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  Abstract 

 Vitamin D insuf fi ciency is a common problem worldwide, with a varying 
prevalence depending on the population of interest and cutoff used to 
de fi ne insuf fi ciency. The medical literature has witnessed an explosion in 
the number of vitamin D publications over the last three decades, most 
convincingly supporting a bene fi cial effect of vitamin D on musculoskel-
etal parameters. This led the Institute of Medicine (IOM) to issue an update 
in 2011 with an increase in the recommended vitamin D intake across all 
age groups and to set the desirable level at 50 nmol/L. This compares mod-
estly to the desirable level recommended by the Endocrine Society (ES) of 
75 nmol/L, which is similar to that recommended by the International 
Osteoporosis Foundation for older individuals. While the IOM Committee 
focused on the population needs in North America, the Endocrine Society 
tried to target high-risk populations. Some of the lowest vitamin D levels 
are recorded in black subjects and in non-western populations, popula-
tions in whom data on fractures and falls are scarce. Information using 
surrogate markers for the bene fi cial effect of vitamin D action on muscu-
loskeletal health has many limitations, even in Caucasian subjects where it 
is the most available. The calcium–vitamin D economy in blacks seems 
different, and the desirable vitamin D level to optimize musculoskeletal 
health may be lower than that of Caucasians. Furthermore, some evidence 
from association studies suggests an increase in the risk of fractures in 
blacks, and possibly Asians, at 25(OH)D levels exceeding the desirable 
level for Caucasians. In view of this apparent divergence, the lack of solid 
outcome data in other ethnic and racial groups, and the multitude of modu-
lators that affect vitamin D metabolism and action, the notion of a global 
desirable vitamin D level to date is not tenable.  
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   Abbreviations 

  1.25(OH) 
2
  D     1,25-Dihydroxyvitamin D   

  25(OH)D    Hydroxyvitamin D   
  AIDS     Acquired immune de fi ciency 

syndrome   
  BMI    Body mass index   
  CI    Con fi dence interval   
  ER    Estrogen receptor   
  ES    Endocrine Society   
  HIV     Human Immunode fi ciency virus   
  HR    Hazard risk   
  IOF     International Osteoporosis 

 Foundation   
  IOM    Institute of Medicine   
     LASA     Longitudinal Aging Study 

Amsterdam   
  NHANES     National Health and Nutrition 

Examination   
  OC    Osteocalcin   
  OR    Odds ratio   
  PM    Postmenopausal   
  PTH    Parathyroid hormone   
  RIA    Radioimmunoassay   
  RR    Relative risk or risk ratio   
  SNP     Single-nucleotide polymorphism   
  T1DM    Type 1 diabetes mellitus   
  T2DM    Type 2 diabetes mellitus   
  TB    Tuberculosis   
  USA    United States of America   
  VDR    Vitamin D receptor   
  WHI     Women’s Health  Initiative         

   Introduction    

 Vitamin D is a steroid hormone that controls 
more than 200 genes and thus impacts a wide 
range of molecular and cellular functions. While 
the impact of vitamin D on musculoskeletal 
health and bone and mineral metabolism are well 

established  [  1–  3  ] , an increasing body of evidence 
over the last three decades supports associations 
with decreased mortality  [  4,   5  ] , in addition to 
pleiotropic effects  [  6,   7  ] . In a systematic review 
of 50 randomized trials, including 94,148 partici-
pants, vitamin D3 was associated with decreased 
mortality, with a relative risk (RR) of 0.94, 95 % 
CI 0.91–0.98  [  8  ] . Nonclassical proposed 
bene fi cial effects are on cardiovascular diseases 
 [  6–  10  ] , type 2 diabetes mellitus (T2DM) and the 
metabolic syndrome  [  11,   12  ] , type 1 diabetes 
mellitus (T1DM)  [  13–  15  ] , innate immune 
responses and self-tolerance  [  16–  18  ] , multiple 
sclerosis  [  19–  21  ] , and selected cancers  [  22–  25  ] . 

 Vitamin D insuf fi ciency is a common prob-
lem worldwide, with a prevalence of 50–90 %, 
depending on the cutoff used to de fi ne 
insuf fi ciency and on the population of interest. 
Some of the highest prevalences are described in 
India, China, the Middle East, and Southern 
Europe, as opposed to Northern America and 
Europe  [  1,   26–  29  ] . Vitamin D status depends on 
the production of vitamin D3 in the skin, under 
the in fl uence of ultraviolet light, and on vitamin 
D intake, from dietary or supplemental sources. 
The serum 25-hydroxyvitamin D [25(OH)D] 
concentration is the preferred indicator of vita-
min D status, skin being the source for 50–90 % 
of circulating levels. Consistent predictors of 
low vitamin D levels are latitude, race–ethnicity 
skin color, clothing style, body mass index 
(BMI), and socioeconomic status. At particular 
risk are young children, pregnant women, and 
the elderly  [  1,   26–  28  ] . Ganji et al. recently 
described secular trends in vitamin D status in 
the NHANES study, with a decrease in mean 
levels and an increase in prevalence estimates. 
Indeed, the overall prevalence of hypovitamino-
sis D, de fi ned as serum 25(OH)D <25 nmol/L, 
increased by approximately 100 % from 1988–
1994 to 2001–2006 (from 2.4 to 4.7 %;  P  < 0.001) 
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in the overall group. The overall geometric mean 
serum 25(OH)D concentrations decreased, after 
adjusting for assay variation, by 9 % from 
61 nmol/L in 1988–1994 to 55 nmol/L in 2001–
2006 ( P  < 0.001) in the overall group, a decline 
that was even greater, by 16 %, that is from 64 to 
54 nmol/L,  P  < 0.001, in adolescents  [  30  ] . The 
wide variation in the prevalence of hypovitamin-
osis D globally is in part explained by the differ-
ent vitamin D assays and variable cutoffs used in 
the various studies. 

 Two recent sets of recommendations both 
issued in 2011 by the Institute of Medicine (IOM) 
and the Endocrine Society (ES) de fi ned differing 
desirable 25(OH)D levels, see Fig.  27.1   [  31,   32  ] . 
The charge of the IOM Committee was to deter-
mine the population needs for calcium and vita-
min D in North America, and the objective of the 
ES task force was to provide guidelines to clini-
cians for the evaluation, treatment, and preven-
tion of vitamin D de fi ciency, with an emphasis 
on the care of patients who are at risk for 
de fi ciency.    Although the authors of both guide-
lines conducted extensive and thorough reviews 
of the literature; used for the most part the same 
studies, identical prede fi ned musculoskeletal 

outcomes, and surrogate measures for such out-
comes; and established criteria to grade the qual-
ity and strength of the evidence, they reached 
different recommendations. Furthermore, their 
recommendations were most relevant to western 
populations.  

 Mean circulating 25(OH)D levels vary 
between ethnic groups in the USA, being lower 
in blacks and Hispanics, than non-Hispanic 
whites  [  33–  35  ] , and also in many other popula-
tions worldwide  [  1,   26,   27  ] . In this chapter, we 
address the question whether desirable 25(OH)D 
levels vary globally. To de fi ne desirable levels, 
the bene fi cial effects of vitamin D on musculosk-
eletal outcomes, that is, fractures and falls, and 
on surrogate measures and markers of mineral 
metabolism are considered as primary endpoints. 
Pertinent studies relevant to pleiotropic effect of 
vitamin D on nonclassical outcomes are also 
brie fl y overviewed. The term globally was used 
in its literary meaning (dictionary de fi nition), and 
thus the purpose of this chapter is to determine 
whether desirable vitamin D levels vary world-
wide, between different populations and differing 
ethnicities, or whether a common universal desir-
able level can be de fi ned.  

Desirable 25 (OH)D level

ng/mL 0 10 20 30 40 50 60

0 25

Deficiency

Deficiency

Insufficiency

Insufficiency

Desirable* ES

IOM

IOF

Desirable*

Desirable*

50 75 100 125 150
nmol/L

  Fig. 27.1    Recommended desirable 25(OH)D levels. 
Desirable 25(OH)D levels as recommended by the 
Endocrine Society (ES) 2011 Guidelines, the Institute of 
Medicine (IOM) 2011 Report, and the IOF 2010 Position 
statement. *Desirable 25(OH)D level: the IOM Report 

states that levels above 125 nmol/L should raise concerns 
about potential adverse effects, whereas no clear state-
ment was made by ES. The IOF recommendation was 
speci fi cally targeting the elderly       
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   Methods 

 A PubMed search covering the period between 
January 1, 1966, and May 10, 2012, was con-
ducted. It was updated up to Aug 15, 2012, for the 
primary outcomes of falls and fractures. The search 
was limited to English language. For the primary 
outcomes of falls and fractures, the key terms vita-
min D, falls, fractures, and meta-analysis were 
used. For the surrogate markers of bone and min-
eral metabolism, that is, vitamin D–PTH relation-
ship, calcium absorption, and bone mineral density, 
these keywords were used each separately, com-
bined with the key terms ethnicity and vitamin D. 

 All articles were scanned by title to select rel-
evant publications; abstracts for these were 
reviewed, leading to the ultimate publications 
that were reviewed in full for relevant informa-
tion. Additional pertinent papers not identi fi ed 
through the above searches, or in press, identi fi ed 
by authors were also taken into consideration. 
For surrogate markers of bone and mineral 
metabolism population-based studies were 
favored, but if unavailable, as was the case for 
most ethnic groups excluding blacks, smaller 
studies were reviewed.  

   Bene fi cial Effect of Vitamin D 
on Classical Outcomes 

   Direct Evidence from Randomized 
Controlled Trials on Fractures and Falls 

 A PubMed search at the time of the symposium, 
updated to Aug 2012, revealed a total of 11 rele-
vant meta-analyses on fractures, summarized in 
Table  27.1   [  25,   36–  45  ] . Similarly, a total of nine 
meta-analyses on falls were retrieved, summa-
rized in Table  27.2   [  39,   46–  53  ] .   

 For fractures, a total of 60 publications were 
originally identi fi ed by title, of which 10 stud-
ies were relevant and had their abstract screened, 
in addition to one study retrieved from our 
database  [  38  ]  for a total of 11 publications. A 
protective effect of vitamin D supplementation 
on the incidence of fractures including hip and 
non-hip fractures was observed in some, but not 

all  studies, with odds ratios (ORs) or relative 
risks (RRs) varying between 0.70 and 0.92 for 
positive studies (Table  27.1 ). The most consis-
tent effect was on hip fractures, where out of 13 
positive estimates, 7 were on hip fractures, and 
more likely to be in trials on vitamin D plus cal-
cium or in trials using high doses of vitamin D 
(Table  27.1 ). Conversely, three positive estimates 
were on non-vertebral fractures (four if subgroup 
analyses included) and two on overall/total frac-
tures. The differences between the meta-analyses 
could in part be explained, by differences in the 
criteria for trial selection, vitamin D formula-
tion used (oral vs. injectable), varying adherence 
with study drugs, and/or methodologies used to 
implement analyses. In an attempt to resolve the 
controversy above, Bischoff-Ferrari et al. con-
ducted a pooled analysis from 11 double-blind, 
randomized, controlled trials of oral vitamin 
D supplementation (daily, weekly, or every 4 
months), with or without calcium, as compared 
to placebo or calcium alone, in persons 65 
years of age or older  [  45  ] . At doses greater than 
800 IU/day, the authors demonstrated a 30 % 
reduction in the risk of hip fracture hazard ratio 
   (HR) = 0.70 [0.58–0.86] and a 14 % reduction in 
the risk of any non-vertebral fracture (HR)    = 0.86 
[0.76–0.96], in these elderly subjects. The advan-
tage of the latest analyses is the fact that the 
investigators considered participant-level pooled 
analysis and the actual dose of vitamin D con-
sumed by study subjects  [  45  ] . Threshold assess-
ment of hip fracture risk according to 25(OH)D 
cutoffs revealed a signi fi cantly protective effect 
of vitamin D at levels >43–60 nmol/L for non-
hip fractures and  ³ 61 nmol/L for hip fractures. 
Similarly, Dawson-Hughes et al. suggested that 
a mean 25(OH)D level of 65 nmol/L would be 
needed to reduce non-vertebral fracture risk and 
of 75 nmol/L to reduce hip fracture risk  [  54  ] . 
The overwhelming majority of randomized tri-
als were conducted in western countries, with an 
anticipated predominance of Caucasian subjects. 
Indeed, ethnicity was speci fi ed in only two US 
studies, both of which were included in six of 
the meta-analyses, whereas the meta-analyses of 
Bischoff-Ferrari et al. 2005 and DIPART 2010 
only used one. 
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 Regarding falls, the search identi fi ed 16 titles, 
a total of 8 were used, in addition to one that was 
identi fi ed from our database, for a total count of 
9 publications. The results for falls as shown in 
Table  27.2  were more consistently positive, with 
ORs/RRs ratios varying between 0.72 and 0.94, 
with the exception of the study by Gillespie et al. 
 [  49  ]  and Jackson et al.  [  39  ] . However, when 
assessing ef fi cacy of vitamin D in reducing num-
ber of fallers by vitamin D level at study entry, 
the risk ratio in 563 subjects partaking in three 
studies was signi fi cantly reduced, RR = 0.65 
[0.46–0.91]  [  49  ] . The overall positive results for 
falls are also consistent with the sensitivity analy-
ses of six trials with high-quality fall assessment, 
the IOM implemented showing a 21 % reduction 
in the odds of falling (OR = 0.79; 0.65–0.96; het-
erogeneity  I  2  = 0 %)   . Again, the overwhelming 
majority of randomized trials were conducted in 
western countries, with an anticipated predomi-
nance of Caucasian subjects; however, ethnicity 
was speci fi ed in only one study. The study was 
conducted in the USA, stated that ethnicity was 
mixed, and was included in  fi ve meta-analyses 
(Table  27.2 ). Therefore, based on the randomized 
controlled trials available to date, there is no good 
evidence for a bene fi cial effect, or the absence 
thereof, of vitamin D supplementation on falls or 
fractures in non-Caucasian subjects.  

   Indirect Evidence: Surrogate Markers 
for the Effect of Vitamin D on Mineral 
Metabolism 

 Low levels of 25(OH)D are associated with cal-
cium malabsorption, secondary hyperparathy-
roidism, increased bone resorption, bone loss, 
and fractures. Very low levels cause osteomalacia 
in adults. Desirable 25(OH)D levels have thus 
also been de fi ned by examining the relationship 
between this metabolite and surrogate markers of 
its impact on mineral metabolism, namely, PTH 
levels, calcium absorption, bone remodeling, and 
density. The challenges with such approach for 
all such surrogates are numerous and include the 
fact that such relationships are modulated by 
many other variables that are not captured in 

these two-dimensional models, including age, 
gender, race, calcium intake, renal function, body 
mass index (BMI), and genetic polymorphisms 
(VDR, ER, etc.). This is to be added    to the scarce 
head-to-head comparisons between racial and 
ethnic groups and the inherent variations between 
the 25(OH)D assays used (see below). This sec-
tion will examine the evidence stemming from 
such relationships in general and how it pertains 
to ethic and racial groups in particular.   

   Vitamin D and PTH 

    25(OH)D insuf fi ciency thresholds have been sug-
gested based on the inverse association between 
25(OH)D and PTH, because low vitamin D 
causes hyperparathyroidism and high PTH levels 
are associated with increased bone turnover, lead-
ing to greater bone loss. Thus, maintenance of 
suf fi cient 25(OH)D levels would be anticipated 
to enhance bone health. In his review of the topic, 
Willet underscored the wide range of proposed 
25(OH)D thresholds in the various studies avail-
able at the time, ranging from 25 to 90 nmol/L, 
depending on the study, and concluded that such 
approach may not be the best mean to identify 
vitamin D insuf fi ciency in various populations 
 [  55  ] . Similarly, in their review of the literature on 
this topic from 1988 to June 2010, Sai et al. 
reviewed a total of 70 studies showing an inverse 
relationship between serum 25(OH)D and PTH 
and again outlined the wide variability in 25(OH)
D levels at which PTH plateaus, where levels 
ranged from 25 to 125 nmol/L. Similar wide vari-
ations were presented when the data was ana-
lyzed by age, gender, or world region (the USA, 
Europe, Asia, Australia, and the Middle East) 
 [  56  ] . Three studies had differing plateaus based 
on age, two based on gender and one by ethnicity. 
The wide variations detailed are explained by the 
numerous modulators detailed above, data from 
the most established ones are discussed below. 
Finally, no plateau could be de fi ned in eight stud-
ies, and no relationship between 25(OH)D and 
PTH could be described in three studies  [  56  ] . 

 The PubMed search we conducted included 
ethnicity as a keyword and revealed a total of 121 
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publications, and although many included infor-
mation on 25(OH)D and or PTH in different eth-
nic groups, most did not analyze the data in terms 
of evaluating the 25(OH)D–PTH relationship nor 
de fi ned an in fl ection point, that is, 25(OH)D level 
below which PTH levels rise sharply, or a pla-
teau, the 25(OH)D level above which PTH levels 
did not suppress any further. Therefore, a total of 
41 relevant publications were reviewed in full, of 
which 35 are detailed in this manuscript. 

 For studies conducted in white (Caucasian) 
subjects, we elected to focus on population-
based studies, as the most powerful and repre-
sentative. These include the two recent 
population-based studies, NHANES in the 
United States and CaMOS in Canada, that pro-
vided differing conclusions  [  57,   58  ] . In the for-
mer, a total of 8,415 individuals, mean age 
between 37 and 45 years, including both gen-
ders, recruited in 2003–2004 and 2005–2006, 
were included: 51 % were white, 25 % blacks, 
and 25 % Mexican Americans. Whereas a con-
tinuous inverse association between 25(OH)D 

and PTH was observed across 25(OH)D levels in 
white and in Mexican American subjects, with no 
plateau, the curve became  fl at at 25(OH)D levels 
above 50 nmol/L in blacks, using the    DiaSorin 
radioimmunoassay (RIA) ( [  57  ] , Fig.  27.2 ). The 
lack of an in fl ection point in white subjects is 
consistent with  fi ndings from the LASA 
(Longitudinal Amsterdam Study of Aging, 59) 
and the British Diet and Nutritional Survey, con-
ducted in elderly individuals between 1994 and 
1995  [  59  ] . Conversely, in the CaMos study of 
3,896 individuals recruited in 1995–1997 and 
2005–2007, the investigators showed differing 
plateau points by gender, de fi ned at 147 nmol/L 
in men and 104 nmol/Lin women, using the 
DiaSorin LIAISON rapid platform assay ( [  58  ] , 
Fig.  27.2 ). This gender difference is consistent, 
albeit with very different values for plateau points, 
with an opposite gender pattern described in an 
earlier study conducted in the national FINRISK 
survey, conducted in Finland on 328 young adults, 
age 30–42 years. PTH concentration started to 
increase at 25(OH)D concentrations lower than 

Gutiérrez et al. (2011)
NHANES age ≥ 12 years

(Plateau)

Berger et al. (2011)
CaMos age > 25 years

(Plateau)

Razzagy Azar et al. (2010)
Age 8−18 years

Aloia et al. (2010)
Women 20−80 years

Population-based studies

Other studies

0 2530 40 50 60 80 100 125 140 150 17575

Saliba et al. (2011)
Age 64 ± 16 years

Levis et al. JCEM (2005)
Age ≥ 18 years

74 % White Hispanics

Green et al. (2008)
Women 18−40 years

Shivane et al. (2011)
Age 25−35 years

(Plateau)

Bacon et al. (2010)
Women 20−35 years

(Plateau) Harris et al. (2000)
Age 64−100 years

(Plateau)

25 (OH)D levels
(nmol/L)

Women Men

White Caucasian

Asian
Black

Okazaki et al. (2011)
Age 25−85 years

(Plateau)

  Fig. 27.2    In fl ection point or plateau determined from the 
curves relating PTH to 25(OH)D levels. Data points rep-
resent the in fl ection point, 25(OH)D level below which 
PTH levels rise sharply, or a plateau, the 25(OH)D level 
above which PTH levels did not suppress any further. 
Information provided from population-based studies are 
illustrated in  upper panel , and in other studies on  lower 

panel , by ethnicity ( blue  for Caucasians,  green  for Asians, 
and  black  for blacks). The data points include both gen-
ders unless otherwise speci fi ed. The study by Saliba et al. 
also included information on the plateau that was reached 
at a 25(OH)D level between 75 and 85 nmol/L. To convert 
from nmol/L to ng/mL, divide by 2.496       
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40 nmol/L in men and 80 nmol/L in women, 
using the Incstar/DiaSorin 25(OH)D RIA  [  60  ] . In 
the same study, the PTH plateau was reached at 
65 nmol/L in women and 57 nmol/L in men.  

 Several publications have illustrated the 
impact of other modulators of the 25(OH)D–PTH 
relationship including age  [  61,   62  ] , renal func-
tion  [  63  ] , and calcium intake to name a few  [  64  ] . 
Indeed, Arabi et al. evaluated this relationship in 
340 Lebanese adolescents and 443 elderly and 
showed PTH levels to be higher in the elderly, in 
the overall population, and by subgroup analysis 
by gender. For the same 25(OH)D level measured 
by DiaSorin RIA, PTH levels were comparable 
across genders but were 1.5- to 2-folds higher in 
the elderly compared to adolescents. PTH corre-
lated positively with age and body fat and nega-
tively with calcium intake and 25-OHD; on 
multivariate analyses, age, 25(OH)D, and fat 
mass were independent predictors for PTH  [  62  ] . 
The impact of age may in part be confounded by 
a rise in serum creatinine. Indeed, in his evalua-
tion of over 19,000 individuals partaking in a 
health maintenance organization, mean age 64 
years, Saliba et al. demonstrated PTH levels to 
rise sharply at 25(OH)D levels below 50 nmol/L 
and to plateau at levels between 75 and 85 nmol/L, 
using the DiaSorin LIAISON rapid platform 
assay. The plateau was reached at a lower 25(OH)
D level, of 46 nmol/L, when subjects with renal 
insuf fi ciency were excluded. Finally, the impact 
of calcium intake on the 25(OH)D–PTH relation-
ship was demonstrated in a cross-sectional study 
of 977 individuals, where serum PTH was lowest 
in subjects with a serum 25(OH)D of more than 
45 nmol/L and highest in the group with a serum 
25(OH)D level of less than 25 nmol/L, using 
a DiaSorin RIA  [  64  ] . At a level below 25 nmol/L, 
a calcium intake of less than 800 mg/day vs. more 
than 1,200 mg/day was signi fi cantly associated 
with higher serum PTH; at a calcium intake of 
more than 1,200 mg/day, there was a signi fi cant 
difference in PTH levels between the lowest and 
highest vitamin D groups  [  64  ] . 

 Few are the studies evaluating in fl ection points 
or plateaus in other ethnic groups. Tables  27.3 , 
 27.4 , and  27.5  overview studies that have investi-
gated the PTH 25(OH)D relationship in African 

American (Table  27.3 , blacks) and Asian indi-
viduals (Tables  27.4  and  27.5 ). Studies on ethnic 
subgroups were mostly conducted on blacks, in 
the USA. A plateau point of 50 nmol/L was 
de fi ned in black adults in the NHANES study and 
similarly in the study by Harris et al.  [  57,   65  ] . 
The latter was driven by only 12 subjects who 
had 25(OH)D level above 75 nmol/L. Conversely, 
Aloia et al. de fi ned an in fl ection point of 
37 nmol/L in black adults in one study  [  68  ] , but 
the same author did not de fi ne it clearly in another 
 [  66  ] . Weaver et al. described an inverse slope 
relationship and no in fl ection point could be 
de fi ned in black adolescents ( [  67  ] , Table  27.3 ). 
As mentioned above, an in fl ection point could 
not be de fi ned in Mexican Americans similarly to 
white subjects, in NHANES, whereas a study 
conducted in Florida on 212 subjects, age > 18 
years, that included 74 % white Hispanics dem-
onstrated an in fl ection point at 50 nmol/L  [  81  ] . 
Therefore, there was no agreement on the 
in fl ection point in black individuals, whereas 2 
studies concurred on a plateau of 50 nmol/L 
(Table  27.3 ).    

 The 25(OH)D–PTH relationship was evalu-
ated in few studies in other ethnic groups, includ-
ing in adults from China, Japan, Lebanon, and 
Bangladeshi and Somali immigrants in Finland 
(Table  27.4 ,  [  62,   69–  75  ] ), as well as in children 
from Lebanon, India, and Iran (Table  27.5 , 
 [  76–  80  ] ), and see Fig.  27.2 . A plateau of 
40 nmol/L was described in women from Hong 
Kong  [  73  ] , and of 70 nmol/L was described both 
in 1,137 women from India  [  75  ]  and in 107 
women from Japan  [  74  ] . Conversely, an in fl ection 
point of 52 nmol/L was described in 504 women 
from Malaysia  [  72  ] , and of 75 nmol/L was 
described in 313 Iranian children (Table  27.5 , 
 [  80  ] , see Fig.  27.2 ). Finally, few are the studies 
that evaluated in fl ection points in different ethnic 
groups, concomitantly. Consistent with observa-
tions from the NHANES study  [  57  ] , the apparent 
plateau in blacks, based on only 12 subjects with 
25(OH)D concentrations above 50 nmol/L, was 
not observed in whites, in the study by Harris 
et al.  [  65  ] . Conversely, no real in fl ection point 
could be identi fi ed by evaluating data in whites 
and blacks in two studies  [  66,   82  ] . Finally, many 
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are the studies that could not identify an in fl ection 
point or plateau, in several ethnic groups, few of 
which are detailed herein  [  56,   57,   59,   65,   67,   69–
  71,   82  ] . Thus, there was no convergence on either 
in fl ection point or plateau in the Asian subjects 
(Tables  27.4  and  27.5  and Fig.  27.2 ). 

 The challenge in deriving an in fl ection point 
and/or a plateau from the 25(OH)D–PTH rela-
tionship lies in the model chosen for curve 
 fi tting and its assumptions, be it based on visual 
examination of the curves, or through the appli-
cation of mathematical curve  fi tting equations 
 [  83,   84  ] . Indeed, the PTH 25(OH)D relationship 
has been submitted to various models including 
exponential, log transformed, quadratic, frac-
tional polynomials, cubic splines, two-phase, 
and three-phase models. For example, a system-
atic evaluation of the impact the choice of statis-
tical approach has on the threshold point 
revealed that the three-phase model was supe-
rior to the two-phase model and identi fi ed two 
thresholds at 30 and 70 nmol/L, in white sub-
jects, using the same dataset  [  85  ] . These  fi ndings 
illustrate the substantial impact the statistical 
approach has on threshold and plateau determi-
nation and the wide variability observed, within 
and between ethnic groups  [  85  ] . 

 In light of considerations presented above 
including the confounding effect of age, renal 
function, gender, mathematical model used, 
and assay variation (see section below   ), on the 
25(OH)D–PTH relationship, the determination of 
whether a desirable vitamin D level is the same or 
vary worldwide using such relationship is deeply 
 fl awed. Furthermore, very few if any are the 
studies that have attempted to do so by includ-
ing several ethnic groups within the same study 
 [  57,   65,   66,   82  ] , and only one was population 
based  [  57  ] . Therefore, such approach to de fi ne 
desirable 25(OH)D levels is therefore inadequate 
and should clearly be abandoned.  

   Vitamin D and Intestinal Calcium 
Absorption 

 Intestinal calcium absorption is the sum of a satu-
rable (active) and a non-saturable (passive) path-
ways, the latter being dependent on Ca 
concentration in the lumen. In general 35 % of a 
dietary load is absorbed and calcitriol, also known 
as 1,25 dihydroxyvitamin D [1,25(OH) 

2
 D], is the 

primary regulator of the saturable pathway and 
thus of intestinal Ca absorption ef fi ciency  [  3,   86  ] . 

   Table 27.3    25(OH)D–PTH relationship in black subjects   

 Author (year) 
[reference], country   N  

 Gender ( N )  25(OH)D in fl ection point 
or plateau a  (nmol/L)  25(OH)D assay used  Age (years) 

 Harris et al. 
(2000)  [  65  ] , USA 

 136  Men (52)  Plateau: 50 nmol/L  Competitive 
protein-binding assay 
(in-house) 

 Women (84) 
 64–100 

 Aloia et al. 
(2006)  [  66  ] , USA 

 235  Pre-menopausal (148)  NA  Radioreceptor Assay, 
Incstar  Postmenopausal (87) 

 Weaver et al. 
(2008)  [  67  ] , USA 

 52  Girls  No in fl ection point  RIA, DiaSorin 
 11–15  Opposite slope 

 Aloia et al. 
(2010)  [  68  ] , USA 

 235  Women  In fl ection point: 37 nmol/L  RIA, DiaSorin 
 20–80 

 Gutiérrez et al. 
(2011) b   [  57  ] , USA 
NHANES 2003–
2004, 2005–2006 

 2, 081  Men (957)  Plateau: 50 nmol/L  RIA, DiaSorin 
 Women (1,124) 

  ³ 12 

  25(OH)D in fl ection point/plateau (nmol/L) determined from the PTH–25(OH)D relationship in black subjects. Data 
points represent the in fl ection point, 25(OH)D level below which PTH levels rise sharply, or plateau, the 25(OH)D level 
above which PTH levels did not suppress any further. All studies are from the USA 
  a Either in fl ection point or plateau detailed, as de fi ned in original paper 
  b The only population-based study de fi ned in blacks  
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Although it is clear that signaling through the 
VDR is needed for vitamin D-mediated intestinal 
Ca absorption, the exact mechanism(s) for cal-
cium absorption is still being elucidated  [  86  ] . For 
example, VDR Fok1 polymorphisms can affect 
Ca absorption as shown with Chinese youth  [  87  ] , 
but not in African American  [  88  ] . In addition, 
several other factors and hormones modulate cal-
cium absorption including PTH, thyroid hor-
mone, sex steroids, and IGF1  [  86  ] . 

 Whether 25(OH)D directly controls Ca 
absorption is under debate  [  56,   89–  93  ] . Using a 
stable isotope technique in 93 young Caucasian 
adolescents, mean age 12.7 (±1.0) years, receiv-
ing diets averaging approximately 900 mg/day 
calcium, serum 1,25(OH) 

2
 D but not 25(OH)D 

level, was signi fi cantly correlated to calcium 
absorption  [  92  ] . These  fi nding are consistent with 

the results of studies conducted in 488 elderly 
Caucasian subjects, mean age 71 years  [  56  ] . In 
this study, calcium absorption was measured as 
percentage absorbed 2 h after the ingestion of 
5  m Ci of Ca in 200 mL distilled water, and while 
it was signi fi cantly and positively correlated with 
serum 1,25(OH) 

2
 D after adjustment for age, body 

weight, calcium intake, serum 1,25(OH)2D, and 
serum creatinine ( r  = 0.224,  P  = 0.0005), it was 
not associated with serum 25(OH)D ( r  = 0.05, 
 P  = 0.247) after similar adjustments  [  56  ] . 

 Two frequently quoted studies, which were 
extensively detailed in the Endocrine Society 
2011 Guidelines and the IOM 2011 Report, have 
reached strikingly differing desirable 25(OH)D 
levels with regard to intestinal calcium absorp-
tion. The Endocrine Society relied on a study by 
Heaney et al., a study criticized for the fact that 

   Table 27.4    25(OH)D–PTH relationship in Asian adult subjects   

 Author (year) 
[reference], country   N  

 Gender ( N )  25(OH)D in fl ection point 
or plateau a  (nmol/L) 

 25(OH)D assay 
used  Age (years) 

 G-Yared et al. (2000) 
 [  69  ] , Lebanon 

 316  Men (99)  In fl ection point: logarithmic 
relationship with steep increase 
in PTH level at 25OHD 

 RIA, Incstar 
 Pre-menopausal 
women (217) 
 30–50 

 Yan et al. (2003)  [  70  ] , 
China vs. the UK 

 352  Men (175)  Linear continuous  RIA, DiaSorin 
 Women (177) 
 60–83 

 Ono et al. (2005) 
 [  71  ] , Japan 

 197  Men (95)  Linear continuous  RIA, DiaSorin 
 Women (102) 
 43 

 Green et al. (2008) 
 [  72  ] , Indonesia and 
Malaysia 

 504  Women  In fl ection point: 52 nmol/L  RIA, DiaSorin 
 18–40 

 Arabi et al. (2010) 
 [  62  ] , Lebanon 

 460  Men (150)  NA  Competitive protein-
binding assay, 
DiaSorin, Incstar 

 Women (300) 
 >65 

 Bacon et al. (2010) 
 [  73  ] , China 

 221  Women  Plateau: 40 nmol/L  RIA, DiaSorin 
 20–35 

 Okazaki et al. (2011) 
 [  74  ] , Japan 

 107  Men (25)  Plateau: 62–75 nmol/L  Chemiluminescence 
assay LIAISON, 
DiaSorin 

 Women (82) 
 25–85 

 Shivane et al. (2011) 
 [  75  ] , India 

 1,137  Men (579)  Plateau: 62–75 nmol/L  RIA, DiaSorin 
 Women (558) 
 25–35 

  25(OH)D in fl ection point/plateau (nmol/L) determined from the PTH–25(OH)D relationship in Asian adult subjects. 
Data points represent the in fl ection point, 25(OH)D level below which PTH levels rise sharply, or plateau, the 25(OH)
D level above which PTH levels did not suppress any further 
  a Either in fl ection point or plateau detailed, as de fi ned in original paper  
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40 % of subjects were on hormone therapy and 
half did not have formal calcium absorption stud-
ies  [  94  ] . The same authors have compiled these 
data with two additional studies and concluded 
that absorption ef fi ciency rises and reaches a pla-
teau at a serum 25(OH)D level of 80 nmol/L  [  91  ] . 
Conversely, the IOM Report heavily relied on a 
key study demonstrating that calcium absorption 
reaches a near maximum at a 25(OH)D level of 
20 nmol/L  [  95  ] . 

 Thacher et al. showed that calcium absorp-
tion in Nigerian adolescents with calcium 
de fi ciency rickets was not closely related 
to baseline 25(OH)D ( r  = 0.01,  P  = 0.93) or 
1,25(OH)2D concentrations ( r  = 0.21,  P  = 0.24) 
nor to changes in these metabolites in response 
to supplementation to a single oral dose of 
50,000 IU of vitamin D  [  96  ] . Using results from 
pooled studies, the same authors showed that 
while the relationship between fractional cal-
cium and serum 25(OH)D concentrations was 
absent in control children, it was marginally 
inverse in calcium-de fi cient rachitic children 
( r  = −0.26,  P  = 0.06)  [  93,   96  ] . We are unaware 
of any other absorption studies conducted in 

 non-Caucasian populations. However, it was 
recently    suggested that single-nucleotide poly-
morphisms (SNPs) of TRPV6 and TRPV5, 
highly selective transcellular calcium trans-
porters expressed at the apical site of intesti-
nal epithelia, exhibit unusually high levels of 
single-nucleotide polymorphisms in African 
populations compared to other populations and 
are likely contributed to the calcium conserva-
tion mechanisms in these populations  [  97  ] . 

 In conclusion, the evidence to support a key 
role for 25(OH)D in calcium absorption is debat-
able, and for a desirable 25(OH)D level rather 
limited in Caucasian populations, let alone 
other ethnic groups. Furthermore, none take 
into consideration modulators of absorption 
such as gender, calcium intake, hormonal sta-
tus, and polymorphisms for receptors involved 
in signaling by known key modulators, such as 
ER, VDR, CaSR, TRPV5, and TRPV6 poly-
morphisms. In light of all of the above, a con-
clusive statement regarding desirable 25(OH)
D levels in general, and in ethnic subgroups in 
particular, using calcium absorption cannot be 
drawn.  

   Table 27.5    25(OH)D–PTH relationship in Asian children   

 Author (year) 
[reference], country   N  

 Gender ( N )  25(OH)D in fl ection point 
or plateau a  (ng/mL)  25(OH)D assay used  Age (years) 

 El-Hajj Fuleihan 
et al. (2001)  [  76  ] , 
Lebanon 

 346  Males (164)  NA  Competitive protein-
binding assay, DiaSorin, 
Incstar 

 Females (182) 
 10–17 

 Marwaha et al. 
(2005)  [  77  ] , India 

 5,137  Males (2,047)  NA  RIA, DiaSorin 
 Females (3,090) 
 10–18 

 El-Hajj Fuleihan 
et al. (2006)  [  78  ] , 
Lebanon 

 179  Females  NA  Competitive protein-
binding assay, DiaSorin, 
Incstar 

 10–17 

 Ghazi et al. (2010) 
 [  79  ] , Iran 

 207  Males (103)  NA  ELISA, IDS 
 Females (104) 
 14–20 

 Razzagy Azar et al. 
(2010)  [  80  ] , Iran 

 313  Males (121)  In fl ection point: 75 nmol/L  RIA, IDS 
 Females (192) 
 8–18 

  25(OH)D in fl ection point/plateau (nmol/L) determined from the PTH–25(OH)D relationship in Asian children. Data 
points represent the in fl ection point, 25(OH)D level below which PTH levels rise sharply, or a plateau, the 25(OH)D 
level above which PTH levels did not suppress any further 
  a Either in fl ection point or plateau detailed, as de fi ned in original paper  
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   Vitamin D, Biochemical Markers 
of Bone Remodeling, and Bone 
Mineral Density 

   Adults 

 The relationship between 25(OH)D, bone remod-
eling markers, bone mineral density (BMD), and 
bone loss has also been used to de fi ne optimal 
vitamin D levels. In the Longitudinal Amsterdam 
Study of Aging (LASA), there was an inverse 
relationship between 25(OH)D and serum osteo-
calcin (OC) and urinary deoxypyridinoline across 
four categories of the metabolite: <25, 25–50, 
50–75, and >75 nmol/L  [  98  ] . In adjusted analy-
ses, on weighted regression smoothing (LOESS 
plots), there was a decrease in both markers up to 
a 25(OH)D of 40 nmol/L, followed by a plateau, 
and both hip and trochanteric BMD increased up 
to a 25(OH)D level of 50 nmol/L. In post hoc 
analyses in a subgroup of elderly women partak-
ing in the STOP-IT trial, nonlinear and piecewise 
regression analyses revealed increments in serum 
osteocalcin and urine N-telopeptides only at a 
25(OH)D below 45 nmol/L  [  56  ] . In the NHANES 
study, hip BMD increased with increasing 25(OH)
D levels in all ethnic groups, the curve being 
steepest in white subjects, up to a level of 
80 nmol/L, and above which it increased less 
steeply  [  99  ] . In subsequent analyses, hip BMD 
signi fi cantly decreased as 25(OH)D levels 
declined, by approximately 0.6 SD among white 
and 0.33 SD among Mexican Americans, but it 
did not change among black subjects  [  57  ] . The 
 fi ndings in NHANES are consistent with those 
described in adult white and black men residing 
in Boston  [  82  ] . Furthermore, the BMD–vitamin 
D relationship in the NHANES study did not 
change after adjustments for gender, BMI, and 
serum creatinine, but whereas age did not alter 
this relationship in blacks and Mexican Americans, 
it did only among white subjects  ³ 50 years  [  57  ] . 

 This divergent relationship between vitamin D 
and skeletal parameters between black and white 
subjects is further illustrated in the nested case–
control study within the prospective Women’s 
Health Initiative (WHI) observational cohort  [  100  ] . 

During the 8-year follow-up, 400 incident fractures 
were identi fi ed in white, 381 in black, 192 in 
Hispanic, 113 in Asian, and 46 in Native American 
subjects. In the multivariate analyses, 25(OH)D 
levels above 75 nmol/L were associated with 
reduced risk of fractures in white individuals, 
whereas a trend for an increased risk was observed 
in black and Asian individuals and no association 
could be detected in Hispanics and Native 
Americans, possibly due to the lower power in the 
latter ethnic groups  [  100  ] . Spline analyses revealed 
a signi fi cant harmful effect of 25(OH)D levels 
above 42 nmol/L in black subjects, justi fi ably lead-
ing the authors to conclude that optimal levels vary 
across race and ethnicities. Similarly, in a random-
ized vitamin D trial conducted in 208 postmeno-
pausal black women, vitamin D at doses of 800 IU/
day during the  fi rst 2 years and 2000 IU/day during 
the third year raised 25(OH)D from a mean of 47 
to 71 nmol/L, but did not affect bone turnover 
markers nor bone loss prospectively  [  101  ] . This is 
in sharp contrast to the protective effect of vitamin 
D, on bone loss rates in white subjects, as shown in 
1,279 community dwelling elderly white men (age 
73 years), partaking in the MrOs study  [  102  ] , and 
in white postmenopausal women (age 62 years) in 
the OFELY study  [  103  ] . A 25(OH)D greater than 
50 nmol/L was associated with decreased bone 
loss in men  [  102  ]  and decreased fracture risk in 
women  [  103  ] . The protective effect of 25(OH)D 
on fractures in white women is consistent with 
those made in a cohort of 1,194 white elderly 
Swedish men, mean age 71 years, followed for 
a median of 11 years, 309 of whom sustained a 
fracture. The multivariate-adjusted hazard ratio for 
fracture was 1.65 [1.09–2.49] in those with a 
25(OH)D below 40 nmol/L  [  104  ] . 

 Very few are the studies that investigated 
other ethnic groups outside the United States. 
The prevalence of vitamin D de fi ciency, second-
ary hyperparathyroidism, and associations with 
forearm bone mineral density were studied in 
48 premenopausal Somali and 34 Bangladeshi 
immigrants, compared to 61 ethnic Finnish 
women, during the winter  [  105  ] . The prevalence 
of serious vitamin D de fi ciency, de fi ned by a PTH 
level above 7.2 pmol/L, was  fi ve times higher 
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in Somali and two times higher in Bangladeshi 
women, con fi rming the well-established high 
prevalence of vitamin D insuf fi ciency in Asian 
immigrants in Europe. There was a signi fi cant 
correlation between 25(OH)D level and both 
proximal and distal radius BMD,  r  = 0.25–0.27, 
an observation that has been made in several 
other smaller studies in subjects from the Middle 
East and Asia  [  106–  116  ] . Resistance to the bone 
resorbing effect of high PTH levels, in response 
to low 25(OH)D, had been suggested in African 
American subjects, but was not consistently 
demonstrated  [  117–  119  ] . Ethnic differences in 
bone metabolism in response to a phosphate load 
were examined in healthy older individuals from 
the UK, China, and the Gambia  [  119  ] . Although 
ethnic differences in changes in bone markers 
were detected, the relationship with changes in 
PTH was comparable between groups, and there 
was no evidence for skeletal resistance to PTH 
 [  119  ] . 

 Finally, in a population-based study of elderly 
Lebanese, mean age 72 years, 25(OH)D of 
50 nmol/L by itself was not a predictor of low 
bone mass nor of prospective bone loss over 4 
years, unless coupled with elevated PTH lev-
els above 8.4 pmol/L  [  120,   121  ] , thus again 
re fl ecting the multidimensional nature of the rela-
tionship between vitamin D and skeletal health 
 [  122  ] . Furthermore, few are the studies evaluat-
ing the relationship between 25(OH)D and BMD 
taking into consideration other modulators of 
this association, such as VDR polymorphisms 
 [  114,   115,   123  ] .  

   Children and Adolescents 

 Studies evaluating the relationship between 
25(OH)D, PTH, and bone remodeling markers in 
this age group are limited by the powerful con-
founding effect of growth on bone modeling and 
remodeling. While many are the cross-sectional 
studies illustrating the direct correlation between 
vitamin D and BMD in the pediatric age groups, 
including studies from Asia  [  77  ] , few are the ran-
domized trials investigating the bene fi cial effect 
of supplementation on bone mass. In a recent 

meta-analysis, information from six studies, 
totaling 343 participants receiving placebo and 
541 receiving vitamin D, was analyzed  [  124  ] . 
Vitamin D supplementation had no statistically 
signi fi cant effects on total body bone mineral 
content or on bone mineral density of the hip or 
forearm, and there was a trend to a small effect on 
lumbar spine bone mineral density. In preplanned 
subgroup analyses, the authors concluded that 
supplementation of de fi cient children and adoles-
cents could result in clinically useful improve-
ments. These analyses were largely driven by 
 fi ndings in a randomized trial conducted in 
Lebanese adolescent girls, who were vitamin D 
insuf fi cient at study entry  [  78  ] . 

 Optimal levels of vitamin D may vary by eth-
nicity, re fl ecting differences in the calcium econ-
omy. While there is some converging evidence to 
support this hypothesis in blacks, data in other 
ethnic groups is scarce to nonexistent. Indeed, it 
appears that the calcium economy for bone health 
is quite different in blacks  [  117,   118,   125,   126  ] , 
with a suggestion that desirable 25(OH)D levels 
for Caucasians may be harmful to black subjects 
 [  100  ] . The notion of a universal global desirable 
level for musculoskeletal health, at this point, 
therefore seems non-tenable.   

   Pleiotropic (Nonclassical) Effects 
of Vitamin D 

 Association studies, many of which are popula-
tion based, have implicated vitamin D as a poten-
tial risk factor for a number of major chronic 
illnesses  [  4–  25  ] . These studies are however lim-
ited by their cross-sectional nature. Both the IOM 
Committee and the ES task force members exam-
ined the data available and agree on the lack of 
convincing evidence for a bene fi cial effect of 
vitamin D on nonskeletal outcomes  [  31,   32,   127  ] . 
Cardiovascular diseases, infections, and maternal 
neonatal health are on the top of the health agenda 
of the WHO and health authorities in many coun-
tries worldwide, most of which are from Asia and 
Africa. In this section, pertinent available data 
speci fi c and/or of particular relevance to non-
western populations will be reviewed. 
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   Cardiovascular Diseases and Infections 

 Cardiovascular diseases in particular are among 
leading causes of death worldwide, non-western 
populations included  [  128,   129  ] . In the Korean 
Longitudinal Study of Health, 439 men and 561 
women aged 65 years or older were recruited by 
random strati fi ed sampling and had their coro-
nary artery calcium score, intima–media thick-
ness, and pulse wave velocity measured  [  130  ] . 
Compared to subjects with 25(OH)D levels above 
75 nmol/L, those with levels between 37.5 and 
75 nmol, and below 37.5 nmol/L, had a two-fold 
and three-fold higher risk of stenosis, respec-
tively  [  130  ] . 

 Acute respiratory infections cause 4.5 million 
deaths among children per year in developing 
countries and are the leading cause of morbidity 
and mortality in preschool children in these coun-
tries  [  27  ] . Strong associations between hypovita-
minosis D and tuberculosis (TB) infection and 
acute lower respiratory tract infections have been 
reported in Indian, Turkish, and sub-Saharan 
African populations  [  27  ] . TB, HIV, and AIDS 
are rife and still responsible for the most deaths 
in Africa and many other developing regions. TB 
has plagued human kind for thousands of years, 
and although the  fi rst antituberculosis drugs were 
discovered over 60 years ago, it still kills 1.7 
million persons per year  [  131  ] . Because of the 
associations between vitamin D de fi ciency with 
susceptibility to TB in HIV-uninfected people 
in Europe and the high prevalence of vitamin 
D de fi ciency in Africa, a cross-sectional study 
was conducted to determine whether vitamin D 
de fi ciency was associated with susceptibility to 
active TB in HIV-uninfected ( n  = 196) and HIV-
infected ( n  = 174) black Africans in Cape Town, 
South Africa  [  132  ] . Vitamin D de fi ciency de fi ned 
as 25(OH)D <50 nmol/L was present in 63 % 
of participants and was associated with active 
TB both in HIV-uninfected and HIV-infected 
individuals, OR = 5.2 [2.8–9.7] and 5.6 [2.7–
11.6], respectively. Reciprocal seasonal varia-
tion in serum 25(OH)D concentration and TB 
noti fi cations over an 8-year period were noted, 
suggesting that vitamin D status and TB inci-
dence are causally related  [  132  ] . However, vita-

min D supplementation failed to improve clinical 
outcome or mortality in a randomized placebo-
controlled trial of 367 adult patients with TB from 
Guinea-Bissau  [  27  ] .  

   Maternal–Neonatal Health 

 Maternal, infant, and under- fi ve child mortality 
rates in developing countries have declined 
signi fi cantly in the past two to three decades, but 
newborn mortality rates have reduced much more 
slowly. Vitamin D insuf fi ciency may be associ-
ated with poorer maternal obstetrical outcomes 
and adverse outcomes in the offspring  [  133  ] . 
Pregnant women from Pittsburgh with 25(OH)D 
levels below 37.5 nmol/L during their  fi rst tri-
mester had a  fi ve-fold higher risk of developing 
preeclampsia during pregnancy  [  134  ] , and in a 
study from Boston using the same 25(OH)D cut-
off, women were 2.5 times as likely to have a 
Cesarian section  [  135  ] . The association with 
preeclampsia could not be con fi rmed in a subse-
quent study  [  136  ] ,  fi ndings that may potentially 
be explained by the timing of the vitamin D mea-
surement during pregnancy. Indeed, in a study of 
700 women, mean age 30 years, 25(OH)D level 
below 50 nmol/L during the second, but not  fi rst 
trimester, conferred a three-fold higher risk of 
developing preeclampsia  [  137  ] . First trimester 
maternal 25(OH)D levels were also associated 
with an increased risk of small for gestational age 
in the offspring. In the USA, white women with 
25(OH)D level less than 37.5 nmol/L had an 
increased risk of having a neonate who is small 
for gestational age (less than 10th percentile). 
The OR was 7.5 [1.8–31.9], but the risk was not 
increased in black women OR = 1.5 [0.6–3.5], 
 [  138  ] . Similarly, white Finnish women, with 
25(OH)D less than 30 nmol/L during the  fi rst tri-
mester, had an increased risk of small for gesta-
tional age (less than 10th percentile) OR = 1.9 
[2.4–2.7],  [  139  ] . Finally, in a study of 374 
Australian women, mean age 29 years, there was 
a signi fi cant association between 25(OH)D at 
29–32 weeks and infant size at birth: birth weight, 
head circumference, knee–heel length, and 
crown–heel length  [  140  ] . In a longitudinal birth 
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cohort of 98 children born in Southampton  [  141  ] , 
maternal 25(OH)D during the third trimester cor-
related with offspring bone mass at age 9 years 
 [  141  ] . Vitamin D supplementation during the  fi rst 
year of life was associated with increased bone 
mass at the hip 8 years later  [  142  ] . However, in a 
systematic review of trials using vitamin D sup-
plementation during pregnancy, the authors could 
not  fi nd any vitamin D trials investigating the 
impact of intervention on gestational diabetes, 
preeclampsia, or preterm birth and found low-
quality evidence for a positive effect on birth 
weight  [  143  ] . Considering trials that included 
calcium with vitamin D supplementation, the 
authors found low-grade evidence for a favorable 
effect on preeclampsia, but there were no trials to 
evaluate an impact on other outcomes listed 
above  [  143  ] . It is very important to underscore 
again the fact that many of the studies above were 
conducted in Caucasians subjects, where levels 
of 25(OH)D are anticipated to be higher than in 
non- Caucasians. Indeed, a systematic review of 
 fi rst trimester normative 25(OH)D levels that 
included 18 studies across the world revealed 
mean levels ranging between 29 and 73 nmol/L 
in white Caucasian women from the USA, 
Canada, Finland, Ireland, and Australia and lower 
levels ranging between 15 and 43 nmol/L in non-
western women from the Netherlands, including 
Turkish, Moroccan, and black women from the 
USA and women from Japan  [  133  ] . Scarce are 
the studies conducted in such populations. 

 Investigations in Saudi Arabia, Kuwait, the 
United Arab Emirates, and Iran reveal that 
10–60 % of mothers and 40–80 % of their neo-
nates had undetectable or low vitamin D levels 
(0–25 nmol/L) at delivery  [  144–  147  ] . Neonates 
born to mothers with low D levels have lower 
cord vitamin D levels and may be at risk for rick-
ets and other complications  [  148,   149  ] . While 
there was no effect of maternal vitamin D levels 
on neonatal birth weight in a sample of 50 moth-
ers–neonates from Iran after adjusting for mater-
nal height, age, and parity  [  145  ] , the opposite 
was seen in a larger study. In a sample of 449 
mom–offspring pairs from Tehran, neonates of 
mothers with adequate calcium and vitamin D 
intake were 0.9 cm taller and had a better Apgar 

score at birth  [  150  ] . The impact of supplementa-
tion of mother or infants in these high-risk popu-
lations is largely unknown. The only study we 
are aware of is a randomized controlled vitamin 
D trial conducted in 2,000 neonates in India in 
which vitamin D administration at 35  m g/day 
(1,400 IU/day) signi fi cantly increased standard 
deviation ( Z ) scores for weight, length, and arm 
circumference and decreased the proportion of 
children with stunted growth at 6 months, but had 
no effect on death, hospitalization, and in- or out-
patient visits  [  151  ] .   

   Assay Variations 

 Available data to de fi ne the prevalence of hypovi-
taminosis D in population-based studies, and 
desirable 25(OH)D levels, has been in large part 
driven by older RIAs to measure vitamin D levels 
and for many the older DiaSorin RIA (see 
Tables  27.3 ,  27.4 , and  27.5 ). However, this has 
not been a universal practice in the past and much 
more so in recent studies. Indeed, updates on 
NHANES, CaMoS, and recent trials have shifted 
to newer assays with diverging results  [  152–  156  ] . 
Furthermore, it has become an increasingly com-
mon practice for clinical laboratories to shift 
from the classical RIA to more rapid, high-out-
put, automated assays, a practice that has pro-
found implications on results obtained  [  152,   153, 
  155  ] , possibly contributing to under- or overre-
placement of patients in the clinic  [  155,   157  ] . 
This variability between assays confounds inter-
national efforts to develop evidence-based clini-
cal guidelines. 

 This problem can only be resolved through the 
implementation of quality assurance programs 
for 25(OH)D assays, pushing forward the agenda 
for global standardization of assays, and the con-
sideration of assay-speci fi c cutoff points. It is in 
this spirit that the Vitamin D Standardization 
Program (VDSP) was established in 2010, an ini-
tiative led by the NIH Of fi ce of Dietary 
Supplements, in collaboration with the CDC, 
National Institute of Standards and Technology 
(NIST), and Ghent University  [  156  ] . Its objec-
tives include, among others, the standardization 
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of 25(OH)D concentration measurements in 
national health surveys around the world; the 
extension of standardization efforts to assay man-
ufacturers and to clinical, commercial, and 
research laboratories; and the ability to use stan-
dardized data in patient care and public health. 
This will also allow the provision of guidance for 
the implementation of current vitamin D recom-
mendations (IOM, ES, IOF, the WHO), ideally 
providing assay-speci fi c desirable values, and/or 
ranges for desirable 25(OH)D levels, adjusting 
for assay differences. 

 Variability in    25(OH)D assays is a major prob-
lem worldwide, has a signi fi cant implications to 
research and practice, and has a major impact on 
guidelines and treatment recommendations. Such 
variability needs to be addressed before desirable 
25(OH)D levels can be recommended and 
implemented.  

   Summary and Recommendations 

 A desirable level is one that is ef fi cacious, opti-
mizes outcomes, and is safe, with a relatively 
wide therapeutic window. Hypovitaminosis D is 
prevalent worldwide, and vitamin D status may 
vary not only by ethnicity but also age, gender, 
hormonal status, speci fi c outcome of interest, and 
assay used. The use of surrogate measures to 
assess vitamin D economy has many limitations, 
leads to contradicting and unreliable results, and 
should be abandoned. However, the bene fi cial 
effect of vitamin D on musculoskeletal outcomes, 
that is, falls and fractures, is undisputed.    Thus, 
the recent recommendations for desirable levels 
are 50 nmol/L by IOM (2011) and by the WHO 
(2003) and 75 nmol/L by ES (2011) and by IOF 
(2010) for the elderly only. The applicability of 
such recommendations is somewhat hampered 
by the problem of assay variability and by the 
limited information on the impact of various 
modulators of vitamin D on its circulating level 
and on its action. 

 Furthermore, while the most abundant out-
come data are from western populations, some of 
the lowest 25(OH)D levels are reported in 
African Americans and Asians in the USA and 

worldwide. The relatively limited data by ethnic-
ity from the USA reveals that the lower 25(OH)D 
level may be suf fi cient to maintain skeletal health 
in blacks, despite their elevated PTH levels, and 
that higher levels may be harmful. Data for other 
ethnicities are scarce to nonexistent. Adequately 
designed randomized controlled trials that aim to 
establish the optimal level/intake on musculosk-
eletal outcomes in non-western populations are 
needed. Other health outcomes of particular rel-
evance to non-Caucasian ethnic groups and pop-
ulations from developing countries worldwide, 
with the lowest circulating levels, such as infec-
tions and maternal–neonatal health, cannot be 
ignored. To date, desirable levels cannot be 
unequivocally established, and the concept of a 
universal optimal level is thus non-tenable.      
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