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Abstract: This study aimed to describe the latest 25-hydroxyvitamin D (25(OH)D) status of the South
Korean population aged > 20 years using 25(0OH)D concentrations measured by liquid chromatography—
tandem mass spectrometry and to determine the factors associated with total 25(OH)D concentrations.
This cross-sectional, retrospective study consecutively selected 119,335 subjects with a median age of
57 (20-101) years who underwent health checkups among 13 Korean cities during 2017-2022. The
total 25(OH)D concentration was 54.5 + 24.0 nmol/L (mean 4 SD). The 7.6%, 47.5%, and 82.9% of
participants had 25(OH)D less than 25, 50, and 75 nmol /L, respectively. The prevalence of 25(OH)D
deficiency (<25 nmol/L) was higher in females than in males (8.9% vs. 6.1%) and varied between age
groups, decreasing in older subjects. Those aged 20-29 years had the highest prevalence of 25(OH)D
deficiency (23.0% in females and 20.1% in males), which also varied between cities. In the adjusted
model, female sex, older age, summer and autumn seasons, lower body mass index (<25 kg/ mz), and
lower high-sensitivity C-reactive protein concentration (<1 mg/L) were associated with higher total
25(0OH)D concentrations. This study could provide an exact understanding of the status of vitamin D
and help devise strategies to prevent vitamin D deficiency among the Korean population.

Keywords: 25-hydroxyvitamin D; liquid chromatography—tandem mass spectrometry; 25(OH)D deficiency

1. Introduction

Vitamin D deficiency is considered a common worldwide health problem [1]. Ade-
quate vitamin D status plays an essential role in skeletal bone health. A low vitamin D
status is associated with muscle weakness, fragility fractures, bone loss, and falls in older
people [2,3]. Besides its role in musculoskeletal health, a low vitamin D status is also
correlated with non-skeletal disorders including cancer, diabetes, and cardiovascular and
autoimmune diseases [4-7], which are very important public health issues. Estimations
of vitamin D status are key to establish public health strategies. Some studies have found
that the prevalence of vitamin D deficiency differs with population characteristics such
as residence region and ethnicity [8-10]. The vitamin D status should be estimated using
a nationally representative population. Moreover, it is also important to establish the
reference intervals (RIs) that describe the ranges found in a healthy population as Rls of
vitamin D may vary with demographic background.

Serum 25-hydroxyvitamin D (25[OH]D) is the best indicator for measuring vitamin D
levels, as it reflects both the vitamin D from food and supplements and the vitamin D that
the body makes from cholecalciferol (vitamin D3) when exposed to the sun’s UV-B rays on
7-dehydrocholesterol [11,12]. In 2021, the US Preventive Services Task Force issued a new
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recommendation, stating that there is not enough evidence to evaluate the pros and cons of
screening for vitamin D deficiency in adults without symptoms [13]. The recommendation
mentioned that although liquid chromatography-tandem mass spectrometry (LC-MS/MS)
is considered the reference assay; it is a complicated process that is liable to variations
and errors, including interference from other chemical compounds. However, LC-MS/MS
is currently considered the gold standard for measuring vitamin D metabolites and has
become more accessible for routine and high-volume analyses [14,15]. The Vitamin D
Standardization Program has also developed a reference measurement system to establish
international standardization of 25(OH)D measurements [16].

While the status of vitamin D has been previously described in some populations [17-19],
these studies had relatively limited populations visiting hospitals or unstandardized assay
methods such as immunoassay or radioimmunoassay-based vitamin D measurements.
Therefore, current information on the status of vitamin D is needed based on 25(OH)D
levels measured by LC-MS/MS in the general Korean population of all adult ages. This
study aimed to describe the latest 25(OH)D status of the South Korean general population
aged > 20 years during 2017-2022 using 25(OH)D data measured by LC-MS/MS and to
identify the associated factors of total 25(OH)D concentrations.

2. Materials and Methods
2.1. Study Population

This is a cross-sectional retrospective study. The study subjects were consecutively
selected from examinees who underwent health checkups that included the assessment of
25(OH)D concentration at 17 health-promotion centers in South Korea from January 2017 to
December 2022. This study analyzed 119,335 of the 123,124 eligible subjects (Figure 1).
These 17 health-promotion centers are affiliated with the Korea Association of Health Pro-
motion. The National Health Insurance System (NHIS) of South Korea provides medical
examinations every two years for its entire population. The 17 health-promotion centers
included in this study perform around 10% of the health checkups offered by the NHIS. All
participants provided their medical history, and their subjective symptoms and signs were
assessed during the health checkups. Their medical records were also reviewed. The partic-
ipants were excluded if they had a history of cancer, myocardial infarction, or stroke. We
defined vitamin D deficiency as <25 nmol/L, vitamin D insufficiency as 25 to 50 nmol/L,
and sufficiency as >50 nmol/L by 25(OH)D level, according to the guidelines of the En-
docrine Society [20].

The study protocol was reviewed and approved by the Institutional Review Board of the
Korea Association of Health Promotion on 19 April 2023 (approval no. 130750-202304-HR-002).
The need to obtain informed consent was waived since the study analyzed de-identified
data that were obtained during previous health checkups.

2.2. Laboratory Measurements of Serum 25(OH)D

The health checkups included the drawing of venous blood after fasting overnight
to measure vitamin D. Venous blood was collected in serum tubes with a clot activator.
As per routine procedure, blood samples were centrifuged at 1500 rpm for 10 min when
they reached the lab and kept at 4 °C until they were analyzed within 7 days in the core
laboratory. The serum samples were subjected to derivatization, hexane extraction, and
trypsin digestion, followed by analysis with the ACQUITY Ultra-Performance Liquid Chro-
matography System and Xevo TQ-S Mass Spectrometer (Waters, Milford, MA, USA) to
measure the concentration of the 25(OH)D; and 25(OH)Ds. The samples were treated with
zinc sulfate to precipitate proteins and then spiked with an internal standard (d6 25[OH]D,
and d6 25[OH]D3) that was eluted in methanol. The samples were then subjected to on-
line solid-phase extraction (RECIPE, Munich, Germany). The method was calibrated
using ClinCal Serum Calibrators (RECIPE) and enabled the equimolar quantification
of the two predominant 25(OH)D species: 25(OH)D3; and 25(OH)D,. The LC-MS/MS
method was standardized and traceable to the National Institute of Standards and Technol-
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ogy (Gaithersburg, MD, USA). The limit of detections of 25(OH)D, and 25(OH)D; were
2.5nmol/L and 0.75 nmol/L, respectively, with respective imprecision CVs of 7% and
6%; the total was <10%. The accuracy of the measurement of 25(OH)D; and 25(OH)Ds
was between 96.5% and 108% of standard materials. Our assay accuracy is verified by
our regular participation in external quality assurance programs, such as the College of
American Pathologists CAP Proficiency Testing/Quality Management program and the
Vitamin D External Quality Assessment Scheme DEQAS for vitamin D. The calculation of
the total serum 25(OH)D concentration involved adding 25(0OH)D, and 25(OH)Ds together.

123,124 examinees who received health
checkup including vitamin D test in

2017-2022

Not included: N=3789
younger than 20 years (N=41)
> Stroke (N=678)
Myocardial infarction or angina pectoris (N=1882)
Missing vitamin D data (N=1281)

y

Eligible subject (N=119,335)

y

Analysed (N=119,335)

Figure 1. Flow chart of the study.

2.3. Statistical Analysis and Calculation of Reference Intervals for Serum 25(OH)D,,
25(0OH)D3, and Total 25(OH)D

Statistical analyses were performed using SAS software (version 9.4, SAS Institute,
Cary, NC, USA). Data are presented as mean =+ SD or frequency (percentage) values. Differ-
ences in total 25(OH)D, 25(OH)D,, and 25(0OH)D3; among age groups and months of blood
collection were analyzed using one-way ANOVA with Bonferroni’s post hoc comparison.
The differences among sex, body mass index (BMI) groups, and high-sensitivity C-reactive
protein (hs-CRP) were analyzed using t-tests. The levels of 25(OH)D,, 25(0OH)D3 and
the total 25(OH)D were analyzed for calculating Rls according to guideline C28-A3 of
the Clinical and Laboratory Standard Institute [21]. A nonparametric method was used
to determine the Rls for the total 25(OH)D, 25(OH) D,, and 25(OH)Dj3 concentrations
(the 2.5th and 97.5th percentiles). The chi-squared test was used to compare the prevalence
rates of total 25(OH)D concentration ranges of <25, <50, <75, and >75 nmol/L according
to age and sex. The factors related to the total 25(0OH)D concentration were identified
by performing multiple linear regression analyses, after adjusting for sex, age, month of
blood collection, BMI, and hs-CRP. The Durbin—-Watson statistic had a value of 1.951, which
indicated no autocorrelation in the sample. Two-sided p < 0.05 was considered to indicate
statistical significance.
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3. Results
3.1. Characteristics of Study Subjects

This study included 119,335 subjects, 58,151 (48.7%) males and 61,184 (51.3%) females. The
age of the study subjects was 55.4 £ 11.3 years (median: 57 years; range: 20-101 years). The age
distribution was as follows: 1981 subjects (1.6%) aged < 20-29 years, 9286 (7.8%) aged 30-39 years,
22,175 (18.6%) aged 40-49 years, 38,049 (31.9%) aged 50-59 years, 37,557 (31.5%) aged 60-69 years,
and 10,287 (8.6%) aged > 70 years. The BMI was 24.3 4 3.4 kgm?.

3.2. Distributions of Total 25(OH)D, 25(0OH)D,, and 25(OH)D3 Concentrations by Sex, Age,
Season, and Demographic Characteristics

The total 25(OH)D concentration in the study subjects was 54.5 & 24.0 nmol /L. The mean
25(0OH)D concentration was significantly lower in males than in females (52.5 vs. 56.3 nmol /L,
p <0.001). The total 25(OH)D concentration increased significantly with age (p < 0.001) (Table 1,
Supplementary Figure S1), and was lower in subjects with obesity (BMI > 25 kg/m?)
(51.8 vs. 56.0 nmol/L, p < 0.001) and a high hs-CRP concentration (>1 mg/L) (52.3 vs.
54.5 nmol/L, p < 0.001) (Table 1). The relationship between the mean total 25(OH)D con-
centration and month of blood collection revealed a seasonal variation. The mean total
25(OH)D concentration peaked in the summer (June—August) and was lowest in the winter
(December-February) (57.5 vs. 50.0 nmol/L, p < 0.001) (Table 1, Supplementary Figure S2).
These distribution trends were similar for 25(OH)D, and 25(0OH)Ds.

3.3. Rls for Serum 25(0OH) D,, 25(0OH)D3, and Total 25(OH)D

Table 2 lists the RIs (95% confidential intervals) for serum 25(OH)D,, 25(0OH)D3, and
total 25(OH)D. The RI for serum 25(OH)D among all study subjects was 19.3-110.3 nmol /L.
The range of total 25(OH)D RlIs was wider in females than in males. The upper and
lower limits increased with age except for the lower limit among those older than 70 years
(Table 2). The 25(OH)D, was detected in 9.2% of the study subjects, and the detection
frequency varied with sex and age, being higher in females than in males (10.3% vs. 8.0%)
and older subjects (p < 0.01) (Supplementary Table S1).

3.4. Prevalence of 25(0OH)D Deficiency for Different Cutoff Values

The 7.6%, 47.5%, and 82.9% of participants had 25(OH)D less than 25, 50, and
75 nmol/L, respectively. The 25(OH)D concentration was >75 nmol/L in 17.2% (12.9% in
males and 21.2% in females). The prevalence of 25(OH)D deficiency (<25 nmol/L) was
higher in females than in males (8.9% vs. 6.1%) and also varied with age, which was lower
in older subjects (p < 0.001). Those aged 20-29 years had the highest prevalence of 25(OH)D
deficiency (<25 nmol/L) (23.0% in females and 20.1% in males) (Table 3). The prevalence of
25(OH)D deficiency also varied between cities, being low in Jeju and Changwon and high
in Chungju, Incheon, and Seoul (Supplementary Figure S3).

3.5. Factors Associated with Total Serum 25(OH)D Concentration

In the adjusted model, female sex, older age, summer and autumn seasons, lower BMI
(<25 kg/ m?), and lower hs-CRP concentration (<1 mg/L) were associated with higher total
25(0OH)D concentration (p < 0.001) (Table 4).
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Table 1. Measured 25(0OH)D,, 25(OH)Dj3, and 25(OH)D concentrations.

25(0OH)D, Multiol 25(0H)D; Multiol Total 25(OH)D Multiol
N Mean + SD p-Value Con?palrpisi)n Mean + SD p-Value Conlllpallgsin Mean + SD p-Value Conlllpalgsin
(nmol/L) (nmol/L) (nmol/L)
All 119,335 0.5+253 - 54.0 +24.0 - 54.5 +24.0 -
Sex
Male 58,151 043 +2.2 <0.001 52.3 +21.0 <0.001 52.5 +21.0 <0.001
Female 61,184 0.6 +£28 55.5 + 26.5 56.3 + 26.5
Age, year
20-29 2 1981 0.33 +2.25 <0001  abc<d<e<f  39.8+19.0 <0.001 as be<<° h d< 40+190 <0.001 as be<<c h d<
30-39b 9286 0.38 + 2.18 46.0 + 20.8 46.3 +20.8
40-49 © 22,175 0.38 + 2.08 48.5 + 21.0 48.8 +21.0
50-59 d 38,049 0.45 + 2.15 54.3 + 233 54.8 +23.3
60-69 © 37,557 0.63 + 2.85 58.0 +25.0 58.5 + 25.0
>70f 10,287 0.75 + 3.63 60.0 + 27.0 60.5 + 27.0
Month
December-February 2 30,839 0.5+225 <0.001 acd<b 495+ 243 <0.001 a<b<d<c 50.0 +24.3 <0.001 a<b<d<c
March-May b 26,608 0.75 + 2.75 525+ 253 53.3 + 253
June-August © 31,239 05+25 57.0 +22.8 575+ 22.8
September-November ¢ 30,649 0.5£25 56.3 £ 23.3 56.8 £ 23.5
BMI, kg/m?
<25 71,253 0.53 + 2.65 <0.001 55.5 + 25.5 <0.001 56.0 + 25.5 <0.001
>25 45,353 0.45 +2.33 51.3 +21.3 51.8 +21.3
hs-CRP, mg/L
<1 107,790 0.5+ 255 0.625 54.0 + 23.8 <0.001 54.5 + 23.8 <0.001
>1 2183 048 +2.5 51.8+223 523 +223

abedef: Different letters indicate a significant difference between groups using one-way ANOVA with post hoc comparison test. 25(OH)D, 25-hydroxyvitamin D; BMI, body mass index;
hs-CRP, high-sensitivity C-reactive protein.
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Table 2. Reference intervals (95% confidence intervals) for serum 25(OH)D,, 25(0OH)D3, and 25(OH)D
by sex and age.

25(0H)D;, nmol/L 25(0OH)Dj3, nmol/L 25(0OH)D, nmol/L
2.5th CI 97.5th CI 2.5th CI 97.5th CI 2.5th CI 97.5th CI
Total <LOD NA 5.0 (4.8,5.0) 19.0 (18.8,19.0)  109.8 (109.3,110.5) 193 (19.0,19.3) 1103  (109.5,111.0)

Sex
Male <LOD NA 4.3 (4.0,4.3) 20.3 (20.0,20.5) 995 (98.8,100.5) 205 (20.3,20.8) 100.0  (99.0,100.8)
Female <LODNA 5.8 (5.5, 6.0) 17.8 (17.8,18) 116.8 (115.8,118.0) 180 (18.0,18.3) 117.3 (116.3,118.5)
Age, years
20-29 <LOD NA 35 (3.3,4.5) 14.3 (135,14.8) 863  (83.0,92.3) 145 (138,153)  88.0 (83.0,91.3)
30-39 <LOD NA 4.0 (3.8,4.3) 16.3 (16.0,16.8) 945  (92.8,97.3) 16,5 (16.3,16.8) 948 (93.3,97.5)
40-49 <LOD NA 4.0 (3.8,4.3) 18.0 (17.8,18.3) 953  (94.0,96.5) 18.0 (17.8,185) 955 (94.5,96.8)
50-59 <LOD NA 4.8 (4.5,4.8) 19.8 (195,20.0) 107.8 (106.8,109.3) 20.0 (19.8,20.3) 108.3  (107.0,109.8)
60-69 <LOD NA 5.8 (5.5, 6.0) 20.5 (20.3,20.8)  116.0 (114.8,117.3) 20.8 (20.5,21.3) 116.8 (115.3,117.8)

7OOVer <LOD NA 6.8 (6.0,7.8) 19.0 (18.3,19.5) 122.3 (120.0,125.3) 195 (19.0,20.0) 123.0  (120.5, 126.0)
CI, 95% confidence interval; 25(OH)D, 25-hydroxyvitamin D; LOD, limit of detection; NA, not applicable.
Table 3. Prevalence rates of serum total 25(OH)D deficiency, insufficiency, and sufficiency by age and sex.
<25 nmol/L 25-49.9 nmol/L 50-74.9 nmol/L >75 nmol/L “p
N (%) N (%) N (%) N (%)
All subjects 9014 (7.6) 47,598  (39.9) 42,255 (35.4) 20,468 (17.2) -
Males (age, years)
20-29 173 (20.1) 454 (52.7) 187 (21.7) 47  (5.5) <0.001
30-39 569 (11.1) 2630 (51.4) 1526  (29.8) 396 (7.7)
40-49 917 (74) 6035 (48.4) 4349 (34.9) 1157 (9.3)
50-59 910 (5.1) 7685 (43.4) 6895 (38.9) 2233 (12.6)
60-69 749  (4.3) 6720 (38.7) 7127  (41.1) 2761  (15.9)
Over 70 232 (5.0) 1688  (36.5) 1808  (39.0) 903 (19.5)
Total 3550 (6.1) 25,212 (43.4) 21,892  (37.7) 7497  (12.9)
Females (age, years)
20-29 258  (23.0) 602 (53.8) 201 (18.0) 59 (5.3) <0.001
30-39 662 (15.9) 1929  (46.3) 1183 (28.4) 391 (94)
40-49 1312 (13.5) 4392  (45.2) 2876 (29.6) 1137 (11.7)
50-59 1581 (7.8) 7553  (37.2) 7017  (34.5) 4175  (20.5)
60-69 1250 (6.2) 6348 (31.4) 7141 (35.4) 5461 (27.0)
Over 70 401 (7.1) 1562  (27.6) 1945 (34.4) 1748  (30.9)
Total 5464 (8.9) 22,386 (36.6) 20,363 (33.3) 12971 (21.2)

* p in the chi-squared test. 25(OH)D, 25-hydroxyvitamin D.

Table 4. Results from multiple linear regression analyses of serum 25(OH)D concentrations.

Unadjusted Model Adjusted Model
Coeff. (95% CI) p-Value Coeff. (95% CI) p-Value

Sex, ref: female

Male —1.45 (—1.6, -1.3) <0.001 —0.88 (—1,-0.8) <0.001
Age, year 0.17 (0.1,0.2) <0.001 0.17 (0.1,0.2) <0.001
Month, ref:
December—February

March-May 1.22 (1.1,1.4) <0.001 0.94 0.8,1.1) <0.001

June-August 291 (2.8,3.1) <0.001 2.96 (2.8,3.1) <0.001

September—-November 2.66 (2.5,2.8) <0.001 2.89 (2.7, 3) <0.001
BMLI, ref: <25 kg/ m?

>25 kg /m? —1.68 (—1.8, —-1.6) <0.001 —1.42 (—1.5,-1.3) <0.001
hs-CRP, ref: <1 mg/L

>1mg/L —0.87 (=13, —0.5) <0.001 —0.74 (1.1, -0.3) <0.001

Adjusted R? for adjusted model: 6.37%. Durbin-Watson D statistic for adjusted model: 1.951. 25(OH)D,
25-hydroxyvitamin D; BMI, body mass index; hs-CRP, high-sensitivity C-reactive protein; ref, reference;
Coeff., coefficient.



Nutrients 2024, 16, 604

7 0f 10

4. Discussion

The mean total 25(OH)D concentration by LC-MS/MS method in the present study
was 54.5 nmol/L for the South Korean general population, which is close to the cutoff
of the sufficiency level (>50 nmol/L). The 25(OH)D concentration was much higher for
the factors of female sex, older age, summer and autumn seasons, lower BMI, and lower
hs-CRP concentration. Moreover, the prevalence of vitamin D deficiency (<25 nmol/L)
was 7.6%, which was not much higher than that in other developed countries. However,
it was high in young adults, especially in young females aged <30 years. This study had
the following strengths: (1) A large number of subjects (N = 119,335) with a median age
of 57 (range: 20-101) were enrolled from the general population to analyze the status and
reference intervals of vitamin D; (2) it analyzed nationally representative data on vitamin D
and its components for the South Korean population; and (3) use of the LC-MS/MS, which
is a standard method for measuring the vitamin D concentration in health checkups.

Although the vitamin D mega-trials have shown a lack of evidence for beneficial
effects against hard-disease outcomes, such as cardiovascular disease, cancer, fracture, or
fall, the evaluation of vitamin D status is still necessary to prevent vitamin D deficiency in
the population because it has shown possible beneficial effects on arterial function, bone
mineral density of the hips and spine, and lung function, especially in individuals with a
vitamin D deficiency [2—4,22,23].

The mean 25(OH)D concentration in South Korea was close to the cutoff of the suf-
ficiency level (>50 nmol/L). However, it varied by age, with a tendency to be below
50 nmol/L in those younger than 50 years. The US National Academy of Medicine sug-
gests a 25(OH)D concentration above 50 nmol/L as a measure of ‘sufficiency’ [24]. A
concentration of <50 nmol/L does not imply a definitive diagnosis of vitamin D deficiency,
nor does it indicate a need for supplementation intervention. However, screening for
vitamin D deficiency should be based on that criterion, especially for those who have
certain diseases such as hepatic failure, chronic kidney disease, osteoporosis or obesity,
or who belong to specific racial subgroups [25]. Our study found that 39.9% of the sub-
jects had “inadequate’ concentrations (25-50 nmol/L), which were much higher in males
aged < 60 years and females aged < 50 years. Moreover, the mean 25(OH)D concentration
was higher in females. There is controversy about sex differences in 25(OH)D concen-
trations among studies [8,18,26,27]. A USA population study [8] found that 25(OH)D
concentration was higher in non-Hispanic white females; on the other hand, other studies
found higher levels in males [18,26], or no sex differences [27]. These discrepancies might
be caused by lifestyle differences such as engagement in outdoor activities, supplement use,
and sunscreen use; however, we could not ascertain this since lifestyle was not assessed in
this study.

Most of the expert group recommended that a serum 25(OH)D level of 25 nmol/L be
regarded as the minimum threshold for vitamin D status and /or a marker of vitamin D
deficiency risk. This cutoff value was set based on preventing nutritional rickets and
osteomalacia [28-30]. The overall prevalence of vitamin D deficiency (<25 nmol/L) was
7.6% in the present study, which was similar to the prevalence rates (range: 5.9-13%)
observed in other studies [8-10] based on data from the standardized LC-MS/MS method.
We found that the prevalence of vitamin D deficiency was lower in South Korean adults
than in reports from other Asian countries [31,32]. However, this prevalence of vitamin D
deficiency (<25 nmol/L) varied with age and sex in our study, being higher in females and
young adults aged < 30 years, and the highest in young females aged < 30 years. Strategies
for vitamin D deficiency prevention should be considered for this subgroup.

In addition to the mean 25(OH)D concentration varying by age and sex, it also varied
depending on the month of blood collection. June to August is the summer season in
Korea as Korea is located in the middle latitude of the Northern Hemisphere. The mean
total 25(OH)D concentration peaked in the summer months (June-August) and was lowest
in winter (December—February). This trend was also present for 25(OH)D3 but not for
25(OH)D;. The 25(OH)D, concentration varied little with the month of blood collection,
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which is consistent with a previous study [33] finding that the 25(OH)D; concentration
varied little throughout the year. However, the 25(OH)D; concentration varied with age
and was higher in those older than 50 years in our study. The presence of 25(OH)D,
was considered a result of the prescription of high-dose ergocalciferol [8]. According to
Cashman et al. [34], age and vitamin D supplementation positively influenced 25(OH)D,
levels. Furthermore, there were other factors associated with 25(OH)D concentration in
our study, such as obesity and inflammation, which were similar to the results of another
previous study [8].

The prevalence of vitamin D deficiency also varied with the city of residence, being
higher in large industrialized cities such as Seoul and Incheon. These cities have high pro-
portions of young indoor office workers and shift workers. Some systematic reviews [35,36]
stated that vitamin D deficiency is prevalent among shift and office workers. However, we
could not confirm this as the reason in the present study since the occupations of study
subjects could not be obtained.

Our study had some limitations. First, we could not obtain the vitamin D intake
data such as fortified foods and supplements. Second, information about lifestyles such
as engagement in outdoor activity, occupation, and sunscreen use, which are important
confounders for assessing vitamin D status, could not be obtained in this study. Lastly, this
study had a cross-sectional design, so the causal relationship between the factors that have
statistical significance and the level of vitamin D could not be determined.

5. Conclusions

Although the mean 25(OH) concentration in the South Korean population was close
to the “sufficient” level of 50 nmol/L, half of the population did not reach this level, mostly
comprising males aged < 60 years and females aged < 50 years. Moreover, the prevalence
of vitamin D deficiency in the South Korean population was not much higher than that in
other developed countries. However, the deficiency was high in young adults, especially in
young females aged < 30 years. This study could provide an exact understanding of the
status of vitamin D and help devise strategies to prevent vitamin D deficiency among the
Korean population.

Supplementary Materials: The following supporting information can be downloaded at https://www.
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age and sex. The upper and lower whiskers indicate the 97.5th and 2.5th percentiles, respectively. For each
sex, comparison of median values among age groups was performed using the Kruskal-Wallis test, and
pairwise comparisons between adjacent age groups were performed using the Dwass—Steel-Critchlow—Fligner
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upper and lower whiskers indicate the 97.5th and 2.5th percentiles, respectively. Comparison of median values
among sampling months was performed using the Kruskal-Wallis test, and pairwise comparisons between
adjacent months were performed using the Dwass-Steel-Critchlow—Fligner method (* p < 0.05, ** p < 0.01);
Figure S3. Prevalence of serum 25(0OH)D deficiency (<25 nmol/L) by city of residence; Table S1. Detection rate
of 25(0OH)D; by sex and age.

Author Contributions: Conceptualization, E.-H.N.; methodology, E.-H.N; software, S.K.; validation,
E.-H.N.,, J.P. and Y.C.; formal analysis, S.K.; investigation, S.C., S.K. and H.P,; resources, S.C., S.K.
and H.P; data curation, E-H.N., ].P, Y.C,, S.C., H.-I.C. and S.K.; writing—original draft prepara-
tion, E.-H.N.; writing—review and editing, J.P. and E.-H.N.; visualization, E.-H.N.; supervision,
E.-H.N.; project administration, E.-H.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was approved by the Institutional Review Board
of the Korea Association of Health Promotion (approval no. 130750-202304-HR-002, date of approval
19 April 2023).

Informed Consent Statement: The need to obtain informed consent was waived since the study
analyzed de-identified data that had been obtained during previous health checkups.


https://www.mdpi.com/article/10.3390/nu16050604/s1
https://www.mdpi.com/article/10.3390/nu16050604/s1

Nutrients 2024, 16, 604 90f 10

Data Availability Statement: Data are contained within the article and Supplementary Materials.
Acknowledgments: The authors would like to thank the participants who made this study possible.

Conflicts of Interest: The authors declare no conflicts of interest.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Holick, M.E. Vitamin D Deficiency. N. Engl. ]. Med. 2007, 357, 266-281. [CrossRef] [PubMed]

Aspray, T.J.; Bowring, C.; Fraser, W.; Gittoes, N.; Javaid, M.K.; Macdonald, H.; Patel, S.; Selby, P.; Tanna, N.; Francis, R.M.; et al.
National Osteoporosis Society Vitamin D Guideline Summary. Age Ageing 2014, 43, 592-595. [CrossRef] [PubMed]

Kim, H.S,; Jang, G.; Park, ].W.; Lee, Y.-K.; Koo, K.-H. Vitamin D Deficiency and Sarcopenia in Hip Fracture Patients. ]. Bone Metab.
2021, 28, 79-83. [CrossRef]

Giovannucci, E.; Liu, Y,; Rimm, E.B.; Hollis, B.W.; Fuchs, C.S.; Stampfer, M.].; Willett, W.C. Prospective Study of Predictors of
Vitamin D Status and Cancer Incidence and Mortality in Men. J. Natl. Cancer Inst. 2006, 98, 451-459. [CrossRef] [PubMed]
Ahmed, L.HM.; Butler, A.E.; Dargham, S.R.; Latif, A.; Robay, A.; Chidiac, O.M.; Jayyousi, A.; Al Suwaidi, J.; Crystal, R.G.; Atkin,
S.L.; et al. Association of Vitamin D2 and D3 with Type 2 Diabetes Complications. BMC Endocr. Disord. 2020, 20, 65. [CrossRef]
[PubMed]

Herrmann, M.; Sullivan, D.R.; Veillard, A.-S.; McCorquodale, T.; Straub, L.R.; Scott, R.; Laakso, M.; Topliss, D.; Jenkins, A.J.;
Blankenberg, S.; et al. Serum 25-Hydroxyvitamin D: A Predictor of Macrovascular and Microvascular Complications in Patients
with Type 2 Diabetes. Diabetes Care 2015, 38, 521-528. [CrossRef]

Agmon-Levin, N.; Theodor, E.; Segal, R.M.; Shoenfeld, Y. Vitamin D in Systemic and Organ-Specific Autoimmune Diseases. Clin.
Rev. Allergy. Immunol. 2013, 45, 256-266. [CrossRef]

Schleicher, R.L.; Sternberg, M.R.; Looker, A.C.; Yetley, E.A.; Lacher, D.A.; Sempos, C.T.; Taylor, C.L.; Durazo-Arvizu, R.A.; Maw,
K.L.; Chaudhary-Webb, M.; et al. National Estimates of Serum Total 25-Hydroxyvitamin D and Metabolite Concentrations
Measured by Liquid Chromatography-Tandem Mass Spectrometry in the US Population during 2007-2010. J. Nutr. 2016, 146,
1051-1061. [CrossRef]

Sarafin, K.; Durazo-Arvizu, R.; Tian, L.; Phinney, K.W.; Tai, S.; Camara, J.E.; Merkel, J.; Green, E.; Sempos, C.T.; Brooks, S.PJ.
Standardizing 25-Hydroxyvitamin D Values from the Canadian Health Measures Survey. Am. |. Clin. Nutr. 2015, 102, 1044-1050.
[CrossRef]

Cashman, K.D.; Dowling, K.G; Skrabéakova, Z.; Gonzalez-Gross, M.; Valtuefia, J.; De Henauw, S.; Moreno, L.; Damsgaard, C.T,;
Michaelsen, K.F.; Meglgaard, C.; et al. Vitamin D Deficiency in Europe: Pandemic? Am. ]. Clin. Nutr. 2016, 103, 1033-1044.
[CrossRef]

Seamans, K.M.; Cashman, K.D. Existing and Potentially Novel Functional Markers of Vitamin D Status: A Systematic Review.
Am. . Clin. Nutr. 2009, 89, 19975-2008S. [CrossRef] [PubMed]

Roth, H.J.; Schmidt-Gayk, H.; Weber, H.; Niederau, C. Accuracy and Clinical Implications of Seven 25-Hydroxyvitamin D
Methods Compared with Liquid Chromatography-Tandem Mass Spectrometry as a Reference. Ann. Clin. Biochem. 2008, 45,
153-159. [CrossRef] [PubMed]

US Preventive Services Task Force; Krist, A.H.; Davidson, K.W.; Mangione, C.M.; Cabana, M.; Caughey, A.B.; Davis, EM,;
Donahue, K.E.; Doubeni, C.A.; Epling, ].W.; et al. Screening for Vitamin D Deficiency in Adults: US Preventive Services Task
Force Recommendation Statement. JAMA 2021, 325, 1436-1442. [CrossRef]

Vogeser, M.; Seger, C. A Decade of HPLC-MS/MS in the Routine Clinical Laboratory--Goals for Further Developments. Clin.
Biochem. 2008, 41, 649-662. [CrossRef]

Phinney, KW.; Bedner, M,; Tai, S.5.-C.; Vamathevan, V.V.; Sander, L.C.; Sharpless, K.E.; Wise, S.A.; Yen, ].H.; Schleicher, R.L,;
Chaudhary-Webb, M.; et al. Development and Certification of a Standard Reference Material for Vitamin D Metabolites in Human
Serum. Anal. Chem. 2012, 84, 956-962. [CrossRef]

Wise, S.A.; Camara, J.E.; Burdette, C.Q.; Hahm, G.; Nalin, F,; Kuszak, A.]J.; Merkel, J.; Durazo-Arvizu, R.A.; Williams, E.L.;
Popp, C.; et al. Interlaboratory Comparison of 25-Hydroxyvitamin D Assays: Vitamin D Standardization Program (VDSP)
Intercomparison Study 2—Part 2 Ligand Binding Assays—Impact of 25-Hydroxyvitamin D2 and 24R,25-Dihydroxyvitamin D3
on Assay Performance. Anal. Bioanal. Chem. 2022, 414, 351-366. [CrossRef]

You, H; Shin, H.R.; Song, S.; Ly, S.Y. Vitamin D Intake and Bone Mineral Density in Korean Adults: Analysis of the 20092011
Korea National Health and Nutrition Examination Survey. Nutr. Res. Pract. 2022, 16, 775-788. [CrossRef]

Park, J.-H.; Hong, 1.Y.; Chung, ] W.; Choi, H.S. Vitamin D Status in South Korean Population: Seven-Year Trend from the
KNHANES. Medicine 2018, 97, €11032. [CrossRef]

Choi, R.; Cho, S.-E.; Lee, S.G.; Lee, E.H. Recent Information on Vitamin D Deficiency in an Adult Korean Population Visiting
Local Clinics and Hospitals. Nutrients 2022, 14, 1978. [CrossRef]

Royal Osteoporosis Society. Vitamin D and Bone Health: A Practical Clinical Guideline for Patient Management. Available online:
https:/ /strwebprdmedia.blob.core.windows.net/media/ef2ideu2 /ros-vitamin-d-and-bone-health-in-adults-february-2020
.pdf (accessed on 25 December 2023).

C28-A3; Defining, Establishing, and Verifying Reference Intervals in the Clinical Laboratory: Approved Guideline. 3rd ed, Clinical
and Laboratory Standards Institute: Wayne, PA, USA, 2010; ISBN 978-1-56238-682-5.


https://doi.org/10.1056/NEJMra070553
https://www.ncbi.nlm.nih.gov/pubmed/17634462
https://doi.org/10.1093/ageing/afu093
https://www.ncbi.nlm.nih.gov/pubmed/25074538
https://doi.org/10.11005/jbm.2021.28.1.79
https://doi.org/10.1093/jnci/djj101
https://www.ncbi.nlm.nih.gov/pubmed/16595781
https://doi.org/10.1186/s12902-020-00549-w
https://www.ncbi.nlm.nih.gov/pubmed/32414363
https://doi.org/10.2337/dc14-0180
https://doi.org/10.1007/s12016-012-8342-y
https://doi.org/10.3945/jn.115.227728
https://doi.org/10.3945/ajcn.114.103689
https://doi.org/10.3945/ajcn.115.120873
https://doi.org/10.3945/ajcn.2009.27230D
https://www.ncbi.nlm.nih.gov/pubmed/19403634
https://doi.org/10.1258/acb.2007.007091
https://www.ncbi.nlm.nih.gov/pubmed/18325178
https://doi.org/10.1001/jama.2021.3069
https://doi.org/10.1016/j.clinbiochem.2008.02.017
https://doi.org/10.1021/ac202047n
https://doi.org/10.1007/s00216-021-03577-0
https://doi.org/10.4162/nrp.2022.16.6.775
https://doi.org/10.1097/MD.0000000000011032
https://doi.org/10.3390/nu14091978
https://strwebprdmedia.blob.core.windows.net/media/ef2ideu2/ros-vitamin-d-and-bone-health-in-adults-february-2020.pdf
https://strwebprdmedia.blob.core.windows.net/media/ef2ideu2/ros-vitamin-d-and-bone-health-in-adults-february-2020.pdf

Nutrients 2024, 16, 604 10 of 10

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Scragg, R.; Sluyter, ]J.D. Is There Proof of Extraskeletal Benefits From Vitamin D Supplementation From Recent Mega Trials of
Vitamin D? JBMR Plus 2021, 5, €10459. [CrossRef] [PubMed]

Bouillon, R.; Manousaki, D.; Rosen, C.; Trajanoska, K.; Rivadeneira, F.; Richards, J.B. The Health Effects of Vitamin D Supplemen-
tation: Evidence from Human Studies. Nat. Rev. Endocrinol. 2022, 18, 96-110. [CrossRef] [PubMed]

Institute of Medicine (US) Committee to Review Dietary Reference Intakes for Vitamin D and Calcium. Dietary Reference Intakes
for Calcium and Vitamin D; Ross, A.C., Taylor, C.L., Yaktine, A.L., Del Valle, H.B., Eds.; National Academies Press: Washington,
DC, USA, 2011.

Holick, M.E,; Binkley, N.C.; Bischoff-Ferrari, H.A.; Gordon, C.M.; Hanley, D.A.; Heaney, R.P.; Murad, M.H.; Weaver, C.M.
Endocrine Society Evaluation, Treatment, and Prevention of Vitamin D Deficiency: An Endocrine Society Clinical Practice
Guideline. J. Clin. Endocrinol. Metab. 2011, 96, 1911-1930. [CrossRef] [PubMed]

Aloia, J.F. Clinical Review: The 2011 Report on Dietary Reference Intake for Vitamin D: Where Do We Go from Here? J. Clin.
Endocrinol. Metab. 2011, 96, 2987-2996. [CrossRef] [PubMed]

Rabenberg, M.; Scheidt-Nave, C.; Busch, M.A ; Rieckmann, N.; Hintzpeter, B.; Mensink, G.B.M. Vitamin D Status among Adults
in Germany—Results from the German Health Interview and Examination Survey for Adults (DEGS1). BMC Public Health 2015,
15, 641. [CrossRef]

EFSA Panel on Dietetic Products. Nutrition and Allergies (NDA) Dietary Reference Values for Vitamin D. EFSA 2016, 14.
[CrossRef]

Braegger, C.; Campoy, C.; Colomb, V.; Decsi, T.; Domellof, M.; Fewtrell, M.; Hojsak, L.; Mihatsch, W.; Molgaard, C.; Shamir, R.;
et al. Vitamin D in the Healthy European Paediatric Population. J. Pediatr. Gastroenterol. Nutr. 2013, 56, 692-701. [CrossRef]
Munns, C.F; Shaw, N.; Kiely, M.; Specker, B.L.; Thacher, T.D.; Ozono, K.; Michigami, T.; Tiosano, D.; Mughal, M.Z.; Mikitie, O.;
et al. Global Consensus Recommendations on Prevention and Management of Nutritional Rickets. J. Clin. Endocrinol. Metab. 2016,
101, 394-415. [CrossRef]

Roth, D.E.; Abrams, S.A.; Aloia, J.; Bergeron, G.; Bourassa, M.W.; Brown, K.H.; Calvo, M.S.; Cashman, K.D.; Combs, G.; De-Regil,
L.M.; et al. Global Prevalence and Disease Burden of Vitamin D Deficiency: A Roadmap for Action in Low- and Middle-Income
Countries. Ann. N. Y. Acad. Sci. 2018, 1430, 44-79. [CrossRef]

Cashman, K.D; Ritz, C.; Adebayo, F.A.; Dowling, K.G.; Itkonen, S.T.; Ohman, T.; Skaffari, E.; Saarnio, E.M.; Kiely, M.; Lamberg-
Allardt, C. Differences in the Dietary Requirement for Vitamin D among Caucasian and East African Women at Northern Latitude.
Eur. J. Nutr. 2019, 58, 2281-2291. [CrossRef]

Giuliani, S.; Barbieri, V.; Di Pierro, A.M.; Rossi, F.; Widmann, T.; Lucchiari, M.; Pusceddu, I.; Pilz, S.; Obermayer-Pietsch, B.;
Herrmann, M. LC-MS/MS Based 25(OH)D Status in a Large Southern European Outpatient Cohort: Gender- and Age-Specific
Differences. Eur. J. Nutr. 2019, 58, 2511-2520. [CrossRef] [PubMed]

Cashman, K.D.; Kinsella, M.; Walton, J.; Flynn, A.; Hayes, A.; Lucey, A.].; Seamans, KM.; Kiely, M. The 3 Epimer of
25-Hydroxycholecalciferol Is Present in the Circulation of the Majority of Adults in a Nationally Representative Sample and Has
Endogenous Origins. . Nutr. 2014, 144, 1050-1057. [CrossRef] [PubMed]

Sowah, D.; Fan, X.; Dennett, L.; Hagtvedt, R.; Straube, S. Vitamin D Levels and Deficiency with Different Occupations:
A Systematic Review. BMC Public Health 2017, 17, 519. [CrossRef] [PubMed]

Coppeta, L.; Papa, F.; Magrini, A. Are Shiftwork and Indoor Work Related to D3 Vitamin Deficiency? A Systematic Review of
Current Evidences. . Environ. Public Health 2018, 2018, 8468742. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/jbm4.10459
https://www.ncbi.nlm.nih.gov/pubmed/33553994
https://doi.org/10.1038/s41574-021-00593-z
https://www.ncbi.nlm.nih.gov/pubmed/34815552
https://doi.org/10.1210/jc.2011-0385
https://www.ncbi.nlm.nih.gov/pubmed/21646368
https://doi.org/10.1210/jc.2011-0090
https://www.ncbi.nlm.nih.gov/pubmed/21795456
https://doi.org/10.1186/s12889-015-2016-7
https://doi.org/10.2903/j.efsa.2016.4547
https://doi.org/10.1097/MPG.0b013e31828f3c05
https://doi.org/10.1210/jc.2015-2175
https://doi.org/10.1111/nyas.13968
https://doi.org/10.1007/s00394-018-1775-1
https://doi.org/10.1007/s00394-018-1803-1
https://www.ncbi.nlm.nih.gov/pubmed/30088075
https://doi.org/10.3945/jn.114.192419
https://www.ncbi.nlm.nih.gov/pubmed/24828024
https://doi.org/10.1186/s12889-017-4436-z
https://www.ncbi.nlm.nih.gov/pubmed/28637448
https://doi.org/10.1155/2018/8468742
https://www.ncbi.nlm.nih.gov/pubmed/30275842

	Introduction 
	Materials and Methods 
	Study Population 
	Laboratory Measurements of Serum 25(OH)D 
	Statistical Analysis and Calculation of Reference Intervals for Serum 25(OH)D2,25(OH)D3, and Total 25(OH)D 

	Results 
	Characteristics of Study Subjects 
	Distributions of Total 25(OH)D, 25(OH)D2, and 25(OH)D3 Concentrations by Sex, Age, Season, and Demographic Characteristics 
	RIs for Serum 25(OH) D2, 25(OH)D3, and Total 25(OH)D 
	Prevalence of 25(OH)D Deficiency for Different Cutoff Values 
	Factors Associated with Total Serum 25(OH)D Concentration 

	Discussion 
	Conclusions 
	References

