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ARTICLE INFO ABSTRACT
Atticle history: Purpose: We investigated prevalence, determinants, seasonal changes, and time trends in hypovitaminosis D. We
Received 25 October 2019 derived a desirable serum 25-hydroxy-vitamin D (250HD) level in adults/elderly by evaluating the 250HD-para-
Accepted 2 January 2020 thyroid hormone (PTH) exponential relationship.

Methods: We analyzed serum 250HD data from a large laboratory database (N = 151,705), from a major aca-
Keywords: demic medical center in Lebanon, from 2009 to 2016. We used cross calibration formulas to convert measured
l]:[gti z‘gtnammosm D 250HD levels to LC-MS/MS equivalents based on our external quality assurance protocols.
Middle East Results: 6% of the population were children (mean age 11 + 5 years, 56% girls), 68% were adults (44 4 13 years,

71% women), and 25% were elderly (74 + 6 years, 59% women). The prevalence of hypovitaminosis D, in the en-
tire population, was 39%, 29% and 23% at 250HD cutoffs of 20 ng/ml, 15 ng/ml, and 12 ng/ml, respectively, across
all years. Using multivariate analysis, predictors of 250HD levels below 12, 15 and 20 ng/ml were younger age,
male sex, winter months, and inpatient status both in adults and elderly. In children, older age, female sex, winter
months, and inpatient status, predicted levels below 15 ng/ml and 20 ng/ml, but only older age, female sex, and
winter months predicted levels below 12 ng/ml. There was a significant steady annual increase in 250HD levels
between 2009 and 2016 of 0.9 ng/ml/year (95% CI: 0.7, 1.0) in children, 1.2 ng/ml/year (1.2, 1.3) in adults and 2.6
ng/ml/year (2.6, 2.8) in the elderly. Using best fit non-linear regression models, on a subset of adults and elderly
in whom concomitant 250HD and PTH data was available (N = 4025), PTH levels plateaued at a serum 250HD
level of 26.1 ng/ml.

Conclusion: Secular increase in serum 250HD levels is observed in Lebanon, but hypovitaminosis D is still prev-
alent. Our data provides basis for a desirable 250HD level above 26 ng/ml in adult and elderly Lebanese
individuals.

Secular trends

© 2020 Elsevier Inc. All rights reserved.

1. Introduction

—_— o . . Vitamin D is obtained both from diet and sun exposure, with the
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most important source being exposure to Ultraviolet B radiation [1,2].
Deficiency in vitamin D has been linked to skeletal abnormalities, rickets
and growth problems in children, and to osteomalacia, osteopenia, oste-
oporosis and skeletal fractures in adults [3-5]. It is also associated with
extra-skeletal diseases including autoimmunity, cancer, respiratory dis-
eases and neurologic disorders [6]. Serum 25-hydroxyvitamin D
(250HD) level is currently the best indicator of body vitamin D stores
and is thus the marker of interest [2,4,5,7].

There are wide geographic variations in hypovitaminosis D, mostly
explained by differences in environmental and, to a lesser extent, ge-
netic factors, in addition to differences in assays used to measure
serum 250HD levels and in the cut-offs selected [4,8,9].
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Hypovitaminosis D is common in Eastern and Southern Europe [1,5],
Asia [4,8,10] and in the Middle East [1,2,4,5,8,10]. In Europe, specific risk
groups include infants and children up to 3 years of age, pregnant
women, older persons and non-western immigrants [1]. In a multina-
tional study of 18 countries with various latitudes, conducted on
women with osteoporosis, the lowest serum 250HD levels were re-
corded in the Middle East [5]. In Lebanon, despite plentiful sunshine,
with over 300 sunny days per year, our group reported a high preva-
lence of 250HD levels below 20 ng/ml, between the years 2000-2004
(58% in pediatrics, 44% in adults and 41% in elderly) and 2007-2008
(62%, 60% and 62%, respectively) [11]. Predictors of high serum
250HD level in Lebanon included male sex in children, female sex in
adults and elderly, and having measurements taken in summer or fall
season [11]. Other known predictors include clothing type, time spent
outdoors, pollution and genetic factors [2,5,12].

Interestingly, a clear increase in serum 250HD levels was noted in
the United States after 2007 and coincided with an increase in vitamin
D supplementation [13]. Our group observed a similar consistent rise
in vitamin D levels in Lebanon between 2000-2004 and 2007-2008,
in both sexes, and across all age groups [11].

Great controversy exists with regards to the optimal serum 250HD
level for bone health [8,14,15]. Most guidelines, including the Institute
of Medicine (IOM) guidelines reported little or no additional benefit
with levels >20 ng/ml [15-17]. However, a level of 30 ng/ml or greater
was recommended by the Endocrine Society [18], the International Os-
teoporosis Foundation [10], the National Osteoporosis Foundation [19]
and the American Geriatric Society [20]. Parathyroid hormone (PTH)
decline with serum 250HD increments was used as a surrogate for
bone health, to determine the target serum 250HD levels in different
adult and elderly populations [11,21].

The objectives of this follow up study [11] were to assess the preva-
lence of hypovitaminosis D, define its determinants, and investigate
time trends in serum 250HD levels in Lebanon. We also evaluated the
250HD-PTH relationship to derive a desirable mean 250HD in the
non-pediatric population.

2. Methods
2.1. Study population

We retrieved anonymous demographic and laboratory data of pa-
tients, from all age groups, who underwent serum 250HD measure-
ments at the American University of Beirut -Medical Center (AUB-
MC), between January 1st, 2009 and July 19th, 2016, using the digitized
database of the Clinical Pathology and Laboratory Medicine department.

In addition to serum 250HD levels, we collected information on pa-
tients' serum calcium (Ca), phosphorus (PO4), alkaline phosphatase
(ALK—P), PTH, and creatinine (Cr) levels, as available within 3 months
of the measured 250HD level. We excluded patients with secondary hy-
perparathyroidism due to renal disease (PTH greater than upper limit of
normal [76 pg/ml] with an abnormal Cr [> 1.2 mg/dL for men and
> 1 mg/dL for women]), and patients with abnormal PTH dynamics
(PTH > 76 pg/ml with normal Cr but serum Ca level at mid-upper
limit of normal [> 10 mg/dL]). We also excluded patients with either hy-
pocalcemia (Ca < 8.5 mg/dL) or hypercalcemia (Ca >10.5 mg/dL). In ad-
dition, we excluded individuals with repeated measures, so that every
patient contributed only one 250HD measurement to the dataset.

This study was approved by the Institutional Review Board at AUB
and granted informed consent waiver since identification of partici-
pants was not implemented.

2.2. Laboratory methods
Assays used to measure serum 250HD levels by the Clinical Chemis-

try Laboratory at AUB-MC changed over the years. Until September
30th, 2010, the Immunodiagnostic Systems liquid-phase radio-

immunoassay kit (IDS-RIA, Boldon UK) was used [22]. Between October
1st, 2010 and June 3rd, 2013, the laboratory switched to the chemilumi-
nescence immunoassay on the DiaSorin LIAISON® analyzer [22]. Since
then, the Roche Elecsys COBAS® (Roche Diagnostics International,
Rotkreuz, Switzerland) electro-chemiluminescence platform assay
was used.

The linear regression models of in-house assessment comparing dif-
ferent assays are as follows [22,23]:

DiaSorin LIAISON = [0.82 x (IDS RIA)—0.31,R* = 0.79

0.58 + (Roche COBAS)

2 _
1.03 R =091

DiaSorin LIAISON =

We have also compared our in-house DiaSorin LIAISON® assay to
the gold standard liquid chromatography-tandem mass spectrometry
(LC-MS/MS) at Mayo Clinic Laboratories. Samples were run in parallel
at both labs and the following model was obtained [24]:

DiaSorin LIAISON—4.26

2 _
0.756 k" =060

LC—MS/MS =

The Clinical Chemistry Laboratory at our institution has been
accredited by the Vitamin D External Quality Assessment Scheme
(DEQAS, www.deqas.org) since 2002, and is a participant in the Center
for Disease Control Vitamin D Standardization Program (www.cdc.gov/
labstandards/vdscp.html). The assay used to measure intact serum PTH
levels is the electrochemiluminescence immunoassay on the Roche
COBAS® 6000 analyzer e601 (Roche Diagnostics GmbH, Mannheim,
Germany).

Routine chemistries including serum Cr, Ca, PO4, and Alk-P were
measured using the auto analyzer Roche Modular Analytics (Roche Di-
agnostics GmBH, Mannheim, Germany). Serum Cr was measured
using the enzymatic colorimetric assay. The Clinical Chemistry labora-
tory partakes in the quality assurance, evaluation, and accreditation
from the College of American Pathologists (www.cap.org).

For full details on assay range, limits of detection and intra-assay and
inter-assay coefficient of variations please refer to Appendix A. The nor-
mative laboratory values are summarized in Appendix B.

2.3. Analysis

We stratified the data by age into pediatric (<18 years of age), adult
(19 to 64 years of age), and elderly (265 years of age) groups. We
evoked the central limit theorem for normality distribution of large
data. Serum 250HD levels, Ca levels and Cr levels were normally distrib-
uted as assessed by the histogram method. We summarized baseline
demographics using mean = standard deviation, n & SD, for continuous
data and counts with percentages, N (%), for categorical data. We used
Chi-square test or Fischer's Exact test to compare categorical variables,
and t-test or One-Way Analysis of Variance (ANOVA) to compare con-
tinuous variables.

To decrease intra-assay heterogeneity, we converted all serum
250HD measurements into their corresponding LC-MS/MS equivalent
using the conversion formulas listed above. We employed multivariate
logistic regression models to assess possible predictors of low serum
250HD, defined with three cut-offs, as 250HD < 12 ng/ml, < 15 ng/ml
or < 20 ng/ml, and entered the covariates, that were significant at the bi-
variate level with a p < 0.1. We described the magnitude of association
between the predictors and low 250HD levels, at the above defined
cut-offs, using adjusted odds ratio (OR) with the corresponding 95%
confidence interval (95% CI).

We utilized linear regression to assess time trends in serum 250HD
levels, from 2009 till 2016. We also assessed seasonal variations in
serum 250HD levels for every 2 consecutive years separately, to
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eliminate the confounding effect of the steady increase in serum 250HD
levels over the years on the seasonal analyses.

To characterize the serum 250HD-PTH relationship in adult and el-
derly patients with concomitant serum PTH and 250HD results (N =
4,433), we first excluded the 408 (9.2%) patients with abnormal Cr
values (>1.2 mg/dL for men and > 1 mg/dL for women). Then, in the re-
sultant 4025 patients, we used rolling decile groups of ascending
250HD values and applied a 50% between-group overlap of consecutive
deciles, as described previously [11]. We created 19 subgroups, each
containing 10% of the entire population (N = 403), such that group 1
was made of patients 1 to 403 (0 to 10%), group 2 patients 201 to 604
(5-15%), and so on [11]. This reduces inter-group heterogeneity. To de-
termine a population specific desirable 250HD level, we performed dif-
ferent non-linear regression models of the 250HD-PTH relationship and
chose the best fit according to the least squares method showing the
highest coefficient of determination (R?). The following equation de-
fines the exponential decay relationship:

PTH—a+b exp(~¢<[250HD)

Since serum 250HD level cannot be zero in the 250HD-PTH relation-
ship, the equation was modified to include the minimum serum 250HD
value in our sample.

PTH=a+b exp(fcx[ZSOHDfminimum 250HD))

For a 95% decay, PTH=a+b exp™ =a+ %}73 =a+0.05b, so

PTH plateaus when 250HD = 3/c + minimum 250HD.

We rounded all numbers to the nearest decimal unless otherwise
specified. We used SPSS version 23 (IBM, Chicago, USA) and SigmaPlot
12.0 (Systat Software Inc., San Jose, CA) for statistical analysis and
graphical presentation and considered a two-sided p value <0.05 as
significant.

3. Results
3.1. Population demographics

The total number of patients who underwent serum 250HD assess-
ment during our study period was 198,811. After applying the exclusion
criteria described in Methods and omitting patients with repeated
serum 250HD measures over consecutive years, we analyzed data
from 151,705 patients: 4.6% in 2009, 8.3% in 2010, 13.0% in 2011,
14.3% in 2012, 15.0% in 2013, 16.1% in 2014, 18.1% in 2015, and 10.8%
in 2016. Of the total, 6% were children, mean age 11 + 5 years, 68%
were adults, mean age 44 + 13 years, and 25% were elderly patients,
mean age 74 + 6 years. The majority (97%) of serum 250HD assess-
ments were done in the outpatient setting in all age groups, Table 1.

3.2. Mean serum 250HD level

In pediatrics, mean serum 250HD was 3.6 ng/ml higher in boys than
in girls (p < 0.001), while in both adults and elderly, levels were
2.8 ng/ml and 3.9 ng/ml higher in women than in men, respectively (p
<0.001 for both). Levels measured in the outpatient setting were signif-
icantly higher than those taken in the inpatient setting in all age groups,
the largest difference being in the elderly, Table 1. A seasonal effect was
evident in all age groups, and mean levels were highest during the Jul-
Sep quarter (summer), and lowest in the Jan-Mar quarter (winter).
Levels during Jul-Sep were 6.6 ng/ml, 5.2 ng/ml and 2.7 ng/ml higher
than levels measured in Jan-March, respectively in pediatrics, adults,
and elderly (p < 0.001 for all).

We performed additional sub-analysis by age subgroups (<10, 10-
14 and 15-18 years for pediatrics, and also for adults 19-49, 50-64,
and elderly >65 years). In pediatrics, serum 250HD levels significantly
decreased with age, and the highest levels were seen in the youngest
age group (< 10 years). The opposite was true in both adults and elderly,
as levels increased with age, Table 1. This was still significant when men
and women were analyzed separately (data not shown).

Table 1
Serum mean 250HD levels and their predictors, in 151,705 individuals, from 2009 to 2016, by age group (pediatric, adult, and elderly). All 250HD values converted to LC-MS/MS
equivalents.
Predictors Pediatrics Adults Elderly **P-value
N (%) 250HD mean + SD *P-value N (%) 250HD *P-value N (%) 250HD *P-value
9574 (6.3)  (ng/ml) 103,653 Mean &+ SD 38,478 (25.4) Mean + SD
(68.3) (ng/ml) (ng/ml)
<0.001 <0.001 <0.001
Sex
Men (or boys) 4206 (44) 268 +17.1 30,296 (29) 228 £ 17.7 15,803 (41) 29.1 +18.1 <0.001
Women (or girls) 5368 (56) 232 +£16.0 73,357 (71) 256+ 175 22,675 (59) 33.0+18.6 <0.001
Age, mean =+ SD, 11+£5 44 4+ 13 74+ 6 <0.001
(years)
Age category (years) <0.001 <0.001 -
<10 3407 (35.6) 304 + 18.1 - - - -
10-14 2861 (29.9) 21.8 4+ 14.2 - - - -
15-18 3306 (34.5) 215+ 149 - - - -
19-49 - - 64,229 (62) 227+ 169 - - <0.001"
50-64 - - 39,424 (38)  28.1 £182 - -
265 - - - - 38,478 (100) 31.4 + 18.5
Hospital services 0.026 <0.001 <0.001
Outpatient 9275 (97) 248 +16.7 100,808 (97) 24.8 +17.6 37,141 (97) 31.6 + 185 <0.001
Inpatient 299 (3) 225+ 143 2845 (3) 22.7 £155 1226 (3) 244 + 16.6 0.007
Season <0.001 <0.001 <0.001
Jan-Mar 2132 (22.0) 2114172 27,433 (26.5) 222+ 178 10,766 (28.0) 30.4 + 189 <0.001
Apr-Jun 2524 (26.0) 248 +17.0 28,289 (27.3) 2464173 10,723 (27.9) 31.1 £ 18.6 <0.001
Jul-Sep 2796 (28.8) 27.7 + 158 24,663 (23.8) 274 +174 8299 (21.6) 3264178 <0.001
Oct-Dec 2122 (21.9) 2454158 23,268 (22.4) 252+ 174 8690 (22.6) 3244185 <0.001

* P-value for differences in serum 250HD levels by predictors (sex, age, age category, hospital status, season) within each age group (pediatrics, adults, elderly), using independent t-test

or One-Way ANOVA.

** P-value for differences in serum 250HD levels between age groups (pediatrics, adults, elderly) for each predictor, using independent t-test or One-Way ANOVA.

T Pp-value for differences in serum 250HD levels between adults and elderly.
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The relationship between the different 250HD assays and LC-MS/
MS, to which all values were converted into and expressed in Figures
and Tables, is presented in Appendix C-Fig. C.1.

3.3. Prevalence of hypovitaminosis D

3.3.1. Serum 250HD 20 ng/ml cut-off

The prevalence of hypovitaminosis D at a serum 250HD cutoff of
20 ng/ml significantly decreased from 2009 to 2014; it was 54.0% in
2009, 49.7% in 2010, 44.0% in 2011, 41.6% in 2012, 36.4% in 2013 and
34.4% in 2014. Prevalence did not change significantly between 2014
and 2016 and ranged between 33.7 and 35.5%. The average prevalence
throughout the study period was 39% in the entire population (44% in
men and 37% in women, p < 0.001). Forty three percent of both the pe-
diatrics and adults had levels below this cutoff, but only 28% of the el-
derly did. In pediatrics, hypovitaminosis D was more prevalent in girls
than in boys, 47% versus 38% respectively, p < 0.001, while in adults
and elderly, it was more prevalent in men (50% and 34%, respectively)
than in women (41% and 24%, respectively), p < 0.001.

3.3.2. Serum 250HD 15 ng/ml cut-off

Similarly, the prevalence of hypovitaminosis D at a 250HD serum
cutoff of 15 ng/ml significantly decreased from 38.4% in 2009 to 24.5%
in 2014 and stabilized thereafter to range between 23.8% and 25.6%.
Throughout the study period, the proportion of the entire population
with a serum 250HD < 15 ng/ml was 29% (31% of men and 27% of
women, p <0.001). The prevalence of hypovitaminosis D below this cut-
off was 29% in pediatrics (24% of boys, 33% of girls, p < 0.001), 32% in
adults (36% of men, 30% of women, p < 0.001), and 19% in the elderly
(24% of men, 16% of women, p < 0.001).

3.3.3. Serum 250HD 12 ng/ml cut-off

The prevalence of hypovitaminosis D at a serum cutoff of 12 ng/ml
decreased significantly from 29.6% in 2009 to 19.1% in 2014, after
which it stabilized between 18.5% and 20.1%. The proportion of the en-
tire population having levels below this cutoff throughout the study pe-
riod was 23% (24% of men and 22% of women, p < 0.001). The
percentage of individuals with readings below this cutoff was 21% of pe-
diatrics (17% of boys, 25% of girls, p < 0.001), 25% of adults (28% of men,
25% of women, p < 0.001), and 15% of the elderly (19% of men, 13%
women, p < 0.001).

3.4. Predictors of hypovitaminosis D

The ORs for having serum 250HD levels below 12, 15 and 20 ng/ml,
before and after adjustment for variables that are significant at the bi-
variate level, including age, sex, season, hospital status as applicable,
are presented in Table 2. Using multivariate regression analysis, age,
sex, season and type of hospital service were significant predictors for
a serum 250HD level below 15 ng/ml in all age groups. In pediatrics,
the likelihood of having a serum 250HD level < 15 ng/ml increases by
9% for every 1 year increase in age, and girls had a 33% higher risk of
serum 250HD concentrations below this level compared to boys. In
adults and elderly, the risk of 250HD serum level below 15 ng/ml de-
creased by 2% and 1%, respectively, for every 1 year increase in age. In-
patient pediatric, adult and elderly groups had significantly lower risk
of having a 250HD serum level < 15 ng/ml. The lowest prevalence of
hypovitaminosis D is in summer season, followed by fall and spring, in
all age groups, Table 2.

An almost identical pattern is seen using the 12 ng/ml and 20 mg/ml
cutoffs. However, inpatient status did not predict serum 250HD levels
below 12 ng/ml in pediatric patients, Table 2.

3.5. Time trends of 250HD levels

There was a clear time trend with increments in mean serum 250HD
levels across all age groups and years, Fig. 1. The yearly increase in
serum 250HD was 0.9 ng/ml/year (95% CI: 0.7, 1.0) in pediatrics, 1.2
ng/ml/year (1.2, 1.3) in adults and 2.7 ng/ml/year (2.6, 2.8) in the el-
derly, for the period 2009-2016. The increment was most substantial
in the elderly population.

The overall number of patients with serum 250HD levels >45 ng/ml
during the entire study duration was N = 20,700 (13.6%). We noted a
significant increase in the proportion of patients with serum 250HD
levels >45 ng/ml, from 2.8% in 2009 to 19.8% in 2014 (p < 0.001 using
Bonferroni adjustment), and stabilization thereafter (18.5%-19.7%).

3.6. Seasonal variation of 250HD levels

We derived the average serum 250HD level per season (Jan-Mar,
Apr-Jun, Jul-Sep, and Oct-Dec), for every two consecutive years, Fig. 2.
The seasonal variations within each age group was statistically signifi-
cant. The lowest serum 250HD levels were noted in Jan-Mar in all age
groups and all years, except in 2009-2010, where the lowest levels
were seen in Oct-Dec in pediatrics and Apr-Jun in elderly. The highest
levels were documented in Jul-Sep in all age groups, except after
2013-2014 and 2015-2016, where the levels peaked in Oct-Dec in the
elderly, Fig. 2. Findings of this 2-year aggregate data analyses are consis-
tent with those reported in Table 2.

3.7. PTH-250HD relationship

Of the 4,025 adults and elderly patients with concomitant PTH and
250HD results, 1,359 (34%) had missing Cr values, and were assumed
to have normal levels, based on the fact that the proportion of abnormal
Cr in the complete data set of patients with available Cr values (N =
103,618) is only 6.9%.

The non-linear regression model, which best fit our PTH-250HD
plot, was:

PTH = 55.8 + 85.8 exp~0-132x(250MD—3.38) p2 _ (9 97

with PTH plateauing at a serum 250HD level of 26.1 ng/ml, Fig. 3-A. Fig.
3-B shows mean serum PTH levels per pre-set subgroups of serum
250HD (4 ng/ml increments).

The average serum PTH in this population was 69.1 + 103.9 pg/ml,
26 (0.6%) patients had values >500 pg/ml. The demographics and re-
gression model were similar to the slightly larger cohort of 4,433 adult
and elderly patients who had concomitant serum 250HD and PTH
levels, without the exclusion of patients with abnormal Cr, data not
shown. Compared to patients with no PTH data (N = 131,175), patients
with PTH results were 9 years older, more likely to be elderly, men and
outpatients. They also had less vitamin D deficiency and their serum Ca
and Cr levels were higher, Appendix D.

4. Discussion

To our knowledge, this is the largest study to investigate
hypovitaminosis D and time trends in the Middle East and North Africa
(MENA) region, over a large time span, and follows on a similarly con-
ducted study [11]. There was significant increase in mean serum
250HD levels over an 8 year time span. Our population had a female
predominance, and serum 250HD measurements were mainly per-
formed in an outpatient setting. Overall, the prevalence of low 250HD
levels was 39% at a cutoff of 20 ng/ml, 29% at a cutoff of 15 ng/ml and
23% at a cutoff of 12 ng/ml. Using multivariate logistic regression, age,
sex, season and type of hospital service were significant predictors of
hypovitaminosis D. In a subgroup where concomitant PTH



Table 2

Multivariate logistic regression model of predictors of hypovitaminosis D, using three serum 250HD cutoffs, <12 ng/ml < 15 ng/ml and <20 ng/ml, by age group (pediatric, adult, and elderly). All serum 250HD values converted to LC-MS/MS

equivalents.
Predictors 250HD < 12 ng/ml 250HD < 15 ng/ml 250HD < 20 ng/ml
Unadjusted P-value Adjusted POR (95% CI) P-value Unadjusted P-value  Adjusted P-value Unadjusted P-value Adjusted P-value
FOR (95%CI) “OR (95%CI) POR (95% CI) OR (95%CI) POR (95% CI)
Pediatric Population
Age (years) 1.10 (1.09-1.12) <0.001  1.10(1.09-1.11) <0.001  1.10(1.09-1.11) <0.001  1.09 (1.08-1.10) <0.001  1.093 (1.084-1.103) <0.001  1.09 (1.08-1.10) <0.001
Girls (vs boys) 1.55 (1.40-1.72) <0.001 136 (1.22-1.51) <0.001  1.50(1.37-01.65) <0.001 133 (1.21-1.46) <0.001  1.47 (1.35-1.60) <0.001 1.30(1.19-1.41) <0.001
Season (vs Jan-Mar) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Apr-Jun 0.55 (0.48-0.63) <0.001  0.55(0.48-0.63) <0.001  0.59 (0.52-0.67) <0.001  0.59 (0.52-0.67) <0.001  0.68 (0.60-0.76) <0.001 0.68 (0.61-0.77) <0.001
July-Sep 0.30 (0.26-0.35) <0.001  0.29 (0.25-0.33) <0.001  0.34 (0.30-0.39) <0.001  0.33(0.29-0.37) <0.001  0.41 (0.36-0.46) <0.001  0.39(0.34-0.44) <0.001
Oct-Dec 0.54 (0.47-0.62) <0.001 0.51(0.45-0.59) <0.001  0.59(0.52-0.67) <0.001  0.56 (0.49-0.64) <0.001  0.60 (0.53-0.68) <0.001  0.58 (0.51-0.65) <0.001
Inpatient (vs outpatient)  1.19 (0.91-1.56) 0.201 - - 1.29 (1.01-1.65) 0.038 1.33 (1.03-1.72) 0.030 1.24 (0.99-1.57) 0.064 1.25 (0.98-1.59 0.073
Adult Population
Age (years) 0.980 (0.979-0.981) <0.001  0.978 (0.977-0.979) <0.001 0.978 (0.977-0.979) <0.001 0.976 (0.975-0.977) <0.001  0.975(0.974-0.976) <0.001  0.973 (0.972-0.974) <0.001
Women (vs men) 0.86 (0.83-0.88) <0.001 0.81(0.78-0.83) <0.001  0.78 (0.76-0.80) <0.001  0.73 (0.71-0.75) <0.001  0.70 (0.68-0.72) <0.001  0.64 (0.63-0.66) <0.001
Season (vs Jan-Mar) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Apr-Jun 0.71 (0.69-0.74) <0.001  0.71 (0.68-0.73) <0.001  0.72 (0.70-0.75) <0.001  0.71 (0.69-0.74) <0.001  0.75(0.73-0.78) <0.001  0.73 (0.71-0.76) <0.001
July-Sep 0.44 (0.43-0.46) <0.001 043 (0.41-0.45) <0.001  0.46 (0.45-0.48) <0.001  0.44 (0.43-0.46) <0.001  0.51(0.49-0.53) <0.001  0.48 (0.47-0.50) <0.001
Oct-Dec 0.63 (0.61-0.66) <0.001  0.63 (0.61-0.66) <0.001  0.65 (0.62-0.67) <0.001  0.64 (0.62-0.67) <0.001  0.68 (0.65-0.70) <0.001  0.67 (0.65-0.69) <0.001
Inpatient (vs outpatient) 1.23 (1.14-1.34) <0.001  1.40(1.28-1.52) <0.001 122 (1.13-1.32) <0.001  1.40 (1.30-1.51) <0.001  1.23(1.14-1.33) <0.001  1.43(1.33-1.55) <0.001
Elderly Population
Age (years) 0.990 (0.986-0.995) <0.001  0.987 (0.983-0.992) <0.001  0.989 (0.985-0.993) <0.001 0.986 (0.982-0.990) <0.001  0.988 (0.985-0.992) <0.001  0.985 (0.982-0.989) <0.001
Women (vs men) 0.62 (0.59-0.66) <0.001  0.61 (0.57-0.64) <0.001  0.60 (0.57-0.63) <0.001  0.58 (0.55-0.61) <0.001  0.61 (0.58-0.64) <0.001  0.59 (0.56-0.62) <0.001
Season (vs Jan-Mar) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Apr-Jun 0.83 (0.77-0.89) <0.001  0.82(0.76-0.88) <0.001  0.85(0.80-0.91) <0.001  0.84 (0.78-0.90) <0.001  0.87(0.82-0.93) <0.001 0.86(0.81-0.91) <0.001
July-Sep 0.64 (0.59-0.70) <0.001  0.64 (0.59-0.70) <0.001  0.67 (0.62-0.72) <0.001  0.66 (0.62-0.71) <0.001  0.71 (0.66-0.76) <0.001  0.70 (0.66-0.75) <0.001
Oct-Dec 0.72 (0.67-0.77) <0.001  0.73 (0.68-0.79) <0.001 0.73 (0.68-0.78) <0.001  0.75 (0.70-0.80) <0.001  0.79 (0.74-0.84) <0.001  0.81(0.76-0.86) <0.001
Inpatient (vs outpatient)  1.80 (1.59-2.05) <0.001 1.85(1.63-2.11) <0.001 1.89(1.68-2.13) <0.001  1.96 (1.74-2.22) <0.001  2.18(1.95-2.43) <0.001  2.28 (2.04-2.55) <0.001

@ OR odds ratio, CI confidence interval.

b Adjusted for age, sex, season and hospital status, as applicable.
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Fig. 1. Serum 250HD levels (mean, 95% CI), in pediatric, adult and elderly groups per year, from 2009 to 2016. Values converted to LC-MS/MS equivalent as detailed under Methods. The
secular variation is statistically significant within each group (One-Way ANOVA p < 0.001). The number of patients assessed per year ranged between 375 and 1,983 in pediatrics, between

4281 and 19,119 in adults and between 2,280 and 6,358 in the elderly.

measurements were available, non-linear regression illustrated a PTH
plateau at a 250HD serum level of 26.1 ng/ml.

We had previously reported a continuous increase in serum 250HD
levels since 2000-2004 [11]. However, different vitamin D assays were
used, and we were unable to adjust then for inter-assay differences. The
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secular increase observed during our study period is most substantial in
the elderly, and likely to be real. Indeed, all values were converted to LC-
MS/MS equivalents, and might reflect increased bone health awareness
and supplementation. This increase occurred in a time frame that
followed the publication and propagation of the first Lebanese Practice
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Fig. 2. Serum 250HD levels (mean, 95% CI), by season, in pediatric, adult and elderly groups, for serial consecutive two year periods, from 2009 to 2016. Values converted to LC-MS/MS
equivalent as detailed under Methods. A) 2009-2010, B) 2011-2012, C) 2013-2014, D) 2015-2016. The secular variation is statistically significant within each group (One-Way
ANOVA p < 0.001). The number of patients assessed per season ranged between 2,122 and 2,796 in the pediatric group, between 23,268 and 28,289 in the adult group and between

8,299 and 10,766 in the elderly group.
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Fig. 3. Parathyroid hormone (PTH) levels as a function of increasing 250HD levels among, 4025 adult and elderly patients, with paired PTH-250HD values from 2009 to 2016. Values
converted to LC-MS/MS equivalent as detailed under Methods. A) Each data point dark circle represents the mean =+ SE for 403 patients, with 50% overlap for consecutive groups. The
solid line represents a non-linear fit of the trend with 95% confidence intervals (dashed lines). The coordinates in parenthesis represents the estimated serum 250HD level at PTH
plateau, as described by the non-linear regression model: PTH = 55.8 + 85.8 exp~0-132X(250HD—=338) 2 _ ( 97 B) Mean serum PTH level by 250HD categories in adult and elderly
patients. Vitamin D subgroups with similar letters had similar corresponding mean PTH level. Analysis was done using One-Way ANOVA with post hoc Bonferroni's adjustment, and p

< 0.05 indicates significance.

Guidelines for Osteoporosis Assessment and treatment in 2002 and its
2007 update [25], both of which stressed the importance of calcium
and vitamin D supplementation. The substantial increment in mean
serum 250HD levels in the elderly, also coincides with the publication
of the FRAX-based Lebanese Osteoporosis Guidelines, which targeted
post-menopausal women, in 2012-2013 [26]. This is also suggested by
the increase in vitamin D assessment over the years, as only 4.6% of
our population was assessed in 2009 while 18.1% were tested in 2015.
Our time trends are also consistent with what was reported in NHANES
[13], and may be relevant to other countries in the region where
hypovitaminosis D is most prevalent.

In setting cutoffs for hypovitaminosis D, the IOM assessed North
American population needs while the Endocrine Society targeted
high-risk populations [27]. As a result, the true prevalence of vitamin
D deficiency is still to be defined and a consensus on the definition of
a desirable serum 250HD level is not applicable [28]. Most vitamin D
data are from Western populations, but the lowest levels are docu-
mented in developing countries, especially the Middle East [2,5]. A
2013 systematic review showed that hypovitaminosis D (< 20 ng/ml)
in the MENA region ranges between 30 and 90% [29]. In a large tertiary
care center study (N = 60,979) in the United Arab Emirates, 60% of pa-
tients had levels below 20 ng/ml, but unlike our population, the major-
ity with low levels were women [30]. In the region, the lowest serum
250HD levels are recorded in Saudi Arabia, possibly reflecting the effect
of both conservative clothing and avoidance of sun exposure in the high
heat environment [8,14]. In Lebanon, there was an indisputably high
prevalence of hypovitaminosis D between the years 2000-2004 and
2007-2008, regardless of cutoff used [11]. The proportion of adults
with a 250HD level below 12 ng/ml, was in general lower than other
countries in the region, such as Morocco, Tunisia, Algeria and Egypt [31].

Age, sex, and season were significant predictors for serum 250HD
levels below 12 ng/ml, 15 ng/ml and 20 ng/ml in all age groups. Our
findings are consistent with reported determinants of hypovitaminosis
D across the lifecycle which include increasing age, female sex, low in-
take of calcium and/or vitamin D supplements, low sun exposure, win-
ter season [24,32,33], height, weight [24] or body mass index (BMI), low
physical activity [24,34], lower education or socio-economic status,
urban residence [24], higher latitude, darker skin pigmentation [32]
and concealed clothing [24,33].

Age related changes in vitamin D status are well documented [35],
and aging reduces the skin's capacity to produce vitamin D [36]. Other
risk factors making the elderly more prone to hypovitaminosis D are

inadequate vitamin D intake, urban dwelling, conservative clothing,
and high parity [37]. However, in our population, aging was found to
be protective against hypovitaminosis D [38,39]. We postulate that
adults and elderly may be more likely to receive vitamin D supplements
given the emergence of new guidelines and the increase in screening
[38], as discussed below.

As expected, in pediatrics, mean serum 250HD was significantly
higher in boy, as previously reported in schoolchildren in Lebanon.
This is, probably explained by conservative clothing, limited outdoor
exposure and play, and lower calcium intake from dairy products
(also a predictor of low vitamin D) in girls [21]. Similarly, in Iran,
hypovitaminosis D was four times more common in adolescent
girls than boys, findings attributed to less sun exposure in veiled
girls [40].

Conversely, both in adults and elderly, female sex was protective
against hypovitaminosis D. This diverges markedly from what is de-
scribed in the MENA region, as most studies report female sex as a risk
factor for hypovitaminosis D [2,33,34]. One determinant studied was
on the effect of dressing style in Turkish and Jordanian women, and
the lowest levels were seen in women wearing totally covering dresses
(Hijab or Nigab) compared to women following a more western style of
clothing [41,42]. In Lebanon, even though veiling is a risk factor for
hypovitaminosis D [43,44], a hybrid of western and traditional clothing
is seen. Also, osteoporosis awareness campaigns in Lebanon mainly tar-
get post-menopausal women [11], and women may be better supple-
mented then men. Indeed, in a recent retrospective study, of 400 hip
fracture patients from our institution, 250HD levels were significantly
higher in women [45].

The lowest OR for hypovitaminosis D was during summer. This has
been shown in a previous study from Lebanon, reporting an average
serum 250HD of 17 + 8 ng/ml at the end of winter and 22 + 7 ng/ml
at the end of summer [21], as sun exposure is highest during this period.
Lebanon is located at 33.9° N and has over 300 sunny days per year
(www.latlong.net/). Various studies described seasonal variations of vi-
tamin D in the MENA region, with lower levels documented in winter
[24,32,46], except for the Gulf countries where the lowest values were
seen in summer due to reduced outdoor activities in summer to avoid
the burning heat [24]. Highest levels in the summer are also reported
in Western populations [47,48].

Being an “inpatient” was a significant predictor of serum 250HD
levels below 12 ng/ml in adults and elderly and below 15 ng/ml and
20 ng/ml in all age groups, especially the elderly. Even though in the
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last few years the elderly have witnessed the most increase in serum
250HD levels, prevalence of hypovitaminosis D is still high in frail hos-
pitalized elderly [49] as evident from the Third National Health and Nu-
trition Evaluation Survey (NHANES III) [50]. Elderly are more likely to be
chronically ill and malnourished [51] and thus have longer and more
complicated hospitalization than younger individuals [51,52].

The inverse PTH-250HD relationship was extensively studied in var-
ious populations [2,11,53-55]. Nonetheless, the serum 250HD level
below which serum PTH starts increasing is still a matter of debate
[53-58], and has been suggested at 12-17 ng/ml [11,54,56,59],
20 ng/ml [60,61], 20-32 ng/ml [55] and >30 ng/ml [53,57]. Forming a
conclusion on the matter is difficult in light of the differing demo-
graphics and heterogeneity of the different assays used by different
studies. In our population, serum PTH plateaued above a serum LC-
MS/MS 250HD level of 26.1 ng/ml. This is markedly higher than in our
previous 2000-2004 and 2007-2008 cohort [11], but the assays used
then were different and not converted into a single one. However, due
to the cross-sectional nature of both studies, it is difficult to define the
optimal 250HD serum level for achieving a PTH value within the normal
range.

Our study has a few limitations. Its cross-sectional nature prohibits
causality testing and the collection of data did not allow for the extrac-
tion of specific demographic and clinical variables that might affect
250HD, Ca and PTH levels. This includes BMI and fat content; medical
conditions such as malignancy or malabsorptive diseases; previous pro-
cedures such as thyroidectomy or parathyroidectomys; lifestyle choices
such as veiling or sunblock use; rate of sun exposure and skin types;
and diet and treatments or supplementations given, if any. We could
not correct serum Ca to albumin levels, as albumin levels were unavail-
able in our dataset. However, albumin is likely to be normal as most of
our data is from ambulatory patients presenting to the outpatient
clinics. We used serum Cr as a surrogate biomarker for kidney function,
also due to the lack of glomerular filtration rate values in the data col-
lected. Although, different assays have been used to assess serum
250HD across the years, we have a rigorous on-going in-house-cross
and external calibration quality control. The correlation between LC-
MS/MS and Liaison was lower than for other assays, and although
would be considered sub-optimal for conversions at the individual pa-
tient level, it does work well for populations. Most importantly, the
most substantial and consistent increments were noted in the elderly,
as opposed to other age groups, implying that such time trends are re-
ally independent of assay variations. Our study has several strengths.
It is a very large data set, over 90% are an outpatient population, spans
age groups and seasons, over a long duration. AUB-MC is a tertiary refer-
ral academic medical center that witnesses influx of patients from all of
Lebanon, so the data is representative of the Lebanese population as a
whole. It evaluates multiple predictors, using solid variables with no
room for error (age, gender, season, and hospital status), predictors
that will guide national recommendations regarding screening for
hypovitaminosis in the Lebanese.

In line with previous studies, our large database study shows high
prevalence of hypovitaminosis D in the Lebanese population, that is none-
theless decreasing due to true increments in serum 250HD levels over
time, across all ages, but mostly in the elderly. PTH levels plateaued at
serum 250HD values above 26.1 ng/ml, suggesting a need to maintain
serum 250HD levels above that threshold in the adult Lebanese popula-
tion. Further studies are needed to validate our findings taking into con-
sideration vitamin D intake, amount of sun exposure and body
coverage. Our study will inform country-, and possible region-specific rec-
ommendations to define a desirable serum 250HD range and support the
dietary and supplementation guidance needed to reach such levels.
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