levels (20). T2DM was defined by 
combining the information on fasting blood glucose levels, 
antidiabetic medication use, or diagnosis in the general 
physician registries (21). Serum creatinine and serum fasting 
glucose were measured through an automated enzymatic 
method. Estimated glomerular filtration rate (eGFR) was 
calculated by the Chronic Kidney Disease Epidemiology 
Collaboration (CKD-EPI) equation using serum creatinine 
concentration, age, and sex data (22).

Statistical Analysis

We performed statistical analysis using IBM SPSS Statistics 
25 (version 25.0). Normality of the residuals of the ex-
posure and predictors of interest was determined using 
histograms and Shapiro-Wilk test. Data are presented as 
mean  ±  SD in case of normal distribution and median 
(interquartile range) in case of nonnormal distribution. 

Normal

Low

Normal (N=571 or 16%)

Low

Low

Hand grip strength  
No sarcopenia 

(N=2076 or 76%)

Probable Sarcopenia    
(N=668 or 24%)

In clinical prac�ce, 
triggers assessment of 

causes 

Muscle mass measurements 
using DXA  

Sarcopenia Confirmed 
(N=97 or 3.5%)

Gait speed Severe Sarcopenia 
(N=13 or 0.6%)

Study sample (N=2744)

Figure 1. Flowchart of participants classification using algorithm pro-
posed in European Working Group of Sarcopenia in Older People 2 
(EWGSOP2) revised criteria.
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Means of continuous variables among groups were com-
pared by using independent samples t test or analysis of 
variance when the variable was normally distributed or 
Mann-Whitney Wilcoxon test when a nonnormal distribu-
tion was assumed. Chi-square test was adopted to compare 
the frequencies of categorical variables based on their dis-
tribution across groups.

Potential confounders were identified based on litera-
ture to assess the relationship between SAF (exposure) and 
skeletal muscle parameters (outcomes). Model 1 included 
age, sex, and RS cohorts, and Model 2 included Model 1 
plus eGFR, smoking status, diabetes status, body fat per-
centage (total fat mass/body weight * 100), and height as 
covariates to study these relationships. We used body fat 
percentage instead of body mass index (BMI) as our out-
come of appendicular lean mass is a component of BMI. 
Hence, we avoid potential collider bias caused by adjusting 
for BMI including lean mass.

Multiple linear regression analysis was performed to 
investigate the associations between SAF and continuous 
outcomes of ASMI, HGS, and GS including the aforemen-
tioned confounders. Multiple logistic regression was per-
formed to investigate whether SAF was associated with 
probable sarcopenia, confirmed sarcopenia, or severe 
sarcopenia. A nonlinear association was explored by per-
forming quintiles analyses and adding a quadratic term 
to the original model. However, for all analyses, a linear 
model had the best fit. Despite this, we also studied SAF 
in quartiles to allow for a comparison with the existing 
literature, especially with the large Japanese cohort using 
SAF. Participants were categorized by sex-stratified, age-
adjusted SAF quartiles as SAF and sarcopenia are highly 
influenced by sex and increasing age (23). We calculated 
residuals for every individual from linear regression model 
in which SAF was the dependent variable and age was the 
independent variable. This was done separately for males 
and females to take potential sex differences into account. 

We repeated all analyses in the subgroup with complete 
data on GS (n = 2080) and compared this to the results of the 
whole cohort (N = 2744) to evaluate any potential impact 
from missing data in GS. Physical activity is an important 
risk factor for development of sarcopenia. In a subgroup 
of the population with data on physical activity available, 
we further adjusted the associations for physical activity in 
addition to Model 2. In addition, SAF levels have been re-
ported to be higher in subjects with T2DM (24), smokers, 
and in those with renal dysfunction. Therefore, interaction 
terms were included for testing the effect modification be-
tween SAF and diabetes, smoking status, eGFR, and sex 
in the multivariate models. Results were reported separ-
ately where statistically significant (P for interaction ≤ 0.10 
for each) interaction was found and by diabetes status no 

matter a significant interaction present because it is the 
most important risk factor for AGEs accumulation.

Results

Demographic and skeletal muscle specific characteristics of 
our cohort are summarized in Table 1 and compared to the 
subgroup with available data on GS. In the total popula-
tion, the median age on the date of SAF measurement was 
74 years (interquartile range: 66.9-81.1) with 43.8% males 
and 13.4% subjects with T2DM. The mean (±SD) value of 
SAF for those 2744 participants was 2.38 ± 0.48 arbitrary 
units and mean BMI was 27.5 ± 4.2 kg/m2. Figure 1 sum-
marizes the application of EWGSOP2 algorithm on our 
study population, which is used in clinical practice to classify 
individuals in different sarcopenia groups as probable, con-
firmed, and severe. The prevalence (95% CI) of low ASMI 
was 7% (6.2%, 7.9%); of weak HGS, 24% (23%-26%); 

Table 1. Demographic and skeletal muscle-specific 

characteristics of the total population and subgroup with 

complete data on gait speed

Total population 
(N = 2744)

Subgroup with data on 
gait speed (n = 2080)

Age, years 74 (14.2) 73.4 (14.7)
Sex, males 1187 (44) 932 (45)
BMI, kg/m2 27.5 ± 4.18 27.4 ± 4.03
Diabetes 363 (13) 271 (13)
SAF, AU 2.38 ± 0.48 2.37 ± 0.48
Physical activity, MET 

h/week
42.8 (67.1) 44.9 (67.9)

Smoking status   
 Current 411 (15) 323(16)
 Past 1444(53) 1093(53)
 Never 855(31.5) 646 (31)
Total fat mass, kg 28.19 ± 8.560 27.96 ± 8.40
Total lean mass, kg 46.06 ± 9.159 46.38 ± 9.04
Total body BMD, g/

cm2

1.09 ± 0.14 1.07 ± 0.14

Hand grip strength, kg 26.59 ± 10.09 27.07 ± 10.09
Appendicular lean 

mass, kg
21.26 ± 4.87 21.46 ± 4.82

ASMI, kg/m2 7.37 ± 1.12 7.40 ± 1.10
Low ASMI 209 (8) 145 (7.0)
Weak HGS 668 (24) 479 (23)
Confirmed Sarcopenia 97 (3.5) 65 (3.1)
Gait speed, cm/s NA 120.31 ± 18.94
Slow gait speed NA 61 (2.9)
Severe sarcopenia NA 13 (0.6)

Data are expressed as mean ± SD, median (interquartile range) or n (%).
Abbreviations: ASMI, appendicular skeletal muscle index; AU, arbitrary unit; 
BMD, bone mineral density; BMI, body mass index; HGS, hand grip strength; 
MET h/week, metabolic equivalent hours per weeks; NA, not applicable; SAF, 
skin autofluorescence.
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and of confirmed sarcopenia, 3.5% (2.9%, 4.3%). In the 
subgroup (n = 2080) with data on the GS, there were no 
major differences in the demographic, clinical, and skeletal 
muscle parameters compared to the entire study population 
for this analysis. The prevalence of low GS was 2.9% (2.%3, 
3.9%) and of severe sarcopenia 0.6% (0.3, 1.1%).

SAF values were significantly higher in males than fe-
males (2.50 ± 0.49 vs 2.30 ± 0.46, P < 0.0001). SAF and 
sarcopenia are be highly influenced by aging. Hence, we 
made sex-stratified, age-adjusted SAF quartiles, and Table 2 
shows the characteristics of our study participants in these 
quartiles. There was a trend toward increasing number of 
subjects with T2DM (P  <  0.0001) and current smokers 
(P  <  0.0001) from the first to the fourth SAF quartile. 
The highest quartile of SAF (Q4) contained a significantly 
higher number of individuals with weak HGS, low ASMI, 
and confirmed sarcopenia in comparison with the lower 
quartiles. This trend was not significant for low GS and se-
vere sarcopenia (P = 0.14 and P = 0.16, respectively).

Linear Regression Analysis Between Skin 
Autofluorescence and Skeletal Muscle-related 
Parameters

The multivariate associations between SAF and indi-
vidual components that sum up to the confirmed or se-
vere sarcopenia in our cohort are shown in Table 3. SAF 
was significantly and negatively associated with HGS 
after adjusting for age, sex, and RS cohorts in Model 1 [β 

−0.059 (95% CI −0.083, −0.035), P = 3 × 10−6], which at-
tenuated slightly after adjusting for other confounders in 
Model 2 [ie, eGFR, smoking, diabetes status, body fat per-
centage, and height; Model 2: β −0.051 (95% CI −0.075, 
−0.026), P = 2 × 10−5]. Similarly, after adjusting for the po-
tential confounders in Model 2, SAF had an inverse asso-
ciation with ASMI [β −0.062 (95% CI −0.092, −0.032), 
P = 3 × 10−5] and a negative association with GS [β −0.074 
(95% CI −0.116, −0.033), P = 3 × 10−4].

Logistic regression analysis between SAF and confirmed 
sarcopenia, probable sarcopenia, low ASMI, and slow GS.

Table 2. Demographic and skeletal muscle specific characteristics of participants according to sex-stratified, age-adjusted skin 

autofluorescence quartiles

Q1 (n = 688) Q2 (n = 683) Q3 (n = 688) Q4 (n = 685) P-value for trend

SAF, AU 1.88 ± 0.22 2.19 ± 0.18 2.48 ± 0.19 3.01 ± 0.36 NA
Age, years 74.8 (14.3) 72.6 (15.2) 72.9 (14.3) 74.6 (13.4) <0.01
Males 302 (44) 296 (43) 300 (44) 299 (44) NA
Smoking     <0.0001
 Current 10 13.5 14 23  
 Past 53 54 58 49  
 Never 38 33 28 28  
Diabetes 49 (7) 62 (9) 92 (13) 127 (18.5) <0.0001
Hand grip strength, kg 26.6 ± 9.8 27.5 ± 10.3 26.7 ± 10.4 25.5 ± 9.8  
Weak hand grip strength 19 17 19 22 0.07
Appendicular skeletal muscle index, kg/m2 7.32 ± 1.04 7.45 ± 1.14 7.43 ± 1.17 7.27 ± 1.11 0.009
Low ASMI 7 7 6 10.5 0.01
Confirmed sarcopenia 3.1 3.0 2.6 5.5 0.04
Gait speed, cm/sec 120.7 ± 0.80 122.9 ± 0.81 120.7 ± 0.84 116.7 ± 

0.86
<0.001

Slow Gait speed 3 2 3 4 0.14
Severe sarcopenia 0.7 0.4 0.2 1.2 0.16

Data are expressed as mean ± SD, median (interquartile range), n (%), or %.
Abbreviations: ASMI, appendicular skeletal muscle index; AU, arbitrary unit; BMD, bone mineral density; BMI, body mass index; HGS, hand grip strength; MET 
h/week, metabolic equivalent hours per weeks; N/A, not applicable; SAF, Skin autofluorescence;

Table 3. Linear regression analysis showing associations 

of skin autofluorescence levels with hand grip strength, 

appendicular skeletal muscle index and gait speed

Standardized coefficient, β (95% CI) [P-value]

 Model 1a Model 2b

Hand grip 
strength

−0.059 (−0.083, −0.035) −0.051 (−0.075, −0.026)
[3 × 10−6] [2 × 10−5]

Appendicular 
skeletal 
muscle 
index

−0.042 (−0.072, −0.011) −0.062 (−0.092, −0.032)
[0.003] [3 × 10−5]

Gait speed −0.106 (−0.149, −0.065) −0.074 (−0.116, −0.033)
[1 × 10−5] [3 × 10−4]

aModel 1: Skin autofluorescence plus age, sex, and Rotterdam Study cohorts.
bModel 2: Model 1 plus estimated glomerular filtration rate, smoking, diabetes 
status, body fat percentage, and height.
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Table 4 and Figure 2 show the results of logistic re-
gression analysis depicting the association between SAF 
as a continuous variable as well as in sex-stratified, age-
adjusted quartiles with confirmed sarcopenia and its com-
ponents. Higher SAF value as continuous variable was 
associated with the presence of confirmed sarcopenia 
[OR 2.01 (95% CI 1.33, 3.06)]. Compared to the lowest 
quartile of SAF (Q1) as a reference, the highest SAF quar-
tile (Q4) was significantly associated with higher preva-
lence of sarcopenia [OR 2.03 (95% CI 1.12, 3.70)] after 
adjusting for the previously mentioned confounders in 
Model 2. Considering the individual sarcopenia compo-
nents, continuous SAF was significantly associated with 
weak HGS [OR 1.36 (95% CI 1.09, 1.68)], and the odds 
of weak HGS increased from the second to fourth quar-
tile [Q2: OR 1.09 (95% CI 0.81, 1.48); Q3: OR 1.21 
(95% CI 0.89, 1.63); Q4: OR 1.27 (95% CI 0.95, 1.71)] 
when the first quartile (Q1) was used as reference. We also 
found that a 1-unit increase in SAF was significantly as-
sociated with higher odds of low ASMI in Model 2 [OR 
(2.02, 95% CI 1.47, 2.76)] and participants in the highest 
SAF quartile (Q4) had significantly higher odds for low 
ASMI [OR 1.75 (95% CI 1.16, 2.63)] when compared to 
the Q1.

Severe sarcopenia could only be analyzed in individuals 
with data available on GS (n = 2080) (Table 5). Continuous 
SAF showed a nonsignificant association [OR 1.63 (95% 
CI 0.96, 2.79)] with slow GS (n  =  61/2080, 2.9%) in 

Model 2. Similarly, there was a nonsignificant trend from 
the second to fourth quartile in terms of increasing odds 
for low GS [Q2: OR 1.72 (95% CI 0.31, 1.69); Q3: OR 
1.14 (95% CI 1.54, 2.52),; Q4: OR 1.48 (0.73, 2.99)] com-
pared to the first SAF quartile. Only 13/2080 (0.6%) ful-
filled the criteria for severe sarcopenia based on EWGSOP2 
definition, which was extremely low in our cohort. Table 5 
shows logistic regression analysis between SAF, slow GS, 
and severe sarcopenia. We observed a nonsignificant re-
lationship between SAF and severe sarcopenia [OR 2.47 
(95% CI 0.86, 7.13), P = 0.10] when adjusted for age and 
sex, which attenuated further in Model 2 [OR 1.97 (95% 
CI 0.70, 5.52), P = 0.20].

Sensitivity Analysis

Subgroup analysis for association of SAF with confirmed 
sarcopenia in those with data on gait speed and physical 
activity
The OR of SAF for confirmed sarcopenia attenuated 
slightly from 2.01 (95% CI 1.33, 3.06) to 1.98 (95% CI 
1.17, 3.35) when our Model 2 was compared between the 
whole cohort and the subset with complete data on GS 
[Supplementary Table 1A (15)].

Of the participants included from our cohort, 2448 
have also data on physical activity [Supplementary Table 
1B (15)]. We observed no difference in the effect size for 
the association between SAF and confirmed sarcopenia 

Table 4. Binary logistic regression models using confirmed sarcopenia and its components as outcomes and skin 

autofluorescence as a predictor variable (n = 2744)

Skin autofluorescence (continuous) Model 1a Model 2b

Odds ratio (95% CI) P-value Odds ratio (95% CI) P-value

Confirmed sarcopenia, n = 97 2.06 (1.3, 3.09) 0.001 2.01 (1.33, 3.06) 0.001
Weak hand grip strength (probable sarcopenia), n = 668 1.41 (1.15, 1.73) 0.001 1.36 (1.09, 1.68) 0.005
Low appendicular skeletal muscle index, n = 209 1.87 (1.40, 2.50) 0.00005 2.02 (1.47, 2.76) 0.00001

aModel 1: SAF plus age, sex, Rotterdam Study cohorts.
bModel 2: Model 1 plus estimated glomerular filtration rate, smoking, diabetes status, body fat percentage, and height.

Figure 2. Odds ratio for confirmed sarcopenia and its components associated with SAF as a continuous variable (cont’) and sex-stratified, age-
adjusted SAF quartiles (Q). Abbreviations: SAF (cont’) = SAF as a continuous variable; Q1-3 = lower 3 SAF quartiles; Q4 = highest SAF quartile.
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with or without including physical activity in our Model 2 
[1.77 (95% CI 1.14, 2.75) and 1.77 (95% CI 1.14, 2.75), 
respectively].

Stratified analysis based on diabetes, sex, and smoking 
status for association of SAF with skeletal muscle-related 
parameters
Subgroup analysis was further performed in predefined 
strata of T2DM and non-T2DM and if the P-value of 
interaction term was ≤0.20 for a particular interaction 
with SAF [Supplementary Figure 1 (15)]. For all skeletal 
muscle related parameters, SAF has a significant interaction 
with sex and smoking status (all P < 0.15). First, the as-
sociation of SAF with confirmed sarcopenia was statistic-
ally significant only in males but not in females although 
there is an overlap between the CIs. Second, stratification 
by diabetes showed a statistically significant association 
only in individuals without T2DM between SAF and skel-
etal muscle parameters but again overlapping CIs with 
T2DM. However, HGS was significantly and negatively 
associated with SAF in both individuals with and without 
T2DM (data not shown). Lastly, stratification by smoking 
status showed a significant association between SAF and 
confirmed sarcopenia in current and ex-smokers but not in 
never-smokers. In a subgroup analysis after removing those 
with confirmed sarcopenia, the association of SAF with 

ASMI and HGS remained similar [Supplementary Figure 
3 (15)].

Subgroup analysis using multinomial logistic regression 
analysis in subjects with complete data on all 3 muscle 
parameters
Table 6 shows the results of multinomial logistic regression 
analysis in 2080 subjects with complete data on all 3 muscle 
parameters depicting the association between sarcopenia 
components as the quaternary dependent variable and SAF 
as the continuous independent variable. For every 1-unit 
increase in SAF, ascending odds were observed starting off 
from the presence of any 2 component of sarcopenia [1.43 
(95% CI 1.11, 1.85)], to any 2 components [2.07 (95% 
CI 1.24, 3.46)], and to all 3 components [2.50 (95% CI 
0.88-7.14)].

Discussion

In this study, we observed an association between skin AGEs 
and confirmed sarcopenia, based on a clinically operated 
definition, independent of confounders including physical 
activity in our population based cohort. Skin AGEs showed 
an inverse association with individual components contrib-
uting to sarcopenia (ie, muscle mass, strength, and GS) after 
adjusting for potential confounders. Overall, our findings 

Table 5. Binary logistic regression models using slow gait speed and severe sarcopenia as outcomes and SAF as a predictor 

variable in a subset of our cohort (n = 2080)

Skin autofluorescence (continuous) Model 1a Model 2b

Odds ratio (95% CI) P-value Odds ratio (95% CI) P-value

Slow gait speed (n = 61) 1.65 (0.97, 2.79) 0.06 1.63 (0.96, 2.79) 0.07
Severe sarcopenia (n = 13) 2.47 (0.86, 7.13) 0.10 2.09 (0.73, 5.97) 0.17

aModel 1: Skin autofluorescence plus age, sex, and Rotterdam Study cohorts.
bModel 2: Model 1 plus estimated glomerular filtration rate, smoking, diabetes status, body fat percentage, and height.

Table 6. Multinomial logistic regression between skin autofluorescence as exposure and sarcopenia components (weak hand 

grip strength, slow gait speed, and low appendicular lean mass) as ordinal variable in outcome when compared to normal 

individuals (N = 2080)

Model 1a Model 2b

Skin autofluorescence component(s) n OR (95% CI) P-value OR (95% CI) P-value

Normal 1514 Reference  Reference  
Any 1 component 473 1.44 (1.12, 1.85) 0.004 1.43 (1.11, 1.85) 0.006
Any 2 components 80 1.98 (1.21, 3.25) 0.006 2.07 (1.24, 3.46) 0.005
All 3 components 13 3.07 (1.05, 8.99) 0.04 2.50 (0.88, 7.14) 0.09
Any of the 3 components 566 1.54 (1.26, 1.87) 0.00002 1.55 (1.26, 1.90) 0.0003

aModel 1: Skin autofluorescence plus age, sex, and Rotterdam Study cohorts.
bModel 2: Model 1 plus estimated glomerular filtration rate, smoking, diabetes status, body fat percentage, and height.
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suggest that skin AGEs seem to be a good representative 
of muscle AGEs, and their role as a potential biomarker 
should be explored in longitudinal settings.

We observed a significant association of higher skin 
AGEs not only with lower skeletal muscle index but also 
with weaker HGS, thus, with sarcopenia at a preclinical 
stage in non-T2DM subjects. Even after removing those 
with confirmed sarcopenia, the association of SAF with 
independent skeletal muscle parameters remained similar, 
which points to a potential role of SAF at a preclinical 
stage (ie, even before sarcopenia develops) [Supplementary 
Figure 3 (15)]. Our findings are consistent with the findings 
of a large Japanese cohort (n = 9203) in which SAF was 
inversely associated with ASMI and, in a subpopulation 
(n = 1934), negatively with weak HGS (25). Of relevance, 
a few subtle differences between the 2 cohorts exist. First, 
we measured SAF on the dominant forearm using an AGE 
Reader whereas in the Japanese cohort, skin AGEs were 
measured on the finger of a dominant forearm using the 
AGE sensor RQ-AG01J. To the best of our knowledge, 
no studies have so far performed a comparison of these 
2 AGE measurements. Second, we measured muscle mass 
using insight dual-energy X-ray absorptiometry and the 
Japanese study, by using bioelectrical impedance analyzer 
with similar cutoffs, but the prevalence of low SMI was 
much higher in Japanese (19%) than ours (7.7%) despite 
a lower mean age of 58 years in Japanese vs 74 years in 
our cohort. Despite these differences, a role of AGEs in 
muscle mass and strength appears consistent between the 
studies.

In a subset of our population, we observed a negative 
linear association between SAF and GS. In line with our 
findings, participants in the highest quartile of the serum 
CML were found at higher risk of slow walking speed 
(n = 944) (10)and severe walking disability (GS < 0.4 m/s; 
n  =  394) (26) in adults aged ≥65  years. In contrast, the 
highest quartile of SAF was not significantly associated 
with slow GS in a Japanese cohort (n = 1934) with a mean 
68  years of age (25). We did not observe an association 
between SAF and severe sarcopenia (defined as low ASMI, 
weak HGS, and slow GS), which has a prevalence of only 
0.6% in our cohort. One of the reasons for this low preva-
lence could be missing data on GS. In a sensitivity analyses, 
participants with missing data on GS showed higher preva-
lence of low ASMI, weak HGS, and confirmed sarcopenia 
(data not shown) and thus might have a tendency to omit 
GS measurements. Alternatively, one could hypothesize that 
selective survival might also play a role in low sarcopenia 
prevalence in our cohort, as sarcopenia has been associ-
ated with increased hospitalization and mortality rates in 
the elderly community-dwelling individuals (27,28). Future 
longitudinal and intervention studies are needed to explore 

the potential relationship between AGEs and severity of 
sarcopenia.

We did not observe an association between skin AGEs 
and skeletal muscle mass in 363 subjects with T2DM, but 
of interest, the negative relation with muscle strength was 
significant. Our findings are in line with a recent study 
showing a higher proportion of subjects with T2DM having 
low HGS despite no difference in sarcopenia prevalence 
between subjects with or without T2DM (29). In contrast 
to our findings, a recent small-scale study in 166 Japanese 
subjects with T2DM (mean age 63 years) found a significant 
association between SAF and low SMI (30). Earlier, serum 
AGEs had also been negatively associated with reduced 
muscle mass in 133 postmenopausal women with T2DM 
(12). A close comparison of these studies also yielded dif-
ferences in sarcopenia prevalence, mean SAF values, and 
ethnicity, which could be a potential explanation of not 
observing an association with muscle mass in our cohort. 
Second, whether skin AGEs are a representative of muscle 
AGEs in subjects with T2DM remains complex due to their 
bidirectional relationship; that is, skin AGEs relating to in-
cident T2DM and T2DM increase skin AGEs formation. 
Lastly, Alt et al compared the levels of AGEs corrected for 
protein in muscle and skin of rats and showed that in dia-
betic rats there was a less robust relative increase in AGEs 
in myofibrils and total muscle proteins than in skin collagen 
when compared to age-matched nondiabetic rats (31). This 
might be an additional potential explanation of absence 
of the association between skin AGEs and muscle mass in 
subjects with T2DM. In the absence of data for direct com-
parison between skin and muscle AGEs in T2DM, future 
research on this topic is essential.

After stratification based on sex and smoking status, 
there was a significant relationship of SAF with con-
firmed sarcopenia in males and smokers and a similar 
trend in females and never-smokers, although statistically 
nonsignificant. This nonsignificant association could partly 
be explained by unexpected lower prevalence of confirmed 
sarcopenia in females than in males (1.5% vs 6%) and a 
lower number of never-smokers and thus low power, al-
though the direction of associations were in the same direc-
tion in all subgroups. Additionally, it is worth mentioning 
that the prevalence of sarcopenia, using new EWGSOP2 
criteria, is much lower than reported in other cohorts of 
European origin, especially in women (32, 33), and repli-
cation of our findings in such populations might increase 
strength of the associations. Future prospective studies are 
needed to investigate the potential sex- and smoking-based 
differences in skin AGEs accumulation in relation to muscle 
health within well-powered cohorts.

AGEs have been implicated in the pathophysiology of 
sarcopenia through several different mechanisms including 
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cross-linking between the collagen molecules (7); binding 
to the RAGE, which leads to activation of inflammatory 
and oxidative stress pathways; and endothelial cell dys-
function in muscle blood vessels (4,34). Furthermore, sat-
ellite cells (ie, quiescent cells responsible for regeneration 
of muscles) isolated from aged individuals showed higher 
expression of RAGE ligand, S100B, which has been known 
to inhibit myoblast differentiation and reduce muscle mass. 
AGE-modified proteins have been found to be resistant 
to degradation through ubiquitin-proteasome pathways 
leading to age-related functional decline in muscle func-
tion (35). Lastly, an intervention study in healthy mice fed 
on high AGE diet for 16 weeks showed higher CML ac-
cumulation in muscles and reduced skeletal muscle mass 
and strength than those fed a low-AGE diet (36). Taken 
together, our study combined with these findings point to-
ward a potential clinically relevant role for AGEs as a risk 
factor for sarcopenia by reducing both muscle mass and 
strength independently.

Although sarcopenia has been recognized in 2016 as 
an independent diagnostic code in International Statistical 
Classification of Diseases and Related Health Problems (ICD-
10-CM), the diagnosis of sarcopenia in geriatric population 
could not be established in a uniform manner (1,37). Thus, 
clinically there is now a need for the establishment of meas-
urable risk factors predicting the development of sarcopenia. 
We presume that SAF is a long-term representative of body 
AGE burden based on long half-life of skin collagen–bound 
AGEs (38). Thus, SAF might be used as a potential predictor 
in addition to known risk factors such as age.

Our study has multiple strengths, one of which is a well-
characterized, high-quality, and harmonized data collec-
tion in the RS cohorts. Limitations include cross-sectional 
nature of our analysis and inclusion of only Caucasian 
subjects. Although we cannot be sure that the amount of 
AGEs in skin is representative for AGEs in muscle or bone, 
it is has been found that skin collagen has a long half-life 
of 14.8 years (38), and collagen turnover is a major deter-
minant of AGEs accumulation in tissues. This may points 
toward relatively stable values of skin AGEs over a longer 
period of time. We did not correct for multiple testing, but 
we had 1 clear primary hypothesis and an exploratory 
subgroup or component analysis were performed where 
individual comparison-wise error rate (α) was taken into 
account (39,40). We could neither exclude residual con-
founding despite inclusion of the most important biological 
confounders nor the potential impact of survival bias in our 
analyses in this aging population.

To conclude, this study demonstrates a positive as-
sociation between skin AGEs and confirmed sarcopenia 
in middle-age and elderly RS cohort. We also found 
that higher SAF levels are independently and inversely 

associated with HGS, GS, and ASMI independently of the 
potential confounders. Future research with a longitudinal 
study design is important to explore the potential of SAF in 
predicting sarcopenia in a clinical setting. On a large scale 
such as in primary care, implementation of noninvasive 
SAF measurements can be an efficient solution to screen 
elderly for the risk of sarcopenia once a causal association 
and a good predictive capability has been established.
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