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Abstract

The objective of the study was to determine the degree of linear growth retardation of patients with vitamin D deficiency rickets at
presentation and the magnitude of catch-up growth in relation to their calcium (Ca) homeostasis and hormones affecting it before and after
treatment. This prospective study recorded the anthropometric data and measured the circulating 25-hydroxy vitamin D (25-OH-D),
insulin-like growth factor I (IGF-I), parathyroid hormone, Ca, phosphate, and alkaline phosphatase concentrations in 46 infants and
children with nutritional (vitamin D deficiency) rickets before and 6 months or more after treatment with one intramuscular injection of
vitamin D3 megadose (300000 IU). Forty normal age- and sex-matched children were included as controls for the auxological data. At
presentation, patients’ mean age = 13.1 + 1.1 months, length standard deviation scores (LSDS) = —1.5 + 0.2, and body mass index =
16.3 + 0.85. They were significantly shorter and had markedly lower growth velocity standard deviation scores (GVSDS) compared with
normal controls (LSDS = 0.25 + 0.18 and 0.31 + 0.22, respectively). Six months after treatment, the LSDS increased significantly in
patients to —0.45 + 0.13, with a significantly increased GVSDS (2.76 + 0.45) and body mass index (16.9 + 0.65). They were still shorter
but with significantly higher GVSDS compared with normal controls. Serum Ca and phosphate concentrations increased from 2.07 £ 0.25
and 1.23 £ 0.24 mmol/L, respectively, before treatment to 2.44 + 0.2 and 1.94 + 0.2 mmol/L, respectively, after treatment. Serum alkaline
phosphatase and parathyroid hormone concentrations decreased from 1183 + 219 U/L and 294 + 87 pg/mL, respectively, before treatment
to 334 = 75 U/L and 35.2 + 15.2 pg/mL, respectively, after treatment. The 25-OH-D level increased from 4.5 £ 0.56 ng/mL before
treatment to 44.5 + 3.7 ng/mL after treatment. Circulating concentrations of IGF-I increased significantly after treatment (52.2 +
18.9 ng/mL) vs before treatment (26.6 + 12.8 ng/mL). The 25-OH-D concentrations were correlated significantly with the IGF-I levels
before and after treatment (» = 0.603 and r = 0.59, respectively; P <.001). The GVSDS after treatment was correlated with the increase
of IGF-I and 25-OH-D levels (» = 0.325 and = 0.314, respectively; P <.01). These data denote that the accelerated linear growth after
treatment of nutritional vitamin D deficiency is mediated through activation of the growth hormone/IGF-I system and suggests an
important role of vitamin D as a link between the proliferating cartilage cells of the growth plate and growth hormone/IGF-I secretion.
Three different sequential stages of vitamin D deficiency can be recognized according to the clinical/radiological, biochemical, and
hormonal data of patients at presentation.
© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Vitamin D is critical for calcium (Ca) homeostasis and

for mineralization of the skeleton, especially during the
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mineralization defect at the epiphyseal growth plates and
bone tissue) and osteomalacia (a mineralization defect of
bone tissue) [1]. The development of clinical vitamin D
deficiency rickets is dependent not only on the severity of
the vitamin D deficiency (circulating concentrations of
25-hydroxy vitamin D [25-OH-D]) but also on the
duration of the deficiency, on the rate of the child’s
growth (which influences Ca demands), and on the
dietary Ca content [1-7].

If vitamin D concentrations are inadequate, Ca
absorption from the gut is inadequate; and Ca concentra-
tions begin to decrease. This decrease in serum Ca
precedes a decrease in serum phosphate (PO4) concen-
trations. Parathyroid hormone (PTH) concentrations
increase to counteract the decline in serum Ca concen-
trations. As PTH restores serum Ca concentrations, it
increases PO4 loss in urine; and serum PO4 concentra-
tions declines. At this point, clinical features such as
rachitic bone changes become apparent on radiographs
and on physical examination. In a few weeks to months,
Ca salts are mobilized; and bone matrix breakdown
begins. As serum Ca levels fall, there is further increased
activity of PTH, which promotes Ca loss from the bone.
Continued inadequate vitamin D intake eventually is
associated with declines in both serum Ca and phos-
phorus concentrations as mineral absorption becomes
inadequate to support normal serum Ca despite elevated
PTH concentrations. Rachitic bone changes are usually
florid when this occurs. If not recognized and properly
treated, vitamin D deficiency may have long-term
sequelae [1,2,7-10].

The typical clinical picture of rickets includes growth-
plate abnormalities and delayed growth, weakening and
bowing of weight-bearing bones, hypoplasia of tooth
enamel, and hypocalcemia with muscle hypotonia and
even tetany [1,4,7,10].

The basic skeletal lesion is impaired mineralization of the
matrix produced by growth-plate chondrocytes or osteo-
blasts. This zone is characterized by flaring of the ends of the
bones and the “rachitic rosary.” This entire process occurs
within a few months [1-4,10].

Although catch-up growth usually occurs in rachitic
children after adequate treatment with vitamin D, the
degree of growth retardation at presentation, the mag-
nitude of catch-up growth, and their relation to the
changes in Ca homeostasis parameters and the important
hormones controlling bone growth and mineralization
(insulin-like growth factor I [IGF-I], PTH, and vitamin D)
need further clarification.

The objectives of the study were as follows:

1. To determine the degree of linear growth retarda-
tion of children with vitamin D deficiency rickets
at presentation.

2. To measure the magnitude of catch-up growth for 6 to
12 months after treatment with vitamin D.

3. To measure the circulating concentrations of IGF-I,
PTH, and 25-OH-D levels before and after vitamin
D therapy and correlate their levels with different
growth parameters.

4. To compare growth parameters and biochemical and
hormonal data of rachitic patients vs those without
hypocalcemia at presentation.

2. Patients and methods

In this prospective study, all infants and children up
to and including 3 years of age with vitamin D
deficiency (nutritional rickets) attending the Growth
Clinic at Hamad General Hospital, Doha, Qatar, between
October 2003 and September 2005 (n = 46) were
studied. Forty normal age- and sex-matched children
attending the vaccination clinic were randomly selected
as controls for the auxological data. Qatar has a sunny
hot weather all year with no seasonal variation in the
incidence of rickets.

Inclusion criteria included clinical manifestations of
rickets with the following:

. Low serum 25-OH-D

. Elevated serum alkaline phosphatase (ALP)

. Normal or low serum Ca

. Normal or low serum PO4

. High serum PTH (intact molecule)

. Radiological confirmation of rickets at the distal ulnar
or femoral epiphysis.
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Exclusion criteria included the following:

1. Vitamin D deficiency rickets associated with under-
lying disease, such as fat malabsorption, liver disease,
and renal insufficiency. Patients with malnutrition or
those receiving total parenteral nutrition are also
excluded.
2. Vitamin D deficiency secondary to heritable disorders
of vitamin D metabolism, including the following:
® o-Hydroxylase deficiency (pseudo—vitamin D defi-
ciency rickets)

e Vitamin D receptor (VDR) defects (hypocalcemic
vitamin D—resistant rickets

® Phosphopenic rickets of any etiology (where
hypophosphatemia is the primary cause of the
rickets, and not due to calcipenic rickets with
secondary hyperparathyroidism).

The duration of the study was from October 2003 to
September 2005.

2.1. Ethical approval

The Research Ethics Board, Hamad Medical Centre,
Doha, Qatar, has approved the protocol of the study; and
informed consents were obtained from all the parents of the
children included in this study.
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2.2. Methods

All patients attended our research clinic at baseline and
every 3 months for at least 6 months and were subjected to
the following:

1. Detailed history taking including nutritional intake and
exposure to sun.

2. Physical examination including clinical manifestations
of rickets.

3. Anthropometric measurements including weight,
length, and head circumference. Length was measured
with an infant/child height/length measuring board:
This board has a 130-cm capacity (collapses to 75 cm)
and has 0.1-cm increments, with the sliding head-foot
piece. (Shorr Productions, Olney, MD). The standard
deviation of the difference between blind triplicate
height measurements of 20 children was 0.12 cm.
Weight (child lightly clothed) was measured using an
electronic baby scale with digital display.

4. Length standard deviation scores (LSDS), length
growth velocity standard deviation scores (GVSDS),
and body mass index (BMI) were calculated prospec-
tively before and at least 6 months or more after
treatment. Annualized length velocity (GV) was
calculated from length measurements taken 6 months
apart. Standard deviation scores were calculated for
length and length velocity (using the standards of
Cameron [11] and of Tanner et al [12]) and BMI (using
the standards of Cole et al [13]).

5. Biochemical investigations included measurement of
serum creatinine, bicarbonate, Ca, PO4, albumin, ALP,
PTH, IGF-I, and 25-OH-D concentrations. Serum Ca
was corrected for individual variations in serum
albumin using the following formula: corrected
serum Ca (in millimoles per liter) = measured serum
Ca (in millimoles per liter) + 0.02 x [40 — measured
albumin (in grams per liter)]. Children with plasma 25-
OH-D levels less than 10 ng/mL were considered to
have vitamin D deficiency. Insulin-like growth factor I,
PTH, and 25-OH-D were measured by radioimmuno-
metric assay using reagents purchased from Mediag-

nost (Reutlingen, Germany). Intraassay coefficients of
variation were 5.6%, 6.9%, and 5.8%, respectively;
and interassay coefficient of variations were 7.9%,
8.9%, and 8.2%, respectively. Results were expressed
as the mean + SD and analyzed by paired Student # test
to compare growth parameters and analyte concentra-
tions before vs after treatment. A nonpaired Student ¢
test was used to compare growth parameters and
analyte concentrations between normocalcemic and
hypocalcemic groups. Correlation and linear regres-
sion analyses were used to investigate the relation
between growth parameters and the other variables.
For ethical reasons, hormonal and analyte concentra-
tions for normal controls were not measured.

The presence or absence of radiological evidence of
rickets was determined from routine radiological reports.

3. Results

Anthropometric and biochemical data of rachitic patients
(Table 1) show that after 6 months or more of therapy
(300000 U of vitamin D3 intramuscularly), the LSDS
increased significantly from —1.5 = 0.2 to —0.45 + 0.13,
with an annualized growth velocity = 16.3 £ 0.85 cm/y.
Their high GVSDS (2.76 £+ 0.45) denoted a significant
growth spurt. Before treatment, patients were significantly
shorter and had markedly lower GVSDS compared with
normal controls. Six months after treatment, patients had
significantly higher GVSDS compared with controls but
were still significantly shorter.

After treatment, serum Ca and PO4 concentrations
increased significantly from 2.07 + 0.25 and 1.23 + 0.24
mmol/L, respectively, to 2.44 + 0.2 and 1.94 = 0.2 mmol/L,
respectively. Circulating concentrations of ALP and PTH
decreased significantly after treatment compared with
values before treatment. After treatment, circulating 25-
OH-D and IGF-I concentrations increased significantly vs
before treatment.

Comparing rachitic patients presenting with hypocalce-
mia with those with normocalcemia (Table 2) revealed that

Table 1
Anthropometric and biochemical data of rachitic children before vs after treatment with vitamin D
Age LSDS GVSDS BMI Ca PO4 ALP 25-OH-D PTH IGF-I
(mo) (kg/m?) (mmol/L) (mmol/L) (U/L) (ng/mL) (pg/mL) (ng/mL)
Patients before treatment (n = 46) Mean 13.1 (-)1.5% (—)1.25%* 16.3 2.07 1.23 1183 4.5 294 26.6
SD 1.1 0.2 0.34 0.85 0.25 0.24 219 0.56 87 12.8
Patients 6 mo after treatment Mean 21.88 (—)0.45*T 2.76%T 169 2447 1.947 3347 44571 3527 520t
SD 1.5 0.13 0.31 0.65 0.2 0.2 75 3.7 15.2 18.9
Controls (n = 40) Mean 14.3 0.25 0.22 16.3
SD 2.2 0.18 0.18 1.5
Controls after 6 mo (n = 40) Mean 21.5 0.32 0.42 16.5
SD 1.9 0.19 0.24 1.7

* P <.05 patients vs controls.
T P <.05 before vs after 6 months.
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Table 2
Comparison between normocalcemic (adapted) and hypocalcemic
(dysadapted) rachitic children

Hypocalcemic group Normocalcemic groups

(dysadapted) (adapted)
n 14 32
Birth length (cm) 499+1.5 496+1.9
Age at Dx (mo) 124+79 13.4+£8
Age at end of study 22 +£10.7 21.6 £9.5
LSDS at Dx (-) 1.87+£0.9 (-)1.05£0.7*
LSDS at end of study (-)0.74 £0.26 (-)0.32+£0.14
GVSDS at Dx (=) 16+04 (-)1.05£02%
GVSDS at end of study 25+0.5 29+04%*
BMI at Dx 16.5+ 1.8 173+ 1.8
BMI at end of study 173+ 1.4 17.5€1.9
Ca at Dx (mmol/L) 1.67 £0.04 224+0.26*
Ca at end of 246 £0.2 244 +0.3
study (mmol/L)
PO4 at Dx (mmol/L) 1.03 +£0.2 124 +£0.3%
PO4 at end of 1.93+0.2 1.9+£0.25
study (mmol/L)
ALP at Dx (U/L) 1356 + 229 1032 £ 208 *
ALP at end of study (U/L) 355 +46 326 + 151
PTH at Dx (pg/mL) 326 + 98 237 +47%
PTH at end of 34+158 358 +21
study (pg/mL)
25-OH-D at Dx (ng/mL) 2.8+1.6 76+2.6%
25-OH-D at end of 433+13.8 47.5 +£21
study (ng/mL)
IGF-I at Dx (ng/mL) 21 £ 12 318+ 11%*
IGF-I at end of 48.7 £ 15 56 +24

study (ng/mL)

Dx indicates diagnosis.
* P <.05, (mean + SD).

the hypocalcemic group was significantly shorter with
significantly lower GVSDS. They had significantly lower
serum PO4, 25-OH-D, and IGF-I concentrations and
significantly higher PTH and ALP concentrations compared
with normocalcemic patients. Although both groups had
significantly increased GVSDS after treatment, the GVSDS
of the hypocalcemic group was significantly lower than that
of the normocalcemic group. Six months after treatment, the
LSDS of the group presenting with hypocalcemia was not
significantly lower vs the normocalcemic group.
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Fig. 1. Regression line plot of IGF and vitamin D concentrations after
treatment ( = 0.59, P <.01).

Table 3 presents the correlations between IGF-I and 25-
OH-D concentrations before and after 6 months of treatment
(Fig. 1). After treatment, serum concentrations of IGF-I was
correlated significantly with the percentage of increment of
25-OH-D concentrations (» = 0.443, P <.01).

The GVSDS after treatment were correlated with IGF-I
concentration and with the percentage of increment of
IGF-I level (r = 0.339 and 0.325, respectively; P <.01) as
well as with 25-OH-D concentration and percentage of
increment of 25-OH-D concentration (» = 0.34 and 0.31,
respectively; P < .01) but not with Ca or PO4 concentra-
tions (Table 4). Alkaline phosphatase levels were sig-
nificantly correlated with serum PO4 concentrations before
and after treatment (» = 0.55 and 0.43, P <.001) but not
with serum Ca concentrations.

Analysis of the radiological findings of patients in relation
to their biochemical data revealed 3 radiological stages, as
follows: (1) Patients with low 25-OH-D but normal serum Ca
and PO4 concentrations had mild broadening of the joint
space, near-normal epiphyseal and metaphyseal calcification
without cupping or fraying, and normal diaphyseal thickness
(Figs. 2A and 3A). (2) Patients with low 25-OH-D, normal
serum Ca, but low serum PO4 concentrations had irregular/
faint (fraying) line of ossification at metaphyseal front with
excessive osteoid (cupping) and some metaphyseal and

Table 3
Correlation between 25-OH-D and IGF-I concentrations before and after treatment with vitamin D
25-OH-D-b 25-OH-D-a Increment IGF-I-b IGF-I-a Increment
of 25-OH-D of IGF-I
25-OH-D-b 1.000
25-OH-D-a 0.321 1.000
Increment of 0.170 0.983 1.000
25-OH-D
IGF-I-b 0.603 * 0.622 0.522 1.000
IGF-I-a 0.712 0.589 * 0.443 * 0.865 1.000
Increment 0.441 —0.058 0.211 0.322 0.754 1.000
of IGF-I

b indicates before vitamin D treatment; a, after vitamin D treatment.
* P <.001.
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Table 4
Correlations between growth data and biochemical variables

LSDS-b  GVSDS-b  LSDS-a GVSDS-a
Ca-b —0.039 0.139 0.174 0.040
Ca-a —0.143 —0.146 0.107 0.157
Ca % change —0.181 —0.325 —0.001 0.077
PO4-b 0.208 0.270 0.266 —0.315
PO4-a 0.193 0.222 —0.001 —0.080
PO4 % change 0.182 0.207 —0.001 —0.078
PTH-b —0.027 —-0.078 —0.003 —0.334*
PTH-a —0.131 —0.182 0.078 —0.385*
PTH % change —0.006 0.113 —0.130 0.255*
25-OH-D-b —0.185 —-0.027 0.007 —0.012
25-OH-D-a —0.097 —-0.139 0.099 0.340*
25-OH-D % change 0.194 —0.020 0.248 * 0.314*
IGF-I-b —0.246 —0.230 0.303*  —0.141
IGF-I-a 0.012 0.034 0.334* 0.339*
IGF-I % change —0.529 —0.033 0.195 0.326 *

b indicates before treatment; a, after treatment.
* P <.05.

diaphyseal demineralization (Figs. 2B and 3B). (3) Patients
with low 25-OH-D, Ca, and PO4 concentrations (dysa-
dapted) had absent line of ossification at metaphyseal front,
excessive osteoid deposition (very wide wrist space) with
cupping, marked decalcification of the metaphysis, and
diaphysis of long bones (very thin cortex) with subperiosteal
erosion of the shafts (Figs. 2C and 3C).

4. Discussion

In this study, infants and children with vitamin D
deficiency rickets (n = 46, younger than 3 years) presented
with short stature (LSDS = —1.5 £ 0.7) because of the lack of
the effect/s of vitamin D on their linear growth. Marked
improvement in their LSDS was achieved 6 months or more
after treatment with vitamin D (LSDS =—0.45+£0.13), with a
period of significant catch-up growth evidenced by GVSDS =
2.76 + 0.45 during recovery. This growth spurt appeared to
compensate adequately for the period of growth retardation
during vitamin D deficiency in most of the patients.

Many factors can contribute to impaired linear growth in
these children, including the following: (1) defective
mineralization and increased size of the hypertrophic layer
of the growth plate with the deposition of excessive osteoid;
(2) deformities of the long bones of the lower limbs with
bowing of both femur and tibia due to weakening of the
shafts; (3) hypotonia of the back muscles and ligaments
with tendency to postural kyphosis or kyphoscoliosis; (4) a
possible effect of vitamin D deficiency on growth hormone
(GH)/IGF-I axis; and (5) repeated infections that might be
due to the lack of vitamin D effect on the immune system
with subsequent effect on the nutritional status of the
infant [1-10].

In our rachitic children, circulating IGF-I concentrations
increased significantly after vs before treatment with vitamin
D. The GVSDS after treatment were correlated significantly

Fig. 2. A, Stage I (adapted). Normal serum Ca and PO4 concentrations and
high PTH and ALP concentrations. Near-normal epiphyseal and metaphy-
seal calcification without cupping or fraying with mild broadening of the
joint space. Normal diaphyseal thickness. B, Stage II (adapted). Normal
serum Ca, low serum PO4 concentrations, high PTH and ALP (markedly
lower than in stage III), and low IGF-I (higher than in stage III)
concentration. Clear line of ossification at metaphyseal front but irregular/
faint (fraying) with excessive osteoid (cupping) and improvement of
metaphyseal and diaphyseal calcification. Linear GVSDS = 3.1. C, Stage III
(dysadapted). Low serum Ca and PO4 concentrations and higher PTH and
ALP concentrations. Absent line of ossification at metaphyseal front,
excessive osteoid deposition (very wide wrist space) with cupping,
decalcification of the metaphysis, and shafts of long bones (very thin
cortex) with subperiosteal erosion of the shafts.
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Fig. 3. A, Stage I (adapted). Normal serum Ca and PO4 concentrations and
high PTH and ALP concentrations. Near-normal epiphyseal and metaphy-
seal calcification without cupping or fraying with mild broadening of the
joint space. Normal diaphyseal thickness. B, Stage II (adapted). Normal
serum Ca, low serum PO4 concentrations, high PTH and ALP (markedly
lower than in stage III), and low IGF-I (higher than in stage III)
concentration. Clear line of ossification at metaphyseal front but irregular/
faint (fraying) with excessive osteoid (cupping) and improvement of
metaphyseal and diaphyseal calcification. Linear GVSDS = 2.8. C, Stage III
(dysadapted). Low serum Ca and PO4 concentrations and higher PTH and
ALP concentrations. Absent line of ossification at metaphyseal front,
excessive osteoid deposition (very wide wrist space) with cupping,
decalcification of the metaphysis, and shafts of long bones (very thin
cortex) with subperiosteal erosion of the shafts.

with both IGF-I and 25-OH-D concentrations as well as their
increments. The LSDS were correlated significantly with
IGF-I concentration before and after treatment. In addition,
IGF-I concentrations were correlated significantly with the
25-OH-D concentrations both before and after treatment.
These findings support the view that the attained growth
spurt after treatment is mediated through increased IGF-I
synthesis (stimulation of GH/IGF-I axis).

There are some good evidence that vitamin D may
regulate pituitary function. The VDR messenger RNA
(mRNA) expression has been demonstrated in the human
pituitary gland, suggesting the possibility that, like in the rat
pituitary, VDR may regulate the human pituitary gene
expression and hormone secretion [14,15].

Selective effects of 1,25-dihydroxyvitamin D3 (1,25-
[OH]2D3) have been shown on gene expression and thyroid-
stimulating hormone release in normal rat pituitary cells in
vitro. These data and others [16,17] further support a
permissive or regulatory role of vitamin D in the normal
pituitary gland and suggest that 1,25-(OH)2D3 may act to
increase GH secretion in our rachitic patients with
subsequent increase in IGF-I synthesis and secretion after
treatment with vitamin D.

Systemically, IGF-I stimulates the production of 1,25-
(OH)2D3 by kidney cells independently of GH in vitro. In
GH-deficient patients, there is evidence that IGF-I mediates
the stimulatory effect of GH on 1,25-(OH)2D3 production
independently of circulating PTH [18-21].

The stimulatory effects of IGF-I on bone formation in
GH-deficient patients suggest an intrinsic action of this
peptide on osteoblasts. In fact, IGF-I has been shown to
support proliferation, differentiation, and matrix synthesis in
cultures of osteoblast-like cells and bone organ cultures. In
vitro, IGF-I is a potent stimulator of the production of type I
collagen, the main structural protein of bone. Insulin-like
growth factor I has also been found to increase procollagen,
(I) mRNA expression both in osteoblasts in vitro and in bone
in vivo [22-24].

In epiphyseal chondrocytes, 1,25-(OH)2D3 potentiates
IGF-I synthesis and stimulates cell differentiation as judged
by ALP activity, collagen X mRNA, and matrix calcification
in long-term experiments. 1,25-(OH)2D3 stimulates chon-
drocytes proliferation and cell differentiation. This prolif-
erative effect is mediated by local IGF-I synthesis [25]. Thus,
locally synthesized IGF-I may decrease in vitamin D—
deficient children and cause growth deceleration. Infusion of
GH or IGF-I shortens stem and proliferating cell cycle time
in the growth plate of hypophysectomized rats and decreases
the duration of the hypertrophic differentiation phase [26].
Hence, decreased circulating and locally produced IGF-I
concentrations may explain in part the defective matrix
calcification, the irregular maturation of chondrocytes, and
the large irregular hypertrophic zone found in the growth
plate of rachitic children. The large hypertrophic zone can be
explained by the prolongation of the cell cycle time,
defective maturation, and impaired calcification due to the



A.T. Soliman et al. / Metabolism Clinical and Experimental 57 (2008) 95-102 101

effect of high level of PTH (stimulates proliferation of
chondrocytes) in the presence of low IGF-I (delays
maturation and calcification of chondrocytes) [25,26]. In
addition, low IGF-I may also decrease the anabolic effect of
PTH on bones, adding further weakness to these developing
bones [27,28].

In vitro studies showed that IGF-I and 1¢,25(OH)2D3
mutually up-regulate their respective receptors in growth-
plate chondrocytes. In parallel, they have additive effects on
cell proliferation and colony formation, suggesting indepen-
dent effector pathways. After injection of vitamin D,
increased 1a,25(0OH)2D3 increases the IGF-I receptors on
chondrocytes and increases its growth-promoting actions
[26]. In rachitic rats, 1,25-(OH)2D appears to play a major
role in bone healing and exerts a direct effect on bone cells.
This effect might be due to increased IGF-I secretion and/or
IGF-I receptor expression [29]. Increased circulating and
locally produced IGF-I as well as IGF-I receptors in the
bones can explain the fast growth velocity and significant
catch-up growth in our rachitic patients after treatment with
vitamin D. The significant correlation between IGF-I and
vitamin D levels on the one hand and between GVSDS and
IGF-I on the other hand supports this view.

It is well appreciated that overt cases of rickets represent
only the tip of the iceberg of infants and children with
vitamin D deficiency [30,31]. Decreased circulating and
locally produced IGF-I in rachitic children appears to be a
gradual adaptive process to inhibit linear growth (in growth
plate) and bone mineral accretion (diaphysis) during vitamin
D deficiency. This process conserves bone minerals and
proteins to maintain normal serum Ca concentration and
slows down the breakdown of the already formed bones
instead of using them in forming new bones.

Comparing growth and the biochemical and radiological
data of rachitic patients presenting with hypocalcemia vs
those with normocalcemia supported this view. During the
early stages, mild to moderate decrease in IGF-I production
slows down linear growth at the epiphyseal plate through
slowing down chondrocyte maturation to the hypertrophic
stage, slowing down calcification, and economizing the use
of Ca, whereas moderate and/or intermittent increase of PTH
stimulates the production of 1a(OH)2D3, increases Ca
absorption from the gut, and ensures maintenance of normal
serum Ca concentration important for adaptive stage. It was
shown that intermittent high PTH is anabolic for bone
[32,33]. At this stage, only mild radiological manifestations
can be seen. With longer and/or more severe vitamin D
deficiency, IGF-I decreases further with more slowing of
bone growth; and the persistently high PTH mediates
significant osteoclastic activity on the bones to maintain
normal serum Ca concentration. Low IGF-I decreases the
anabolic effect of PTH on bone cells favoring its catabolic
actions. Hypophosphatemia may occur because of the
phosphaturic effect of continuously elevated PTH, which
further compromises mineralization of the growth plate and
bones. This stage is usually associated with significant

radiological manifestations. In the late/terminal stage, failure
of these adaptive mechanisms (low IGF-I, very slow or
arrested bone growth, and high PTH) and significant
exhaustion of bone hydroxyapatite lead to hypocalcemia. In
this stage, severe radiological manifestations including
deformities and fractures occur. It appears that hormonal
adaptation to vitamin D deficiency is effective and explains
the lower incidence of symptomatic disease despite the higher
prevalence of vitamin D deficiency in our population [34].

In one study, the age of children presenting with
symptomatic hypocalcemia correlated well with the periods
of rapid growth, suggesting that growth rate is an
important factor in determining the onset of hypocalcemia
(failure of adaptation) because of the increased metabolic
demands of rapid growth during these periods [35]. In this
study, the mean age of patients with hypocalcemia and
those with normocalcemia did not differ. In addition, there
was no clustering of patients with severe disease
(evidenced by hypocalcemia and severe radiological
signs) at any specific season.

In summary, accelerated linear growth after treatment of
nutritional vitamin D deficiency appears to be mediated
through activation of the GH/IGF-I system and suggests an
important role of vitamin D as a link between the
proliferating cartilage cells of the growth plate and GH/
IGF-I secretion. Three different sequential stages of vitamin
D deficiency can be recognized according to the clinical/
radiological, biochemical, and hormonal data of patients at
presentation; the first 2 of them reflect significant adaptation
to vitamin D deficiency.
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