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Abstract

Effects of low serum 25-hydroxyvitamin D (25OHD) on age-related changes in muscle mass and function remain unclear. Our aims were to explore associations of baseline 25OHD levels with prevalent and incident sarcopenia and changes in muscle parameters, and to examine the role of parathyroid hormone (PTH) therein. Cross-sectional (n=975) and prospective analyses (n=702) of older adults aged 65-93 years participating in the KORA-Age study. Sarcopenia was defined using the 2010 European Working Group on Sarcopenia in Older People (EWGSOP) criteria as low muscle mass combined with low grip strength or low physical performance. Associations with baseline 25OHD were examined in multiple regression analyses. Low vitamin D status was linked to increased odds of prevalent sarcopenia. Over three years, low baseline 25OHD <25 vs. ≥50 nmol/L were associated with greater loss of muscle mass and increased time for the Timed Up and Go test. The risk for developing incident sarcopenia was not significantly elevated in individuals with low baseline 25OHD but when including death as combined outcome alongside incident sarcopenia, there was a strong positive association in multivariable analysis (OR (95% CI): 3.19 (1.54-6.57) for 25OHD <25 vs. ≥50 nmol/L). There was no evidence for a PTH-mediating effect. Low baseline 25OHD levels were associated with unfavorable changes in muscle mass and physical performance, but not with incident sarcopenia. Future randomized trials are needed to assess causality and to address the issue of competing risks such as mortality in older cohorts.
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Introduction

Conceptualized as a geriatric syndrome of the gradual loss of muscle mass and function, sarcopenia becomes increasingly common in older age and often occurs simultaneously with low serum 25-hydroxyvitamin D (25OHD) levels [1]. Both conditions are linked to common clinical geriatric outcomes, including muscle weakness, falls and frailty [2].
There are several reasons to consider how vitamin D may have a beneficial effect on muscle health, yet individual observational studies examining the relationship of 25OHD levels with sarcopenia and related muscle parameters have yielded inconsistent results and the number of prospective studies is limited. We are aware of only two prospective studies that have examined 25OHD in relation to the incidence of sarcopenia defined by both low muscle mass and low muscle function. While the first study did not observed a significant association between vitamin D status and incident sarcopenia [3], low levels of 25OHD were associated with a significant increased risk of incident sarcopenia in the second one [4]. Furthermore, low 25OHD levels were not linked to change in muscle mass over time [3,5,6]. In some prospective studies, lower 25OHD levels were associated with loss of muscle function such a muscle strength or physical performance [5-8], while others did not find respective associations [3,9-11]. 
The mechanisms by which vitamin D status may affect muscle metabolism and function are not fully elucidated [12]. They may be both direct, via activation of a vitamin D receptor on muscle tissue by the biologically active form of vitamin D [13], and indirect, via effects of low serum calcium [14], low serum phosphate [15] or increased serum parathyroid hormone (PTH) levels [6].
We used cross-sectional and prospective data from the population-based KORA (Cooperative Health Research in the Region of Augsburg)-Age study to determine the associations of baseline 25OHD levels with prevalent and incident sarcopenia as well as changes in related muscle parameters in German older adults. The role of PTH as a potential mediator was also examined.

[bookmark: _Hlk532802974]Methods

[bookmark: _Hlk532803031]Study Design and Participants

We used data from two time points of the KORA-Age study (baseline: 2008/2009; follow-up: 2012). Full details about the study design and participants have been published previously [16]. Briefly, the cohort includes 1079 eligible participants aged ≥65 years on 31.12.2008, who participated in a multidimensional health assessment at baseline. A total of 975 individuals with complete health assessment and without hypercalcemia at baseline (serum calcium levels >2.6 mmol/L) were included in cross-sectional analyses. After exclusion of individuals with sarcopenia at baseline, without follow-up data or with missing information on sarcopenia at follow-up, a total of 702 participants were included in prospective analyses. Of those without follow-up data (n=179), 57 died and 122 did not participate due to other reasons. The Ethics Committee of the Bavarian Medical Association approved the study protocol (reference number: 08064), and written informed consent was obtained from all participants.

Sarcopenia and Related Muscle Parameters

Sarcopenia status was assessed at baseline and follow-up using the European Working Group on Sarcopenia in Older People (EWGSOP) 2010 criteria: low muscle mass combined with either low muscle strength or low physical performance [17].
Muscle mass was assessed using bioimpedance values measured with a body impedance analyzer (BIA 2000-S; Data Input GmbH, Frankfurt, Germany) [18]. Calibration of the BIA device occurred every day before and after the last use of the device with the test resistor. Results of the calibration were systematically documented and compared to target values of resistance: R = 500 Ω (±4) and reactance Xc = 144 Ω (±4). The multiple regression prediction equation developed by Janssen et al. was applied to estimate skeletal muscle mass [19]. Muscle mass index (kg/m²) was then calculated as skeletal muscle mass divided by height squared.  For low muscle mass index, we used cut-offs previously published in KORA-Age: ≤8.72 kg/m2 in men and ≤6.33 kg/m2 in women [20]. 
Handgrip strength (kg) was assessed using the JAMAR handheld dynamometer (Saehan Corp., Masan, Korea). The mean value of three measurements in the participant’s dominant hand was taken for analyses. We applied the EWGSOP cut-offs for low grip strength: <30 kg in men and <20 kg in women [17].
Gait speed (m/sec), assessed using the GAITRite system (CIR Systems, Havertown, PA, USA) [21], was used as the primary measure of physical performance. The standard cut-off of ≤0.8 m/sec of the normal walking speed was applied for defining slow gait speed [17]. We also repeated all analyses using the time to complete the Timed Up and Go (TUG) test as an alternative measure of physical performance. The TUG test (sec) measured the time taken to stand up from a standard chair, walk a distance of 3 m, turn, walk back to the chair and sit down. More time needed to complete the TUG test was defined as completing the test in ≥13.74 sec. This cut-point corresponds to the same proportion of individuals from the total baseline sample below ≤0.8 m/sec for the gait speed (14.3%).

Serum 25OHD and PTH Levels

Non-fasting blood samples were taken at baseline between February and November 2009 at the KORA study center, usually between 07:30 am and 11:00 am, and drawn into serum gel S-Monovette tubes (Sarstedt, Nümbrecht, Germany). Blood was gently inverted twice and rested for 30 min at room temperature until complete coagulation. After centrifugation at 15°C for 10 min, the serum obtained was aliquoted into Nunc cryotubes (Thermo Fisher Scientific, Waltham, MA, USA). For the analysis of both vitamin D and PTH status, serum probes were frozen at -80°C at the KORA study center, transported on ice and stored at a minimum of -80°C until analysis in partner laboratories. Serum concentrations of 25OHD and PTH were measured by an electrochemiluminescence immunoassay (ECLIA) using the Vitamin D total test (Elecsys 2011, Roche, Germany) and the intact PTH (1-84) test (Elecsys 2011, Roche, Germany), respectively. Intra- and inter-assay coefficients of variations were <5% and <10% for 25OHD, and <5% and <5% for PTH, respectively. Vitamin D status was categorized as deficiency (<25 nmol/L), insufficiency (25-<50 nmol/L) and sufficiency (≥50 nmol/L, reference) [22]. Due to the lack of consistent reference ranges [23], PTH levels were categorized as 1st tertile (<2.8 pmol/L, reference), 2nd tertile (2.8-<3.8 pmol/L) and 3rd tertile (≥3.8 pmol/L). 

Confounders

[bookmark: _Hlk532803857]To avoid bias by adding covariates to the model that are intermediate factors or common effects, we constructed a directed acyclic graph (DAG) to identify relevant confounders in the association of vitamin D status with sarcopenia [24]. Using the graphical tool DAGitty [25], we identified a minimal adjustment set of covariates needed to estimate the causal effect without confounding: sex, age, Nutrition Score (SCREEN II), physical activity, BMI and use of vitamin D supplements.  The variables—sex and age—were collected using the short form of the Demographics Standards of the German Society of Epidemiology [26]. The Nutrition Score, indicating risk of general malnutrition, was calculated using the German short form of the SCREEN II (Seniors in the Community: Risk Evaluation for Eating and Nutrition, version II) questionnaire [27]. Participants were classified as “low risk” (score 41-48), “moderate risk” (score 36-<41) or “high risk of malnutrition” (score <36). Physical activity assessment included frequency and duration of activity in summer and winter [28]. Possible answers were (1) > 2 hours/week, (2) 1–2 hours/week, (3) <1 hour/week and (4) none. Participants, who had a total score < 5, obtained by summing the numbers (1)–(4) relating to winter and summer, were classified to be “physically active”, all others were classified as “inactive”. Body mass index (BMI) was defined as body weight (kg) divided by height-squared (m²). Use of supplements ingested in the last seven days was collected through a database supported computer software (IDOM, Instrument for Databased Assessment Of Medication) [29], together with the mode, dosage and frequency of ingestion [30]. Vitamin D supplement use was classified as “regular intake” or “no/irregular intake”.  The DAG with methodology and references can be seen in the Online Resource Fig. 1 (available in Calcified Tissue International online). Methods used to collect and categorize other baseline – not DAG confounders - variables (e.g. alcohol intake, smoking status, polypharmacy) have been described elsewhere [31]. 

Statistical Analysis

Baseline descriptive characteristics were expressed as mean ± standard deviation (SD), median (1st quartile-3rd quartile) or proportion (%) by sarcopenia status at baseline and were compared across categories using one-way ANOVA or Kruskal-Wallis tests for continuous variables and Pearson’s χ2 tests for categorical variables. 
In cross-sectional analyses (n=975), multiple logistic regression analyses tested the associations of categorized baseline 25OHD levels with the prevalence of sarcopenia and related muscle parameters, and in prospective analyses (n=702) with the incidence of sarcopenia and related muscle parameters in individuals without the respective condition at baseline. We repeated the prospective analyses using a combined end-point of incident sarcopenia or death, assuming that many of those who died before the follow-up examination developed sarcopenia prior to death. Results were expressed as odds ratios (OR) with 95% confidence interval (CI). Annual change (%) in each muscle parameter was calculated as: [(follow-up-baseline)/baseline)*(100/time)]. By visual inspection of normal plots (histograms) and Q-Q plots, annual change in each muscle parameter was normally distributed. Multiple linear regression analyses tested the associations of baseline 25OHD with annual changes in muscle parameters. Results were expressed as β-coefficients with 95% CIs.   
In all analyses, three adjusted models were fitted: Model 1 was adjusted for age and sex, Model 2 was fully-adjusted for DAG confounders: age, sex, Nutrition Score (SCREEN II), physical activity, BMI and use of vitamin D supplements, and Model 3 was fully-adjusted plus additional inclusion of PTH tertiles to test the potential mediating effect of PTH. A p-value <0.05 was considered statistically significant. All statistical analyses were performed using the statistical software package, SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). 

Results

Participant characteristics

Baseline characteristics of the 975 individuals (49.2% female, mean age 75.7 ± 6.5 years) included in cross-sectional analyses are shown in Table 1 stratified by sarcopenia status. 
Overall, 6.7% of individuals had prevalent sarcopenia (2.3% in men, 4.4% in women). When using the TUG test as an alternative to gait speed, the prevalence of sarcopenia minimally decreased to 6.6% (2.3% in men, 4.3% in women). Sarcopenic individuals were more likely to be female, older, to live alone, be divorced or widowed, to be physically inactive, to have a lower BMI and lower 25OHD levels. 


Table 1 Participant characteristics by sarcopenia status at baseline, n=975

	
	All 
n=975
	No sarcopenia
n=910
	Sarcopenia
n= 65
	p -value

	Socio-demographic factors
	
	
	
	

	Women, %
	480
	(49.2)
	437
	(48.0)
	43
	(66.2)
	0.005

	Age, years
	75.7
	± 6.5
	75.3
	± 6.4
	81.0
	± 6.4
	<0.001

	Categorized, %
	
	
	
	
	
	
	<0.001

	   65-74
	434
	(44.5)
	422
	(46.4
	12
	(18.5)
	

	   75-84
	435
	(44.6)
	403
	(44.3
	32
	(49.2)
	

	   85+
	106
	(10.9)
	85
	(9.3
	21
	(32.3)
	

	Family status, %
	
	
	
	
	
	
	<0.001

	   Living with a partner
	617
	(63.8)
	590
	(65.2)
	27
	(43.6)
	

	   Living alone, divorced or widowed
	350
	(36.2)
	315
	(34.8)
	35
	(56.5)
	

	Low educational level, %
	195
	(20.0)
	183
	(20.1)
	12
	(18.5)
	0.748

	Lifestyle factors
	
	
	
	
	
	
	

	Nutrition Score (SCREEN II), %
	
	
	
	
	
	
	0.317

	   Low risk (41 to 48)
	381
	(39.1)
	360
	(39.6)
	21
	(32.3)
	

	   Medium risk (36 to <41)
	350
	(35.9)
	327
	(35.9)
	23
	(35.4)
	

	   High risk (<36)
	244
	(25.0)
	223
	(24.5)
	21
	(32.3)
	

	Physically inactive, %
	442
	(45.3)
	404
	(44.4)
	38
	(58.5)
	0.028

	Alcohol consumptiona, %
	
	
	
	
	
	
	0.008

	   Abstainer
	340
	(34.9)
	306
	(33.7)
	34
	(52.3)
	

	   Light-moderate drinker
	500
	(51.3)
	477
	(52.5)
	23
	(35.4)
	

	   High drinker
	134
	(13.8)
	126
	(13.9)
	8
	(12.3)
	

	Smoking, %
	
	
	
	
	
	
	0.286

	   Never smoker
	555
	(56.9)
	512
	(56.3)
	43
	(66.2)
	

	   Ex-smoker
	373
	(38.3)
	353
	(38.8)
	20
	(30.7)
	

	   Current smoker
	47
	(4.8)
	45
	(5.0)
	2
	(3.1)
	

	Health factors
	
	
	
	
	
	
	

	BMI, kg/m2
	28.5
	± 4.3
	28.7
	± 4.2
	24.9
	± 3.1
	<0.001

	Polypharmacy (≥5 medications), %
	304
	(31.2)
	284
	(31.2)
	20
	(30.8)
	0.941

	eGFR<60 mL/min/1.73m²b, %
	381
	(39.1)
	351
	(38.6)
	30
	(46.2)
	0.229

	Multimorbidityc, %
	
	
	
	
	
	
	0.259

	   No disease
	89
	(9.2)
	86
	(9.5)
	3
	(4.7)
	

	   One disease
	251
	(25.9)
	237
	(26.2)
	14
	(21.9)
	

	   Two or more diseases
	629
	(64.9)
	582
	(64.3)
	47
	(73.4)
	

	Vitamin D supplements, %
	
	
	
	
	
	
	0.500

	   Regular use
	132
	(13.5)
	125
	(13.7)
	7
	(10.8)
	

	   No/irregular use
	843
	(86.5)
	785
	(86.3)
	58
	(89.2)
	

	Calcium supplements, %
	
	
	
	
	
	
	0.642

	   Regular use
	139
	(14.3)
	131
	(14.4)
	8
	(12.3)
	

	   No/irregular use
	836
	(85.7)
	779
	(85.6)
	57
	(87.7)
	

	Biological measures 
	
	
	
	
	
	
	

	Season of blood collection, %
	
	
	
	
	
	
	0.278

	   Jun-Aug
	341
	(35.0)
	324
	(35.6)
	17
	(26.2)
	

	   Sep-Nov
	215
	(22.1)
	200
	(22.0)
	15
	(23.1)
	

	   Feb-May
	419
	(43.0)
	386
	(42.4)
	33
	(50.8)
	

	25OHD, nmol/L
	48.9
	31.9-69.9
	49.0
	32.7-70.6
	41.4
	24.4-67.1
	0.025

	Categorized, %
	
	
	
	
	
	
	0.002

	   Sufficiency (≥50)
	468
	(48.0)
	443
	(48.7)
	25
	(38.5)
	

	   Insufficiency (25-<50)
	369
	(37.9)
	348
	(38.2)
	21
	(32.3)
	

	   Deficiency (<25)
	138
	(14.2)
	119
	(13.1)
	19
	(29.2)
	

	PTH, pmol/L
	3.3
	2.5-4.1
	3.3
	2.5-4.1
	3.1
	2.5-4.3
	0.923

	Categorized, %
	
	
	
	
	
	
	0.466

	   1st tertile (<2.8)
	326
	(33.4)
	302
	(33.2)
	24
	(36.9)
	

	   2nd tertile (2.8-<3.8)
	323
	(33.1)
	306
	(33.6)
	17
	(26.2)
	

	   3rd tertile (≥3.8)
	326
	(33.4)
	302
	(33.2)
	24
	(36.9)
	

	Hyperparathyroidism (≥6.8), %
	55
	(5.6)
	50
	(5.5)
	5
	(7.7)
	0.458

	Sarcopenia-related muscle parameters
	
	
	
	
	
	
	

	Muscle mass indexd, kg/m²
	8.8
	± 1.7
	8.9
	± 1.6
	6.6
	± 1.3
	<0.001

	Grip strength, kg
	26.8
	± 9.7
	27.5
	± 9.6
	17.9
	± 6.6
	<0.001

	Gait speede, m/sec
	1.1
	± 0.2
	1.1
	± 0.2
	1.0
	± 0.2
	0.0311

	Walking aidf, %
	45
	(5.0)
	43
	(5.1)
	2
	(3.9)
	0.695

	Time to complete the TUG testg, sec
	9.8
	8.5-11.9
	9.7
	8.5-11.9
	10.6
	9.2-12.5
	0.060


Statistically significant values are highlighted in bold (p < 0.05)
Results expressed as mean ± SD, median (1st quartile-3rd quartile) or proportion (%)
Number of missing values: a1; b1; c6; d18; e74; f74; g62
25OHD, 25-hydroxyvitamin D; PTH, parathyroid hormone; TUG test, Timed Up and Go test; standard deviation (SD)

Cross-sectional results

At baseline, individuals with low baseline 25OHD <25 vs. ≥50 nmol/L tended to have higher odds of prevalent sarcopenia in fully-adjusted analysis (OR (95%CI): 2.14 (0.98-4.63)). Additional inclusion of PTH tertiles strengthened the association, which became significant (OR (95%CI): 2.64 (1.16-5.98)). Vitamin D deficiency was associated with higher odds of low grip strength, slow gait speed and more time needed for the TUG test after multivariable adjustment (Table 2).  

Prospective results

Annual changes in muscle parameters are shown in Table 3 stratified by baseline 25OHD levels. In fully-adjusted analysis, individuals with low baseline 25OHD <25 vs. ≥50 nmol/L had a 0.94% greater annual decrease in muscle mass index and a 3.06% greater annual increase in time to complete the TUG test. Vitamin D status was not significantly associated with change in grip strength or gait speed.
After 2.9 ± 0.1 years of follow-up, 4.3% of individuals without sarcopenia at baseline developed incident sarcopenia (2.8% in men; 5.8% in women). The incidence of sarcopenia remained unchanged when using the TUG test as an alternative to gait speed. Lower baseline 25OHD levels were not significantly associated with the risk for developing incident sarcopenia. Adjustment for PTH tertiles slightly attenuated the observed trends (Table 4). When repeating analyses using a combined endpoint of incident sarcopenia or death, 11.5% of individuals developed the outcome. The presence of both vitamin D deficiency and insufficiency were strongly associated with a higher risk for incident sarcopenia or death (deficiency: OR (95% CI): 3.19 (1.54-6.57); insufficiency: OR (95% CI): 1.84 (1.06-3.22)). Vitamin D insufficiency was associated with a higher risk for developing low muscle mass index after multivariable adjustment (Table 4).


Table 2 Cross-sectional associations of baseline 25OHD levels with the prevalence of sarcopenia and related muscle parameters, n=975

	
	
	
	
	OR (95 % CI)

	Outcome at baseline
(dichotomized)
	25OHD
	Prevalence 
of outcome
	n
	Model 1:
Age and sex
	Model 2:
Fully-adjusted
	Model 3:
Model 2 + PTH

	Sarcopenia
	All
	6.7%
	975
	
	
	

	
	Deficiency
	13.8%
	138
	1.52 (0.76-2.99)
	2.14 (0.98-4.63)
	2.64 (1.16-5.98)*

	
	Insufficiency
	5.7%
	369
	0.84 (0.45-1.55)
	0.96 (0.49-1.85)
	0.99 (0.50-1.93)

	
	Sufficiency
	5.3%
	468
	1.00 (ref)
	1.00 (ref)
	1.00 (ref)

	Low muscle mass index
	All
	10.3%
	957
	
	
	

	
	Deficiency
	15.2%
	138
	1.02 (0.55-1.83)
	1.70 (0.82-3.44)
	2.12 (1.00-4.45)*

	
	Insufficiency
	9.1%
	362
	0.76 (0.46-1.23)
	0.96 (0.55-1.64)
	1.02 (0.56-1.77)

	
	Sufficiency
	9.9%
	457
	1.00 (ref)
	1.00 (ref)
	1.00 (ref)

	Low grip strength
	All
	38.4%
	975
	
	
	

	
	Deficiency
	57.3%
	138
	1.52 (0.99-2.35)
	1.59 (1.00-2.52)*
	1.52 (0.95-2.43)

	
	Insufficiency
	38.5%
	369
	1.02 (0.75-1.39)
	1.04 (0.75-1.43)
	1.02 (0.74-1.41)

	
	Sufficiency
	32.7%
	468
	1.00 (ref)
	1.00 (ref)
	1.00 (ref)

	Slow gait speed
	All
	13.8%
	901
	
	
	

	
	Deficiency
	27.3%
	110
	2.77 (1.55-4.9)**
	2.33 (1.26-4.30)**
	2.36 (1.26-4.41)**

	
	Insufficiency
	16.6%
	349
	1.93 (1.23-3.06)**
	1.89 (1.16-3.12)*
	1.90 (1.16-3.14)*

	
	Sufficiency
	8.1%
	442
	1.00 (ref)
	1.00 (ref)
	1.00 (ref)

	More time needed to complete the TUG test
	All
	13.6%
	913
	
	
	

	
	Deficiency
	28.0%
	118
	3.05 (1.71-5.42)**
	2.31 (1.25-4.28)**
	2.13 (1.13-3.99)*

	
	Insufficiency
	16.5%
	351
	2.12 (1.34-3.42)**
	1.94 (1.18-3.23)*
	1.97 (1.19-3.29)*

	
	Sufficiency
	7.4%
	444
	1.00 (ref)
	1.00 (ref)
	1.00 (ref)


Statistically significant values are highlighted in bold (p < 0.05)
Results of multiple logistic regression analyses expressed as OR (95% CI): Model 1, adjusted for sex and age; Model 2, fully-adjusted for DAG confounders: sex, age, Nutrition Score (SCREEN II), physical activity, BMI and use of vitamin D supplements; Model 3, fully-adjusted plus PTH tertiles; *p<0.05 vs. ref, **p<0.01 vs. ref
25OHD, 25-hydroxyvitamin D categorized as deficiency (<25 nmol/L), insufficiency (25-<50 nmol/L) and sufficiency (≥50 nmol/L, ref); PTH, parathyroid hormone; TUG test, Timed Up and Go test; DAG, directed acyclic graph; OR, odds ratio; CI, confidence interval



Table 3 Prospective associations of baseline 25OHD levels with annual changes in related muscle parameters, n=702

	
	
	
	
	β (95 % CI)

	Outcome at follow-up
(continuous)
	25OHD
	% change per year 
of outcome, mean (±SD)
	n
	Model 1:
Age and sex
	Model 2:
Fully-adjusted
	Model 3:
Model 2 + PTH

	Muscle mass index
	All
	-0.17% (±2.28)
	681
	
	
	

	
	Deficiency
	-0.89% (±2.98)
	75
	-1.03 (-1.61, -0.45)**
	-0.94 (-1.55, -0.34)**
	-0.92 (-1.54, -0.30)*

	
	Insufficiency
	-0.40% (±2.29)
	262
	-0.52 (-0.89, -0.15)**
	-0.47 (-0.86, -0.09)*
	-0.46 (-0.84, -0.07)*

	
	Sufficiency
	0.15% (±2.04)
	344
	0.00 (ref)
	0.00 (ref)
	0.00 (ref)

	Grip strength
	All
	-0.42% (±7.16)
	702
	
	
	

	
	Deficiency
	-1.10% (±7.38)
	76
	0.03 (-1.79, 1.85)
	0.34 (-1.58, 2.25)
	0.46 (-1.48, 2.41)

	
	Insufficiency
	-0.12% (±7.76)
	267
	0.57 (-0.57, 1.72)
	0.71 (-0.48, 1.91)
	0.72 (-0.48, 1.93)

	
	Sufficiency
	-0.50% (±6.64)
	359
	0.00 (ref)
	0.00 (ref)
	0.00 (ref)

	Gait speed
	All
	2.95% (±8.12)
	590
	
	
	

	
	Deficiency
	2.20% (±6.75)
	54
	-0.65 (-3.07, 1.76)
	-0.71 (-3.23, 1.80)
	-0.54 (-3.08, 2.00)

	
	Insufficiency
	3.27% (±8.77)
	218
	0.58 (-0.84, 2.00)
	0.64 (-0.83, 2.11)
	0.75 (-0.73, 2.23)

	
	Sufficiency
	2.86% (±7.86)
	318
	0.00 (ref)
	0.00 (ref)
	0.00 (ref)

	Time to complete the TUG test
	All
	-0.19% (±8.36)
	612
	
	
	

	
	Deficiency
	3.29% (±13.28)
	58
	3.47 (1.14, 5.81)**
	3.06 (0.63, 5.49)*
	3.06 (0.61, 5.51)**

	
	Insufficiency
	0.68% (±8.05)
	229
	1.49 (0.11, 2.88)*
	1.42 (-0.02, 2.85)
	1.53 (0.09, 2.98)*

	
	Sufficiency
	-1.42% (±7.14)
	325
	0.00 (ref)
	0.00 (ref)
	0.00 (ref)


Statistically significant values are highlighted in bold (p < 0.05)
Results of multiple linear regression analyses expressed as β (95% CI). ß coefficient is the mean difference in percentage change per year. Model 1, adjusted for sex and age; Model 2, fully-adjusted for DAG confounders: sex, age, Nutrition Score (SCREEN II), physical activity, BMI and use of vitamin D supplements; Model 3, fully-adjusted plus PTH tertiles; *p<0.05 vs. ref, **p<0.01 vs. ref
25OHD, 25-hydroxyvitamin D categorized as deficiency (<25 nmol/L), insufficiency (25-<50 nmol/L) and sufficiency (≥50 nmol/L, ref); PTH, parathyroid hormone; TUG test, Timed Up and Go test; DAG, directed acyclic graph; OR, odds ratio; CI, confidence interval; SD, standard deviation


Table 4 Prospective associations of baseline 25OHD levels with the incidence of sarcopenia (or death) and related muscle parameters, n=702

	
	
	
	
	OR (95 % CI)

	Outcome at follow-up
(dichotomized)
	25OHD
	Incidence 
of outcome
	n
	Model 1:
Age and sex
	Model 2:
Fully-adjusted
	Model 3:
Model 2 + PTH

	Sarcopenia
	All
	4.3%
	702
	
	
	

	
	Deficient
	5.3%
	76
	1.10 (0.29-3.44)
	2.38 (0.54-8.99)
	1.91 (0.43-7.24)

	
	Insufficiency
	5.2%
	267
	1.35 (0.61-3.05)
	2.10 (0.89-5.04)
	1.98 (0.83-4.83)

	
	Sufficiency
	3.3%
	359
	1.00 (ref)
	1.00 (ref)
	1.00 (ref)

	Sarcopenia or death
	All
	11.5%
	759
	
	
	

	
	Deficiency
	23.4%
	94
	2.44 (1.25-4.69)**
	3.19 (1.54-6.57)**
	2.95 (1.40-6.18)**

	
	Insufficiency
	12.5%
	289
	1.51 (0.89-2.57)
	1.84 (1.06-3.22)*
	1.77 (1.01-3.12)*

	
	Sufficiency
	7.7%
	376
	1.00 (ref)
	1.00 (ref)
	1.00 (ref)

	Low muscle mass index
	All
	7.8%
	681
	
	
	

	
	Deficiency
	8.0%
	75
	0.97 (0.34-2.42)
	2.52 (0.76-7.59)
	2.39 (0.72-7.30)

	
	Insufficiency
	9.2%
	262
	1.24 (0.67-2.27)
	2.01 (1.02-4.01)*
	1.94 (0.98-3.90)

	
	Sufficiency
	6.7%
	344
	1.00 (ref)
	1.00 (ref)
	1.00 (ref)

	Low grip strength
	All
	34.2%
	702
	
	
	

	
	Deficiency
	44.7%
	76
	1.14 (0.63-2.01)
	1.07 (0.58-1.95)
	0.99 (0.53-1.82)

	
	Insufficiency
	38.2%
	267
	1.21 (0.84-1.74)
	1.17 (0.80-1.71)
	1.13 (0.77-1.66)

	
	Sufficiency
	29.0%
	359
	1.00 (ref)
	1.00 (ref)
	1.00 (ref)

	Slow gait speed
	All
	6.8%
	590
	
	
	

	
	Deficiency
	13.0%
	54
	2.05 (0.68-5.64)
	1.67 (0.53-4.85)
	1.54 (0.51-4.91)

	
	Insufficiency
	8.7%
	218
	1.66 (0.80-3.52)
	1.53 (0.71-3.40)
	1.50 (0.68-3.38)

	
	Sufficiency
	4.4%
	318
	1.00 (ref)
	1.00 (ref)
	1.00 (ref)

	More time needed to complete the TUG test
	All
	10.3%
	612
	
	
	

	
	Deficiency
	20.7%
	58
	2.71 (1.15-6.16)
	2.02 (0.82-4.83)
	1.94 (0.77-4.70)

	
	Insufficiency
	13.1%
	229
	1.83 (1.01-3.39)
	1.57 (0.82-3.02)
	1.53 (0.79-2.97)

	
	Sufficiency
	6.5%
	325
	1.00 (ref)
	1.00 (ref)
	1.00 (ref)


Statistically significant values are highlighted in bold (p < 0.05)
Results of multiple logistic regression analyses expressed as OR (95% CI): Model 1, adjusted for sex and age; Model 2, fully-adjusted for DAG confounders: sex, age, Nutrition Score (SCREEN II), physical activity, BMI and use of vitamin D supplements; Model 3, fully-adjusted plus PTH tertiles; *p<0.05 vs. ref, **p<0.01 vs. ref
25OHD, 25-hydroxyvitamin D categorized as deficiency (<25 nmol/L), insufficiency (25-<50 nmol/L) and sufficiency (≥50 nmol/L, ref); PTH, parathyroid hormone; TUG test, Timed Up and Go test; DAG, directed acyclic graph; OR, odds ratio; CI, confidence interva

Discussion

In this three-year prospective study among German older adults, low baseline 25OHD <25 vs. ≥50 nmol/L were significantly associated with changes in muscle mass and physical performance as assessed by the time to complete the TUG test. Vitamin D status was not associated with the risk for developing incident sarcopenia. However, when including death as a combined outcome alongside incident sarcopenia, there was a strong positive association with low baseline 25OHD <25 vs. ≥50 nmol/L. There was no evidence for a mediating effect of PTH.

25OHD and Changes in Muscle Mass and Physical Performance

In previous prospective studies, low 25OHD levels were not linked to change in muscle mass [3,5,6]. Some studies have shown, however, an association with loss of muscle strength [5,6,8]. Findings on the association between 25OHD and decline in gait speed have relatively consistently shown no significant association [3,10,11]. In our study, gait speed increased with a mean annual gain of 2.95 ± 8.12 %, possibly due to the selection bias in KORA-Age, whereby more healthy individuals participated at follow-up [32]. However, caution is warranted when interpreting our gait speed variable because a comparable effect was not seen for the TUG test. Studies investigating vitamin D in relation to change in other performance tests, including the TUG test, have shown either no association [9-11] or a greater decline in physical performance among those with low baseline 25OHD [7,33].
Meta-analyses of randomized controlled trials (RCTs) have shown heterogeneous effects of vitamin D supplementation on muscle parameters. One meta-analysis of 13 trials in older adults aged ≥60 years has shown evidence of decreased time to complete the TUG test and gains in lower extremity strength, but no beneficial effect on gait speed [34]. Another larger meta-analysis of 30 trials in individuals with mean age 61.1 years found a small positive effect on muscle strength but not on muscle mass [35]. More recently, a meta-analysis of 15 studies in individuals aged ≥65 years demonstrated no improvement in muscle strength after vitamin D administration [36]. Further RCTs that compare effects of vitamin D supplementation in sarcopenic vs. non-sarcopenic participants are needed to confirm the place of vitamin D supplementation in the management of sarcopenia, and to clarify optimal 25OHD levels for muscle health.

25OHD and Incident Sarcopenia or Death

Very few prospective studies have examined vitamin D status in relation to incident sarcopenia. In one study conducted among 433 men aged ≥60 years, the risk for developing incident sarcopenia over 4.3 years was not significantly related to baseline 25OHD in multivariable analysis [3]. Another study following a cohort of 709 men aged ≥70 years over 5 years showed that baseline 25OHD <40 vs. ≥68.9 nmol/L were significantly associated with increased odds of incident sarcopenia with an OR (95% CI) of 2.53 (1.14-5.64) [4]. Comparison of our results with the findings of these prospective studies are limited due to differences in study populations (only men), sarcopenia definitions, length of follow-up, cut-off values to define low baseline 25OHD levels, and due to diverging confounding adjustment.
A large problem of prospective studies among older cohorts are competing risks, with numerous losses to follow-up due to death. In a previous KORA-Age analysis, low vitamin D status was associated with higher mortality [37]. Assuming that older individuals may often develop sarcopenia before death [38,39], we tried to address the problem of competing risks by means of a combined endpoint, which included incident cases of sarcopenia and all losses to follow-up due to death. We found a strong positive association of low baseline 25OHD <25 vs. ≥50 nmol/L with this combined outcome, highlighting the importance of considering competing risks such as mortality in older cohorts. Future longitudinal studies should include repeated follow-up examinations after short time periods to identify individuals who develop incident sarcopenia before death.

Possible Mechanisms, Including PTH

Mechanistically, a direct effect of the biologically active form of vitamin D on muscle has been suggested following the localization of a vitamin D receptor expressed on human muscle tissue [13]. Other studies have explored the well-known inverse relationship between serum 25OHD and PTH, showing effects of increased PTH levels on skeletal muscle mass and function [6], and suggesting that hyperparathyroidism secondary to vitamin D deficiency may mediate the effect of vitamin D on muscle [40]. 
In the present study, adjustment for PTH tertiles strengthened the association of 25OHD with sarcopenia in cross-sectional analyses, but only slightly attenuated it in prospective analyses. This suggests that a meaningful mediating effect of PTH was unlikely, though the number of participants with hyperparathyroidism was very small. Of note, there may be other indirect biological pathways mediating the effect of vitamin D on muscle, including hypocalcemia [14] or hypophosphatemia [15]. Further mechanistic studies are required to better understand the mechanisms by which 25OHD levels may influence sarcopenia and its onset.

Strengths and Limitations

Strengths include the use of a large, broadly representative, sample of community-dwelling German older adults with prospective data. Because reasons for non-participation were systematically recorded, we were able to incorporate withdrawal due to death as a combined outcome with incident sarcopenia. We have included 25OHD levels in addition to a wide range of covariates trough DAG modeling, thereby minimizing confounding in examining the causal association between vitamin D status and sarcopenia. Nonetheless residual confounding cannot be entirely excluded. Furthermore, we could not account for the effects of change in 25OHD levels on change in muscle parameters, because 25OHD levels were only measured at baseline. The power of the present study was limited especially regarding analyses on incident sarcopenia due to the low incidence in our rather healthy study population. While the EWGSOP allows use of BIA in conjunction with the Janssen multiple regression prediction equation for estimation of the skeletal muscle mass [17], we recognize that this approach should be used with caution because estimates of skeletal muscle mass can be artificially elevated due to altered hydration, including fluid accumulation and hypohydration [41]. . Furthermore, PTH levels are subject to diurnal rhythms and influenced by the ingestion of calcium-containing foods , hence PTH results may have been affected by the non-fasting status of KORA-Age participants and possible batch effects associated with sampling across extended time periods. Accurate interpretation and comparison of PTH results across studies may also be hampered by the lack of standardization and robust reference ranges due to variable analytical methods used for its determination [23].

Conclusion

In conclusion, our finding suggests that a low vitamin D status may be an early risk factor for changes in muscle mass and physical performance in older adults. Replenishing 25OHD levels may be important for the preservation of specific sarcopenia-related muscle parameters but further randomized trials are needed to assess whether the observed associations are causal and to determine optimal 25OHD levels for muscle health. We could not demonstrate a statistically significant association of low vitamin D status with incident sarcopenia, but a significant association was found with the combined endpoint of sarcopenia and death. This highlights the need for future well-designed prospective studies that address the issue of competing risks such as mortality in older cohorts.
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