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Abstract: Objectives: We previously reported a high prevalence of hypovitaminosis D
(250HD < 20 ng/mL) in Japanese pregnant women with threatened premature deliv-
ery. This study aimed to assess nutritional status and its relationship with bone-related
markers and microarchitecture, as measured using quantitative ultrasonography (QUS),
in Japanese women during the perinatal period. Methods: We recruited Japanese women
who had just delivered at Fujita Health University Hospital (n = 103, cesarean/vaginal
delivery = 50/53, age 33.9 & 4.9 years). On the third day postpartum, their calcaneal QUS
was measured, and fasting blood samples were collected. Results: The mean total en-
ergy intake (1720 £ 298 kcal/day) was lower than the normal range for Japanese women
(2100 kcal/day). Their calcium intake (446 + 130 mg/day) was significantly below the
recommended daily intake (RDI) in Japan (660 mg/day), with 95% of participants con-
suming less than the RDI. Although the average vitamin D intake (8.7 & 1.8 ng/day) met
the Japanese RDI (8.5 ug/day), 36% of participants consumed less than the RDI. Calcium
intake was positively associated with the intake of lipids, protein, and vitamins A, D, and
K. Additionally, calcium intake but not vitamin D intake tended to correlate with serum
25-hydroxyvitamin D (250HD) levels. The QUS indices showed no significant association
with calcium or vitamin D intake. Conclusions: During the perinatal period, Japanese
women had low calcium intake and relatively low vitamin D intake, accompanied by re-
duced 250HD levels. These findings highlight the need for public health recommendations
and policies to promote adequate calcium and vitamin D intake during pregnancy.

Keywords: calcium intake; vitamin D; perinatal period

1. Introduction

Osteoporosis is a major cause of immobility and pathological fractures, highlighting
the urgent need for measures to extend healthy life expectancy. Bone mineral density (BMD)
peaks during adolescence, making it crucial to maintain a proper diet and sunbathing habits
from a young age. Insufficient calcium (Ca) and vitamin D intake, along with the excessive
consumption of alcohol, caffeine, and salt, have been linked to BMD loss [1-3].
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Ca is essential for maintaining bone structure. Guidelines recommend a daily Ca
intake of 1000-1200 mg for women over 19 years of age [4,5]. In Japan, the recommended
daily intake (RDI) for Ca in women is 650 mg [6]. Additionally, the World Health Orga-
nization (WHO) advises Ca supplementation after 20 weeks of gestation in populations
with low dietary Ca intake to prevent preeclampsia, especially in women at higher risk
of hypertension [7-10]. However, the RDI for Ca during pregnancy remains similar to
that for nonpregnant participants. Ca supplementation appears ineffective in reducing
hypertensive risks in healthy, nulliparous pregnant women with adequate baseline Ca
intake but may lower the risk in those with insufficient intake [9,10].

Vitamin D is derived from food and synthesized in the skin under ultraviolet light. It is
converted to 25-hydroxy vitamin D (250HD) in the liver and then stored. Subsequently, it
undergoes 1o-hydroxylation in the kidneys, forming active vitamin D3 (1,25-dihydroxy vi-
tamin D3 or 1,250HD3). Active vitamin D3 raises blood Ca levels and inhibits parathyroid
hormone (PTH) secretion, playing a key role in blood Ca regulation by enhancing Ca absorp-
tion in the intestines and reabsorption in the kidneys [11]. Despite its importance in bone
metabolism, vitamin D deficiency is prevalent in Japan [12]. Globally, 40-98% of pregnant
individuals are estimated to have vitamin D deficiency [13], which is associated with an
increased risk of eclampsia, gestational diabetes, gestational hypertension, and fetal growth
failure [14-16]. We previously reported that hypovitaminosis D (250HD < 20 ng/mL) is
linked to preterm delivery risk in Japanese women [17]. Although evidence of the ef-
fects of vitamin D supplementation during pregnancy on fetal development and maternal
complications remains limited [18,19], vitamin D deficiency remains a significant global
public health concern among pregnant women, in whom inadequate vitamin D levels are
associated with adverse maternal and neonatal outcomes [20-22].

In this study, we investigated the relationship between nutrition and bone metabolism
by measuring serum bone markers, including 250HD, and calcaneal quantitative ultra-
sound parameters. Dietary intake frequency surveys of Ca and vitamin D were also
conducted in women during the perinatal period.

2. Materials and Methods
2.1. Participants

Healthy women (n = 103) who delivered at Fujita Health University Hospital were
recruited for this study (Table 1). Patients with parathyroid diseases, congenital vitamin D
resistance, kidney failure, or other conditions affecting Ca and/or vitamin D homeostasis
were excluded. No control group was set for this study. Total energy consumption (exclud-
ing alcohol), Ca, vitamin D, and other nutrient intake during pregnancy were estimated
using a simple food frequency questionnaire prepared by Uenishi et al. [23]. This FFQ was
validated in adult Japanese women aged between 18 and 69 years who were recruited to test
reliability and reproducibility [23]. In the 208 women, moderate-to-high Spearman’s corre-
lation coefficients between our FFQ and the conventional diet record method were found
in terms of the intake of calcium (r = 0.668), vitamin D (r = 0.413), and energy (r = 0.471). In
the 72 women, the coefficients of variance of the four repeated measurements of intakes
throughout one year were 14.1% for calcium, 13.6% for vitamin D, and 9.6% for energy.
Therefore, we concluded that this FFQ is a useful tool for evaluating the intake of dietary
calcium and vitamin D in adult Japanese women. The Review Board for Epidemiology and
Clinical Studies of Fujita Health University approved this descriptive study (#HM16-139)
(Aichi, Japan), which was conducted in accordance with the 1964 Declaration of Helsinki
and its amendments. Written informed consent was obtained from all participants.
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Table 1. Clinical manifestation of this study.

Number of Cases

Total (n =103) Normal Range — —
Below Lower Limit  Above Upper Limit

Age (years old)
Cesarean/vaginal delivery
Gestation period (days)
Body mass index (kg/m?)
Newborn weight at birth (g)
Serum calcium (corrected)
(mg/dL)

Serum phosphate (mg/dL)
Serum 250HD (ng/mL)
Serum blood urea nitrogen
(mg/dL)

Serum creatinine (mg/dL)
Serum albumin (g/dL)
Serum intact PTH (pg/mL)
Serum BAP (U/L)

Serum TRACP-5b (mU/dL)

34+5
50/53
281+ 6 259-294
23.8 + 3.0 18.5-25 2 (1.9%) 29 (28.2%)
* 2968 + 419 2500-4000 11(10.7%) 1 (1.0%)
95+ 0.4 8.2-10.0 0 9
41405 2441 0 50 (48.5%)
89 +37 20 99 (96.1%) 0
93+25 5.0-12.0% 1 (1.0%) 10 (9.7%)
0.5+ 0.1 0.39-0.73 4 (3.9%) 0
2.8+ 04 25-4.0% 0 0
28 + 10 15—65 3 (2.9%) 0
83+39 2.9-14.5 0 2 (1.9%)
264 + 106 120-420 3 (2.9%) 4 (3.9%)

250HD: 25-hydroxy vitamin D; PTH: parathyroid hormone; BAP: bone-specific alkaline phosphatase; TRACP-
5b: tartrate-resistant acid phosphatase-5b. # Normal range during pregnancy; * 102 cases, excluding cases of
twin pregnancies.

2.2. Biochemical Measurements

Plasma or serum samples were collected three days after delivery. The seasons of blood
sampling were not consistent. Serum 250HD concentrations were measured using CLIA
(DiaSorin, Inc., Stillwater, MN, USA). The inter- and intra-assay coefficients of variation
(CV) were 3.7-7.7% and 5.8-10.9%, respectively. Intact parathyroid hormone (iPTH) levels
were determined via two-site IRMA (Nichols Diagnostics Institute, San Clemente, CA,
USA). Bone-specific alkaline phosphatase (BAP) and tartrate-resistant acid phosphatase 5b
(TRACP-5b) were measured using EIA (Osteolinks BAP and TRACP-5b, Sumitomo Bakelite
Co., Ltd., Tokyo, Japan). As for intact PTH, its intra-assay CV was 5.2%. Regarding BAP
and TRACP-5b, it has been reported that their intra-assay CV values were 2.3% and 5%,
and their inter-assay CV values were 3.1% and below 15%, respectively.

2.3. Measurement of the Osteo-Sono Assessment Index and Speed of Sound

The calcaneal osteo-sono assessment index (OSI) of the right foot was measured using
quantitative ultrasound sonography (QUS) AOS-100SA (FUJIFILM Co., Tokyo, Japan) [24].
The main reason we used QUS instead of dual-X-ray absorptiometry (DXA) is that young
Japanese women of childbearing age tend to avoid radiation exposure. Although QUS has
lower diagnostic accuracy than DXA, the change in QUS parameters has also been assessed
during pregnancy and lactation periods [25]. This device calculates the speed of sound
(SOS) and transmission index (TI) as ultrasound waves pass through the calcaneus. The
OSI was determined using the following formula: OSI = TI x SOS2. The CV values of the
QUS parameters of AOS-100SA are below 2.0%.

2.4. Statistical Analysis

Data are presented as medians with interquartile ranges or means + SD. Statistical
analyses were performed using StatFlex 7.0.11 software (Artech Co., Ltd., Osaka, Japan). In
this study, the significance level («) was set at 5% (0.05), with a statistical power (1—§) of
80% (0.8) and an expected correlation coefficient (p) of 0.3. A two-tailed test was employed,
and the required sample size was calculated to be 89. Single-regression analysis was
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used to examine relationships between nutrient and mineral intake. A p-value < 0.05 was
considered statistically significant.

3. Results
3.1. Postdelivery Subjects Have Lower 250HD Levels

The background characteristics of the enrolled subjects are shown in Table 1. Their
mean age was 34 £ 5 years, and their average body mass index after delivery was
23.8 4 3.0 kg/m?. There were 50 cesarean and 53 vaginal deliveries. All subjects had
full-term births. Blood tests revealed a marked decrease in 250HD, reflecting vitamin D
storage. Remarkably, all but three had 250HD levels below 20 ng/dL, although their iPTH
levels were not elevated. However, the serum Ca and bone turnover markers (BAP and
TRACP-5b) were within normal limits in most subjects.

3.2. Ca and Vitamin D Intake During Pregnancy

Using the simplified FFQ method, we examined the total energy and nutrient intake.
The average energy intake was slightly lower due to reduced carbohydrate and protein
intake, but fat intake was adequate (Supplementary Table S1). In 95% of participants
(n =98), Ca intake was less than 660 mg (RDA). In 34.9% of subjects (n = 36), vitamin D
intake was less than 8.5 ug (RDA).

3.3. The Relationship Between Food Intake and Ca-Related Micronutrients

Ca intake was significantly correlated with total energy, lipids, and protein but not
with carbohydrates (Figure 1). Vitamin D intake was associated only with protein. Ca
intake was related to lipid-soluble vitamins A, D, and K (Figure 2). Vitamin D intake was
correlated with vitamin A (r = 0.285, p < 0.005) and vitamin K (r = 0.284, p < 0.005).

3.4. Ca Intake Was Correlated with 250HD Levels but Not iPTH Levels

Serum iPTH levels were not significantly associated with Ca or vitamin D intake
(Figure 3). Serum 250HD levels were correlated with Ca intake but not with vitamin D
intake (Figure 4A,B). Neither Ca nor vitamin D intake affected bone turnover markers such
as BAP and TRACP-5b (Figure 4C-F).

3.5. Food Intake Was Not Associated with the OSI or SOS of the Calcaneal QUS

Neither the OSI nor SOS of the calcaneal QUS was correlated with Ca or vitamin D
intake (Figure 5). The QUS parameters, including SOS and OSI, were not related to serum
250HD, iPTH, BAP, or TRACP-5b (Table 2).

Table 2. Serum parameters and bone indices assessed using calcaneal quantitative ultrasonography.

SOs OSI
r p-Value r p-Value
Intact PTH 0.028 0.773 0.094 0.345
250HD —0.150 0.130 —0.051 0.612
BAP 0.133 0.180 0.132 0.185
TRACP-5b —0.054 0.591 —0.020 0.841

PTH: parathyroid hormone; 250HD: 25-hydroxy vitamin D; BAP: bone-specific alkaline phosphatase; TRACP-5b:
tartrate-resistant acid phosphatase-5b; SOS: speed of sound; OSI: osteo-sono assessment index.
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Figure 1. The relationship between calcium (A,C,E,G) or vitamin D (B,D,F,H) intake and macronutri-
ents in Japanese women during pregnancy and puerperium.
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Figure 5. The correlation between calcium or vitamin D intake during the perinatal period with QUS
parameters, the osteo-sono assessment index (OSI) (A,B) or speed of sound (SOS) (C,D).

4. Discussion

In the present study, we found that many pregnant Japanese women had hypovita-
minosis D and Ca intake below the RDI. Most participants had 250HD levels below the
standard. Ca intake was correlated with serum 250HD but not with Ca levels. Biomarkers
related to bone metabolism and QUS parameters were not correlated with Ca or vitamin D
intakes. Thus, hypovitaminosis D and low Ca intake did not have a direct negative impact
on bone metabolism in the short term.

The lack of correlation between Ca or vitamin D intake and bone markers is to be
expected. Blood Ca levels are tightly regulated by PTH, PTH-related protein (PTHrP), and
active vitamin D, meaning they are independent of Ca intake [26]. Vitamin D deficiency
reduces Ca absorption, increasing PTH secretion. During pregnancy, placental PTHrP
suppresses PTH secretion, which resumes postpartum. Lactation increases PTHrP, further
suppressing PTH. Blood tests were conducted on the third day postpartum, making it
difficult to assess optimal serum iPTH levels. Hence, vitamin D sufficiency cannot be
accurately evaluated using iPTH levels alone.

Previously, we showed that Ca intake correlates with lipid and protein but not car-
bohydrate intake in Japanese patients with type 2 diabetes [27]. In this study, Ca intake
was also weakly but significantly correlated with total energy, protein, and lipid intake
in pregnant women without diabetes. Vitamin D intake was associated only with protein
intake. Ca-rich foods include fish, dairy products, soy, and vegetables, while vitamin D is
found in mushrooms, seafood, and eggs [28]. Protein-rich foods may contribute to both Ca
and vitamin D intake.

We observed that most Japanese women at delivery had hypovitaminosis D, consistent
with reports of vitamin D deficiency in young Japanese women [12,29]. Sun exposure likely
affects serum 250HD levels, and variations in outdoor activity during pregnancy may
contribute to this deficiency [30]. Although the seasons in which the blood samples were
taken in this study were not consistent, the subjects consistently showed low vitamin D
levels. PTHrP enhances the conversion of 250HD to 1,250HD3, possibly lowering 250HD
levels [26,31]. Increased plasma volume during pregnancy could further reduce 250HD.
Despite low vitamin D intake, 250HD levels did not correlate with vitamin D intake.
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Maternal vitamin D supplementation has been shown to improve 250HD levels and bone
mass in newborns born in winter [32], reduce urinary CTX (a bone resorption marker),
and enhance postpartum bone density [33]. Although the evidence regarding the role of
vitamin D supplementation in reducing pregnancy complications remains inconclusive,
supplementation has been shown to improve maternal 25-hydroxyvitamin D levels and
modestly increase neonatal birth weight and length [22]. Furthermore, maternal vitamin D
supplementation has been reported to increase BMD in children at 4 years old compared
with a placebo [34].

Vitamin D deficiency remains a significant global public health concern, affecting
pregnant women [12,20-22]. The current guidelines for obstetrical practice in Japan do not
include vitamin D intake requirements for pregnant women [35]. As fish is the primary
dietary source of vitamin D in Japan, promoting fish consumption might be effective.
On the other hand, dietary guidance limits fish consumption to avoid mercury, which
may inadvertently reduce vitamin D intake in pregnant women [36]. To address low
Ca and vitamin D intake, foods rich in both, such as small fish and shrimp, should be
recommended. Standardized supplementation protocols, systematic food fortification
programs, and targeted educational interventions could reduce the risks associated with
vitamin D deficiency and optimize maternal and neonatal health outcomes.

Several limitations of this study should be noted. First, this is a cross-sectional ob-
servational study, and longitudinal studies are needed to evaluate the impact of dietary
intake on bone health. Second, nutrient intake was assessed using a seven-day FFQ, which
may not accurately reflect daily vitamin D intake due to its variability [37]. In addition,
the validation of all trace minerals was not completed for this FFQ. This might explain
the lack of a significant correlation between vitamin D intake and serum 250HD levels.
Third, although DXA is a more direct method of assessing bones than QUS, it involves the
risk of X-ray exposure. Fourth, the effect of PTHrP, which was not measured, should be
considered. Fifth, the duration of sunlight exposure and seasonal variations were not as-
sessed in this population. Sixth, the study involved 103 participants from a single center in
Aichi Prefecture; thus, larger-scale studies targeting more pregnant women across multiple
regions are needed.

5. Conclusions

We examined Ca and vitamin D intake in pregnant subjects postdelivery. Many
showed low Ca and vitamin D intake, with low 250HD levels. These findings highlight
the need for public health recommendations and policies to promote adequate calcium
and vitamin D intake during pregnancy. Strengthening nutritional education, fortifying
dietary guidelines, and implementing population-wide interventions could contribute to
optimizing maternal and neonatal bone health.
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