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Abstract

Objectives

To investigate the growth velocity-improving effects of vitamin D replacement therapy in
pediatric patients diagnosed with vitamin D deficiency and insufficiency.

Study design

A retrospective cohort study was conducted in 34 pediatric patients diagnosed with vitamin
D deficiency/insufficiency. Based on the clinical findings, the subjects were divided into two
groups: a bowed leg (BL) group and a non-bowed leg (non-BL) group. After the initiation of

alfacalcidol, the standard deviation score (SDS) of their heights, weights and growth veloci-
ties in each group were monitored.

Results

The median age at the first visit was significantly lesser in the BL group (1.58 years old [inter-
quartile range (IQR): 1.33, 2.17]) than that in the non-BL group (3.00 years old [IQR: 2.33,
3.67]). On the contrary, the SDS for height was significantly lower in the non-BL group
(-2.27 [IQR: -2.63, -1.94]) than that in the BL group (-1.37 [IQR: -1.91, -1.07]). One-year
treatment with alfacalcidol showed significant improvements in both height SDSs and
growth velocity SDSs not only in the BL group but also in the non-BL group.

Conclusions

The current study revealed that vitamin D replacement therapy improved the growth rate in
children with vitamin D deficiency/insufficiency, regardless of the presence of BL. This study
emphasizes the importance of assessing the vitamin D status in children with poor growth
rates and suggests that alfacalcidol could be a valid option for the treatment of short stature.
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Introduction

Vitamin D is crucial in maintaining bone and electrolyte metabolic homeostasis [1-5]. Its pri-
mary function is to optimize the absorption of Ca and P from the small intestine [6], which
promotes normal calcification of the epiphyseal plate and osteoids on the bone surface [7].
Vitamin D is primarily synthesized from provitamin D by the effect of ultraviolet (UV) energy
on the skin [1, 5, 6]. Therefore, vitamin D deficiency/insufficiency is a serious problem for the
modern population that tends to avoid exposure to UV rays [2, 4, 5]. Particularly in children,
vitamin D deficiency/insufficiency impairs bone maturation and causes rickets with symptoms
such as lower-limb deformation (e.g., bow-legs and X-legs) and short stature [1, 2, 8, 9].

25-hydroxyvitamin D (25[OH]D) is an intermediate metabolite in the process of formation
of vitamin D and is the best indicator of vitamin D sufficiency in the body [1-3]. The cutoff
value of serum 25(OH)D level is slightly different in each country, and a consensus has not yet
been reached [2-4]. In Japan, those with vitamin D deficiency/insufficiency are diagnosed
according to the following criteria: serum 25(OH)D level less than 20 ng/mL is considered as
vitamin D deficiency and serum 25(OH)D level less than 30 ng/mL but not less than 20 ng/mL
is considered as vitamin D insufficiency [3].

Vitamin D replacement therapy is considered for patients diagnosed with vitamin D defi-
ciency/insufficiency [5, 6, 10, 11]. In Japan, natural vitamin D has not been approved; there-
fore, active vitamin D, alfacalcidol, is majorly used to treat vitamin D deficiency/insufficiency.
An adequate supplementation of vitamin D is expected to normalize serum 25(OH)D levels
and improve clinical symptoms by correcting bone metabolism. However, to the best of our
knowledge, the patient population in which vitamin D replacement therapy has a greater effect
in improving the symptoms is yet to be elucidated. The purpose of this study was to examine
the significance of vitamin D supplementation, focusing on whether the presence of bowed
legs (BL) affects the improvement of growth velocity.

Materials and methods
Ethical consideration

This study was approved by the Clinical Ethics Committee of Kyoto Prefectural University of
Medicine (approval number; ERB-C-1601). This study was done with an opt-out method, as it
is a retrospective study and, uses a laboratory data and an anthropometric data. The Clinical
Ethics Committee approved the opt-out consent. All data was fully anonymized. We posted
the opt-out document to provide patients and their parents to refuse to participate in the study
by September 30th, 2020 on the website of Department of Pediatrics, Kyoto Prefectural Uni-
versity of Medicine.

Subjects

The subjects were prepubertal children who visited the Pediatric Endocrinology Division of
Kyoto Prefectural University of Medicine due to short stature, growth velocity decline, and/or
BL from April 1, 2016 to June 30, 2020. In addition, they were diagnosed with a vitamin D
insufficiency, vitamin D deficiency, or vitamin D deficiency rickets through blood and radio-
graphic examination. Pathological varus knee, so called “bowed legs”, was defined as an inter-
condylar distance > 3 cm. Short stature was defined as < -2 of the standard deviation score
(SDS) for the same sex and age. We used the diagnostic criteria established by JSPE. The state
of vitamin D insufficiency was defined as 25(OH)D levels < 30 ng/mL, and that of vitamin D
deficiency, < 20 ng/mL. The clinical symptoms of rickets included deformities of the lower
extremities, gait abnormality, enlarged anterior fontanel, rachitic rosary, swollen joints,
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pathological fracture, and growth retardation. Radiographic findings of rickets included irreg-
ularity, cupping, fraying, and spraying of the metaphysis.

Methods

At the first visit, the patients were checked for clinical symptoms; additionally, their growth
charts and histories were checked. We also obtained details of their family history and the
heights of their parents. Accordingly, the target height (TH) was calculated by the following
method [12]:

TH for male = (father’s height + mother’s height +13) / 2 (cm)
TH for female = (father’s height + mother’s height -13) / 2 (cm)

Further, blood tests were performed to assess for the levels of Ca, P, alkaline phosphatase
(ALP), 25(OH)D, and parathyroid hormone (PTH), and radiography was performed to inves-
tigate ricket-related deformities in the limb bones (e.g., the distal ends of the radius and ulna,
and the knee joints). Radiographic findings of rickets were evaluated by a pediatric orthopedic
surgeon. The patients with a vitamin D insufficiency level were initiated on oral alfacalcidol.
Further, we divided the patients into two groups: patients with BL (BL group) and patients
without BL (non-BL group). The growth velocity is a value calculated from the measurement
of height at two different time points, i.e. the increase in height during a certain period of time.
In this study, we calculated patient growth velocity 3, 6 and 12 months after initiation of alfa-
calcidol, and further calculated the growth velocity SDS with reference to the report by Suwa
et al [13]. The excluded patients were children with underlying diseases that can cause short
stature for example congenital heart diseases, kidney diseases, congenital hypopituitarism,
chromosomal abnormalities, and bone system diseases. The above information was collected
from the patients’ medical records after which a retrospective study was conducted.

Statistical analysis

To compare the medians between the two groups, the Mann-Whitney U test was used. Fisher’s
exact test was used for testing the relevance of the two-way factors in a contingency table. The
mixed model repeated measures (MMRM) analysis was carried out to assess the effect of alfa-
calcidol on height SDS, weight SDS and height growth velocity SDS at each time point. Models
included subjects as a random effect and age, treatment time (0M, 3M, 6M, 12M), the presence
or absence of BL and their interaction as fixed effects. Differences with a p-value less than 0.05
were regarded as statistically significant. All statistical analyses were performed using SPSS ver-
sion 26.0 (IBM, Armonk, NY, USA).

Results

Fifty-five prepubertal pediatric patients were either insufficient or deficient in vitamin D. The
patients with underlying diseases that might cause short stature or bone deformities were
excluded. Finally, 34 children were registered as target patients for this research. Patient pro-
files are shown in Table 1. Of the 34 patients, 17 were in the BL group and the remaining 17
were in the non-BL group. The median intercondylar distance of the patients in the BL group
was 4.0 cm (IQR: 4.0, 5.0), whereas it was less than 3 cm in all the subjects in the non-BL
group. None of the patients had a history of vitamin D supplementation. The median age at
the first visit was significantly lower in the BL group. Height and weight SDSs and body mass
indices (BMI) were significantly lower in the non-BL group. The subjects with short stature
were clearly more common in the non-BL group. The blood test results revealed no significant
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Table 1. Characteristics of patients enrolled in this study at first consultation.

BL(n=17) non-BL (n=17) p-value
Demographics and anthropometrics
Sex (male), n (%) 13 (76) 8 (47) 0.058
Age, years 1.58 (1.33,2.17) 3.00 (2.33, 3.67) <0.01
SDS for height -1.37 (-1.91, -1.07) -2.27 (-2.63, -1.94) <0.05
SDS for weight -0.15 (-0.63, 0.62) -1.64 (-2.19, -1.44) <0.01
BMI 17.3 (16.4, 18.4) 15.5 (14.8, 16.4) <0.01
Short stature, n (%) 4(23.5) 12 (70.6) <0.01
Biochemical parameters
Ca (mg/dl) 10.1 (9.7, 10.2) 9.6 (9.6,9.9) 0.086
P (mg/dl) 5.2 (5.0,5.5) 5.1(4.8,5.4) 0.300
ALP (IU/L) 875 (655, 1320) 698 (623, 803) 0.163
25(0OH)D (ng/ml) 16.0 (13.0, 20.4) 14.2 (11.4, 20.0) 0.959
intact-PTH (pg/ml) 37.5 (32.0, 48.0) 41.5(31.8, 45.3) 0.763

Data are shown as mean (IQR; 25, 75t percentile).

https://doi.org/10.1371/journal.pone.0247886.t001

differences in the serum Ca, P, ALP, 25(0OH)D, and intact PTH levels (Table 1). There were no
patients with vitamin D- deficient hypocalcemia. Moreover, the rate of vitamin D deficiency/
insufficiency did not differ between the groups, but the positivity rate of rickets findings on
radiographs was significantly higher in the BL group (Table 2).

Further, we administered the subjects with alfacalcidol. There was no significant difference
in the dosage between the two groups (BL: 0.10 pg/kg/day [IQR: 0.090, 0.117], non-BL:
0.093 pg/kg/day [IQR: 0.080, 0.101] [p = 0.168]). During the clinical course, we monitored the
urinary calcium/urinary creatinine ratio and adjusted the dose as needed. The patients did not
experience any side effects associated with oral alfacalcidol. After starting vitamin D replace-
ment therapy, the heights and weights of the two groups were monitored. Both height and
weight SDSs of the BL group were significantly higher than those of the non-BL group
throughout the observation period (Fig 1A and 1B). On comparing the height SDS in the same
group at the beginning (0 month) and 3 or 6 months after the initiation of vitamin D supple-
mentation, a significant improvement was confirmed only in BL group. At 12 months after the
initiation of vitamin D supplementation, a significant improvement was confirmed in both
groups after the treatment (p<0.001 for BL group, p = 0.031 for the non-BL group) (Fig 1A).
These results showed vitamin D supplementation improved height SDS regardless of the
presence or absence of BL at 12 months after treatment. Regarding body weight, a significant
SDS change was found only in the BL group 3 months after the administration of alfacalcidol
(Fig 1B).

Table 2. The ratios of vitamin D deficiency/insufficiency and rickets findings on X-rays.

BL non-BL p-value
(n=17) (n=17)
25(OH)D levels
insufficiency, n (%) 5(29.4) 4(23.5) 0.5
deficiency, n (%) 12 (70.6) 13 (76.5)
Rickets findings
positive, n (%) 17 (100) 10 (58.8) <0.01
negative, n (%) 0(0) 7 (41.2)

https://doi.org/10.1371/journal.pone.0247886.t002
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Fig 1. Changes in height SDS (A), weight SDS (B), and height growth velocity SDS (C) during the clinical course.
Errors bars represent 95% confidence intervals.

https://doi.org/10.1371/journal.pone.0247886.9001

With respect to the height growth velocity SDSs (Fig 1C), both groups showed a negative
value of the height growth rate, and there was no difference between the two groups before the
initiation of vitamin D replacement therapy (<0 M). At each treatment time (3M, 6M, 12M),
the growth velocity SDS of the BL group had significantly improved compared to before treat-
ment. However, for non-BL group, the height growth velocity SDS only at 12M significantly
improved compared to before treatment, even though the value was still negative (p = 0.003).
Finally, a comparison of before and after intervention of treatment in each group revealed that
both groups had significantly improved height growth velocity SDSs one year after the initia-
tion of vitamin D supplementation (p<0.001 for BL group, p = 0.003 for non-BL group).

Discussion

As far as we know, few studies have shown the growth velocity-improving effects of oral vita-
min D replacement therapy on children with poor growth rates who have vitamin D defi-
ciency/insufficiency [14, 15]. This study included patients with clinical symptoms that could
be caused by vitamin D deficiency/insufficiency, such as lower-limb deformation and growth
failure. Since all the subjects were residing in the same city (Kyoto, Japan), regional differences
in exposure to sunlight hours were considered to have little involvement in their clinical symp-
toms. The median age of the enrolled subjects in the current study was 2.21 years (IQR: 1.52,
3.00) (Table 3), which was slightly higher than that in previous reports on children with vita-
min D deficiency [1, 16-23]. The proportion of BL was approximately the same; however,
patients with poor growth (including short stature) accounted for 47% of the total patients in
this study, which was more frequent than that in previous studies. A previous study examined
the causes of short stature in 70 children and found that growth hormone deficiency was the
most common cause (69%), followed by vitamin D deficiency (63%); however, the prevalence
of isolated vitamin D deficiency was only 6% [24]. The authors stated that vitamin D deficiency
often coexisted with other endocrine disorders and was not a major cause of short stature. On
the other hand, in healthy Japanese children aged 0-48 months, 21% (61 out of 290) of the sub-
jects had vitamin D deficiency (25(OH)D value < 20 ng/ml) [2]. However, there was no men-
tion of their heights in this report. The high proportion of short stature in this study is largely
influenced by the study design. However, a low rate of vitamin D deficiency does not appear to
be a cause of short stature, and pediatricians should be more conscious of serum 25(OH)D
levels.

Furthermore, there were no significant differences between the two groups in terms of bio-
chemical test data (Ca, P, ALP, 25(OH)D, and intact-PTH) (Table 2). Unlike previous reports
[1, 16, 18, 23], no patients had severe hypocalcemia and hypophosphatemia, and, fortunately,
no patients developed convulsions. The population of patients with BL accounted for 50% of
the total, but the median vitamin D levels were slightly higher than those in previous reports,
suggesting that the severity of vitamin D deficiency might be relatively mild in this study
(Table 3).

There was no significant difference in the severity of vitamin D deficiency (Table 2), but the
radiological findings of rickets were clearly higher in the BL group. Therefore, the severity of
vitamin D deficiency does not appear to be a major factor in determining the development of
BL in patients. It may be due to an association between the point in time when low vitamin D
levels become apparent and the formation of BL, as the BL group was younger at the first visit
than the non-BL group (Table 1). That is, in addition to the bone fragility caused by a vitamin
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Table 3. Summary of previous reports associated with vitamin D deficiency rickets in childhood.

Country, Number
published year of cases
Japan, 2002 20
UK, 2004 36
Japan, 2005 8
UK, 2006 24
Canada, 2007 104
Japan, 2009 31
Qatar, 2012 45
New Zealand, 2015 58
Japan, 2018 250
Current study (Japan) 34

N.L, not included; N.L., not listed
? mean + SD
 median (IQR)

¢, median [range].

https://doi.org/10.1371/journal.pone.0247886.t003

Age Bowed legs Poor growth 25(OH)D Reference

(years) (%) (%) (ng/mL)
1.82 +0.76° 60 20 7.7 (4.0-11.0)° [13]
<13 27.8 5.6 2.7 [1.1-5.6]° [14]
1.32+0.78° 75 N.I 11.6 +5.6° [15]
<5 45.8 N.I N.L. [16]
1.4+09° 42 5 <11 [17]
1.4 (0.8-1.65)° 484 N.L N.L. [18]
1.9+ 0.5 64.4 26.7 <10 [19]
1.4 (0.3-11)° 29.3 25.9 4.8 (2.0-19.2)° [20]
1.75 (1.50-2.33)° 83 20 9.0 (6.0-13.8)° [1]
2.21 (1.52-3.00)" 50 47 15.2 (11.6-19.9)°

D insufficient state in early infancy, a load on the lower limb bones with the initiation of walk-
ing may contribute to the development of BL [7, 8]. On the other hand, if vitamin D deficiency
occurs later, BL may be less likely to develop, despite the radiological findings of rickets.

When vitamin D supplementation was performed in the pediatric patients with vitamin D
deficiency/insufficiency, the children in the BL group showed significantly better improve-
ment in their height SDSs than those in the non-BL group during the entire observation period
(Fig 1A). In fact, in the BL group, the height growth velocity SDS remarkably increased within
the first 3 months after treatment initiation (Fig 1C). Therefore, it is suggested that early
improvement is crucial for maximizing the effect of improvement of height growth velocity by
vitamin D replacement therapy. More interestingly, a significant increase in the height SDS
(p = 0.031) and height growth velocity SDS (p = 0.003) were also seen in the non-BL groups
(Fig 1A and 1C). As shown in Table 1, the age at first visit was significantly lower in the BL
group than in the non-BL group. However, the MMRM analysis revealed that one year admin-
istration of alfacalcidol had a significantly greater effect on improving the growth velocity in
both of the BL group and the non-BL group even after adjusting age at the first visit. In 76.5%
(13/17) of the patients in the BL group, the pathological varus knee that was present before the
treatment initiation disappeared within one year after the induction of oral alfacalcidol. More-
over, the symptoms of the remaining subjects also tended to improve with the treatment. Vita-
min D supplementation probably corrected bone fragility and improved lower limb bone
deformities, which contributed to the improvements in their height and growth velocities.

At the first visit, the heights SDS as well as the weights SDS were obviously lower in the
non-BL group than those in the BL group (Table 1). In addition to vitamin D deficiency, chil-
dren in the non-BL group were likely to be insufficient in other factors that influence their
growth, and it can be expected that their physiques were originally small due to various causes.
The median SDS of IGF-1 at the first visit in the non-BL group was -0.93 (IQR: -1.54, -0.46),
which was within the standard range. An evaluation of growth hormone secretion ability in 6
cases (1 boy, 5 girls) in the non-BL group returned normal results. Additionally, none of the
patients had hypothyroidism. Chromosome G-bandings were performed on 7 out of 9 girls
revealed was no involvement of Turner syndrome, one of the causes of short stature in girls.
The target height of the non-BL group was 170.8 cm for boys and 153.8 cm for girls, which was
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within the standard range of adult heights in Japan, and thus, idiopathic short stature (familial
short stature) seemed to be less involved. However, other factors influencing their growth
were not fully examined. Among the various factors involved in growth, the influence of vita-
min D deficiency/insufficiency on height may not be a central factor, but it should not be
ignored [24]. Therefore, even in pediatric patients with short stature without apparent lower
limb deformities, pediatricians should more aggressively evaluate 25(OH)D levels and con-
sider vitamin D supplementation because vitamin D replacement therapy can have a positive
effect on improving their height growth.

One of the major limitations or this study is the lack of nutritional assessment and the
investigation whether breastfeeding alone or formula only/mixed feeding in infancy was an
important factor involved in vitamin D deficiency in childhood [2, 5, 8]. A previous report
showed that, at the age of 0 to 5 months, breastfed infants had significantly higher risks of
developing vitamin D deficiencies than those who were fed formula only or were raised by
mixed feeding [2]. In addition, the sufficiency of maternal serum 25(OH)D levels is also an
important factor [5]. This is because the concentration of 25(OH)D in breast milk, the only
natural feeding route for early infants, is influenced by maternal serum 25(OH)D levels [8, 25—
28]. Based on the above, the patients in the BL group might be deficient in vitamin D from
early infancy due to breastfeeding. In the presence of poor bone mineralization associated with
vitamin D deficiency, BL may develop due to the overload at the initiation of walking. On the
other hand, in the non-BL group, vitamin D deficiency may not have become apparent in
early infancy due to the low proportion of breastfeeding, and bone calcification may have been
secured to some extent. It has been suggested that deficiencies of various nutrients, including
vitamin D, may appear after the establishment of gait, and may cause clinical symptoms such
as short stature and low weight even without BL. Other limitations are as follows: The target
height can be helpful when predicting the final height of children, but the height prognosis of
both groups could not be compared because the target height data of the BL group was insuffi-
cient in this study. Insulin-like growth factor 1 (IGF-1) is often used to indicate general nutri-
tional status [29]. Because of insufficient IGF-1 data in the BL group, we could not compare
the nutritional statuses, other than vitamin D supplementation, of both groups as a height-
improving factor during the treatment period. In addition, this study is a small number of
observational investigations, and it is necessary to conduct many randomized controlled trials.

In conclusion, vitamin D replacement therapy in children with vitamin D deficiency/insuf-
ficiency has been shown to improve their height growth velocities. It is important to evaluate
their serum 25(OH)D levels in addition to several other nutritional factors while treating
patients with growth disorders, and the initiation of vitamin D replacement should be consid-
ered in those who have vitamin D deficiency/insufficiency.
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