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Abstract

Vitamin D seasonality has been reported in adults and children, suggesting that sunlight exposure has effects on 25(OH)D production. While
vitamin D deficiency among infants has received significant attention, little is known about the extent to which vitamin D status during early infancy is
affected by sunlight exposure. Here, we retrospectively analysed serum 25(OH)D levels of 692 samples obtained from healthy infants aged 1-2 months
born at Saitama City Hospital, Japan (latitude 35-9° North) between August 2017 and September 2021. Data regarding the frequency of outdoor activ-
ities, formula intake and BMI were also collected and analysed. Month-to-month comparisons of vitamin D levels revealed significant variation in
25(OH)D levels in breastfed infants starting at 2 months, with maximal and minimal levels in September and January, respectively. An outdoor activity
score of 0 was most common at 1 month (83-9 %) and a score of 3 was most common at 2 months (81-2 %), suggesting an increased amount of sunlight
exposure at 2 months. Multiple linear regression analysis revealed the amount of formula intake to be significantly associated with vitamin D status at
both 1 (t=17-96) and 2 months (¢ = 16-30). Our results comprise the first evidence that seasonal variation of vitamin D begins at 2 months among
breastfed infants from East Asia, though dietary intake appears to be the major determinant of vitamin D status. These findings provide new insights into

the influence of dietary and non-dietary factors on vitamin D status during early infancy.
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It is now well-recognised that vitamin D deficiency is common
worldwide, both among children and adults"?. Vitamin D
plays an essential role in mineral and bone homoeostasis by
regulating Ca and phosphate metabolism, and its deficiency
during childhood is known to cause rickets or osteomalacia.
Recent studies have shown that vitamin D deficiency may also
cause or be associated with many other conditions affecting
children or young adults including asthma, type 1 diabetes, infec-
tious diseases and autism spectrum disorder®™®. While more
research is needed to determine the causal relationship between
vitamin D insufficiency and the aforementioned sequelae, these
findings imply that maintaining normal vitamin D levels in children
may have clinical benefits beyond preventing rickets.

There are two main sources of vitamin D in humans: diet-
derived and solar-induced vitamin D. Dietary sources of vitamin
D include fatty fish, cod liver, vitamin D-fortified foods and vita-
min supplements. UV B radiation from sunlight is absorbed by
7-dehydrocholesterol in the skin, which constitutes the first step
in vitamin D formation. Vitamin D synthesis from sunlight
accounts for 80-90 % of total vitamin D in adults®®. The vitamin
D production process in the skin can be affected by multiple factors,

such as skin pigmentation, age, clothing type, sunscreen use, time
spent in daylight, season, latitude and cloud cover®'?,

There has been considerable debate regarding whether sun-
light exposure should be encouraged for infants to prevent vita-
min D deficiency®!V.
potential beneficial effects of sunlight exposure on vitamin D suf-
ficiency'>¥) the American Association of Pediatrics states that
sunlight exposure to maintain vitamin D is not recommended for
infants younger than 6 months due to the potential harms of
excessive sunlight exposure’®. Ideally, recommendations on
sunlight exposure should be tailor-made for each country or
region based on race, geography and culture; however Japan
has not established guidelines for vitamin D supplementation
due — at least in part — to knowledge gap regarding the natural
history of vitamin D status among young infants. There have
been reports showing seasonality of vitamin D levels in both chil-
dren and pregnant women in Japan‘'*'® suggesting that sun
exposure has an influence on vitamin D status during infancy
and childhood in this population. Seasonality in vitamin D status
among 3- and 4-month-old infants living in northern Japan
has also been reported!”. We have recently documented that

While several studies have implied

Abbreviations: BMI, body mass index; CLIA, chemiluminescence immunoassay; iPTH, intact parathyroid hormone; IQR, interquartile range; 25(OH)D,

25-hydroxyvitamin D.
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vitamin D levels do not exhibit seasonality in 1-month-old
healthy Japanese infants using liquid chromatography with tan-
dem mass spectrometry (LC-MS/MS)?? but seasonality at 2
months has yet to be addressed. The 2-month mark is of particu-
lar interest because many Japanese caregivers often wait until
the first well-child visit at 1 month before bringing their infants
outside, though this cultural behaviour has never been quantita-
tively investigated. It also remains unclear whether vitamin D sta-
tus during early infancy depends on sunlight exposure to the
same extent as it does in adults.

In order to address these questions, we retrospectively evalu-
ated the vitamin D status of 1- and 2-month-old Japanese infants
born in Saitama City Hospital, Saitama, Japan at 35-9° North latitude.

Methods
Study population and data collection

This retrospective cohort study was conducted in Saitama City
Hospital, which lies at a latitude of 35-9° North and is located
25 km North of Tokyo. All study subjects were born at
Saitama City Hospital, and blood was drawn for any indication
such as suspected jaundice, from those aged 1-2 months
between August 2017 and September 2021 at the outpatient
clinic for well-baby check-ups. Infants were not eligible if they
were supplemented with vitamin D, born at <36 weeks of ges-
tation, had low Apgar scores, were born to a mother treated with
medications that are known to affect either Ca or Mg metabolism
in the perinatal period, such as magnesium sulphate, or born to a
mother with any clinical conditions known affecting Ca metabo-
lism. Demographic, health information and laboratory data,
including perinatal history, weight, height, nutrition, amount
of formula intake and outdoor activity, were collected from elec-
tronic medical records. Infants who were exclusively breastfed
were classified into the ‘breastfed group;’ those with mixed regi-
mens or only formula were classified into the ‘mixed-fed group’.

The frequency of outdoor activities was semi-quantitatively
analysed using the original scoring system as follows: mothers
were questioned regarding the outdoor activities of their infants
during their health check-ups at 1 and 2 months of age by the
same investigator. The questions were answered on a scale of
0-3 (0 = hardly ever going out, 1 = once a week, 2 = twice a
week, 3 = more than twice a week).

Serum 25(OH)D measurement

The total serum circulating 25(OH)D was assessed by chemilu-
minescence immunoassay using the Liaison® 25 OH Vitamin D
Total Assay with Precision and a Liaison® XL Analyzer (DiaSorin
Inc.). If the serum 25(OH)D level was below 4-0 ng/ml, which is
the lower detection threshold for chemiluminescence immuno-
assay, the value was converted to 2-0 ng/ml. We adopted serum
25(OH)D levels of <12 ng/ml as the definition of vitamin D defi-
ciency, as has been used elsewhere®?.

Statistical analysis and justification of sample size

Data are expressed as the median (interquartile range) for all var-
iables, except parity, mode of delivery, sex and an outdoor

activity score. Given that the Shapiro-Wilk test showed that
the assumption of normality was violated, we performed
Kruskal-Wallis tests with Dunn’s post-hoc tests to determine
the monthly variation of serum 25(OH)D. Multiple linear regres-
sion analysis was performed to assess the association between
serum 25(OH)D levels and variables including the daily amount
of formula intake, BMI and outdoor activity scores. Patients
whose outdoor activity scores were not recorded were excluded
from the multiple linear regression analysis. P < 0-05 was consid-
ered statistically significant.

In this study, we retrospectively collected as many samples as
possible from infants who had phlebotomies for other medical
indication. Ex-post minimal detectable effect size for monthly
comparison of serum 25(OH)D levels was calculated as follows.
The minimal monthly number of 2-month-old patients in this
study was recorded as fourteen infants in April; hence, this num-
ber was selected for the sample size. In a previous study"'”, the
maximum monthly standard deviation of serum 25(OH)D during
the study period was 7-87 ng/ml in June; therefore, the estimated
standard deviation was conservatively set to 8-0 ng/ml. Using the
aforementioned sample size and estimated standard deviation
and assuming a two-sided 5 % significance level with 80 % stat-
istical power, 8-80 ng/ml was calculated as the minimally detect-
able effect size to reject the null hypothesis that the mean of
25(OH)D is no different between the two groups with an
equal-variance #-test. All analyses were performed using JMP,
Version 11.2.0 (SAS Institute Inc.).

Ethical approval

This study was conducted according to the guidelines laid down
in the Declaration of Helsinki, and all procedures involving
human subjects/patients were approved by the Research
Ethics Commiittee of the Saitama City Hospital (# H29-31). All
participants’ caregivers gave written informed consent, and they
were given the chance to opt-out.

Results
Description of the study population

As shown in Fig. 1, data on 692 blood samples from 388 infants
were available during the study period. Data were available at
both 1 and 2 months for 304 infants. Of 378 samples obtained
from 1-month-old infants, 178 and 200 were breastfed and
mixed-fed, respectively. Of 314 samples obtained from
2-month-old infants, 183 and 131 were breastfed and mixed-
fed, respectively. The baseline clinical characteristics and labo-
ratory data of the infants at each age are summarised in Table 1.
Among the breastfed infants, 170 of the 178 1-month-old infants
and 155 of the 183 2-month-old breast infants demonstrated
serum 25(OH)D levels below 12 ng/ml. Among the mixed-fed
infants, fifty-four of the 200 1-month-old infants and sixteen of
the 131 2-month-old infants demonstrated serum 25(OH)D lev-
els below 12 ng/ml. As shown in Table 2, median BMI values at
birth, 1 month and 2 months of age were within the 25th to 75th
percentiles, according to the Manual for the Assessment of
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Neonates discharged from the well-baby nursery
during study period (n = 2565)

Serum 25(OH)D not obtained at regular

v

A 4

checkups (n =2169)

Serum 25(OH)D obtained at regular
checkups (n =396)

Born < 36 weeks, twins, maternal history of being

"| treated with magnesium sulfate, no available data,

692 samples
(n=388)

vitamin D-supplemented (n = 8)

\4
378 samples
1 month of age

A 4

314 samples
2 month of age

\ 4 A\ 4 A\ 4 A\ 4
178 samples 200 samples 183 samples 131 samples
Breastfed Mixed-fed Breastfed Mixed-fed

Fig. 1. Flow chart describing patient selection and type of nutrition.

Growth of Japanese Infants and Children in 2012 from the
National Center for Child Health and Development®?.

Seasonal variation of 25(OH)D concentrations

The monthly distribution of serum 25(OH)D concentrations in all
infants at 1 or 2 months of age did not show significant variation
(Fig. 2(a)-(b)). Significant monthly variations in 25(OH)D concen-
trations were detected in the breastfed group at 2 months with
maximal and minimal levels in September and January, respec-
tively, whereas the breastfed group at 1 month and the mixed-
fed group at both 1 and 2 months did not show any significant
variation (Fig. 2(c)—()). Analysis of publicly available meteoro-
logical data from 1991 to 2020 revealed that monthly averages
of global solar radiation (MJ/m?) in the Tokyo area® and the
maximal temperatures in Saitama city®” were highest in May
and August, respectively (Fig. 2(g)).

Frequency of outdoor activities

As shown in Table 1, an outdoor activity score of 0 was most
common at 1 month (83-9 %) and a score of 3 was most common
at 2 months (81-2 %), respectively.

A significant relative contribution of formula intake to
serum 25(0OH)D

In order to assess the relative contribution of formula intake and
outdoor activity to the vitamin D status of participants, we per-
formed a multiple linear regression analysis. BMI was also
included in the analysis, as its negative correlation with vitamin

D status in children has been reported®. As shown in Table 3,
the analysis revealed the amount of formula intake to be a sig-
nificant positive predictor of serum 25(OH)D levels in both
1- (¢t=17-96, standardised f=0-68, P<0-0001) and 2-month-
old (=16-30, standardised #=0-70, P<0-0001) infants. BMI
was also found to be significantly correlated with decreased
25(OH)D levels only in 1 month-old infants (¢ =-2-55, standar-
dised #=-0-10, P=0-01). The outdoor activity scores in both
1- and 2-month-old infants showed no significant contribution
to 25(OH)D levels. Similar results were obtained using the same
analysis for male and female subgroups, with the exception that
the BMI of 1-month-old female infants was not significantly asso-
ciated with 25(OH)D levels (Table 3).

Discussion

Although seasonal variability of vitamin D status in children has
been reported in multiple different regions, the relationship
between seasons and vitamin D status during early infancy
has been poorly investigated, especially among East-Asian pop-
ulations""?1%_ Furthermore, little is known about the influence of
both dietary and non-dietary factors on infantile vitamin D status.
Here, we addressed those knowledge gaps in healthy Japanese
infants aged 1 and 2 months in Saitama city (35-9° N latitude) by
retrospectively analysing their serum 25(OH)D levels, outdoor
activities and nutrition. Our data revealed that seasonal variation
in serum 25(OH)D levels of breastfed infants manifests at 2
months, aligning with increased frequency of outdoor activities.
We also found a significant correlation between formula intake
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Table 1. The baseline characteristics of the study subjects are categorised according to the month of age and nutritional methods

1-month-old infants (n 378) 2-month-old infants (n 314)
Breastfed (n 178) Mixed-fed (n 200) Breastfed (n 183) Mixed-fed (n 131)

Mothers
Age, years 33 32, 35 33 31, 36 33 32, 36 33 31, 36
Parity 1 2,37 1 1,37 1 1,37 1 1,37

Mode of delivery §
Vaginal 114/178 119/200 109/183 84/131 §
Caesarean 64/178 81/200 74/183 47/131 5

Infants @)
Age, days 31 32, 34 31 32, 34 63 38, 39 63 38, 40 ®
Weight, g 4064 41, 42 3955 43, 44 5333 45, 46 5206 47,48 %
Height, cm 52-3 51-1, 534 52-1 51.0, 53-6 56-4 55.0, 57-6 56-1 55.-0, 57-6 2
BMI, kg/m? 14.9 142,156 14.5 13-8, 154 168 159,175 16-4 156, 17-2 =
Gestational age, weeks 38 0/7 37 4/7,391/7 38 2/7 37 4/7, 39 2/7 38 1/7 37 4/7, 39 2/7 38 2/7 37 4/7, 39 2/7 <
Male sex 98/178 111/200 108/183 78/135 E‘
Birth weight, g 2867 49, 50 2944 51, 52 2878 53,54 2955 55, 56 5
Birth height, cm 48-0 47.0, 49-2 485 47-2, 49-6 482 471, 494 48-4 47.0, 49-5 “fb
Serum 25(0OH)D, ng/ml 59 48,73 14.8 11.6, 18-2 6-8 49,97 188 15-0, 22-0 &
< 12 mg/ml 170/178 54/200 155/183 16/131 =
Intact parathyroid hormone (PTH), pg/ml 32 14, 57 25 11, 24 26 24,58 21 21, 30 é
> 60 pg/ml 18/178 5/200 20/183 0/119 5
Ca, mg/dl 10-3 10-1,10-5 10-2 10-1, 105 104 10-2, 10-5 10-3 10-2, 10-5 3
Phosphate, mg/dl 64 6-2,6:6 65 6-3, 6-8 6-1 59, 64 64 61,67
Alkaline phosphatase, mg/I 419 59, 60 356 61, 62 420 63, 64 364 65, 66

Outdoor activity score, infants
0 142 175 1 2
1 23 11 8 7
2 6 5 8 12
3 7 8 157 98
Missing data 0 1 9 12

1161
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Table 2. BMI (kg/m?) of study subjects grouped by age and sex
(Median values and interquartile ranges)

Male Female
Median IQR Median IQR
1-month infants (n 378) At birth n 209 n169
12.57 11.86, 13-14 12.46 12.03, 13-05
12.62 11-86, 13-40 12.57 11.82, 1333
At 1 month 14-84 14.07, 15-54 14.48 13.76, 15-46
14.71 13-84, 1561 14.37 1352, 1523
2-month infants (n 314) At birth n182 n132
12.50 11-83, 13-09 1261 12.04, 1319
12.62 11-86, 13-40 12.57 11-82, 13-33
At 2 months 16-86 16-00, 17-55 16:13 1542, 1718
16.01 15.07, 16:98 15.56 14.66, 16:49

Data are presented as median (IQR).
The italic numbers indicate Japanese standards.

and serum 25(OH)D concentrations. These data provide new
insights into how multiple factors influence vitamin D status dur-
ing early infancy.

To our knowledge, this study comprises the first evidence to
support seasonal variation in 25(OH)D levels of breastfed new-
borns as early as 2 months in any East Asian population. Notably,
the emergence of vitamin D seasonality at 2 months coincided
with a significant increase in outdoor activity scores, suggesting
that elevated 25(OH)D levels might be related to sunlight expo-
sure. While Hara et al. have reported the seasonal variation in
maternal serum 25(OH)D levels in Japanese postpartum
women®, the 25(OH)D from mothers has a half-life of
2-3 weeks in the blood?”. Therefore, serum 25(OH)D levels
in 1- and 2-month-old infants in this study are thought to be unaf-
fected by maternal 25(OH)D supply through the umbilical cord.
Our data on outdoor activity seemingly reflect a Japanese tradi-
tional practice in which caregivers tend to wait until their child-
ren’s first well-child visit, which is normally at 1 month of age,
before taking them outside. Interestingly, the highest 25(OH)
D level in our participants was found in September, not in
May or August, when global solar radiation and temperature
were at their highest. It is possible that the intense August heat
in Saitama city may dissuade caregivers from taking their infants
outside. While increased vitamin D levels have been observed in
many regions typically during the summer season%!428:29
there have been a few exceptions among certain regions and
populations. For example, limited 25(OH)D seasonality has
been observed in Arab women living in Israel who wear long
garments that cover a large surface of the skin and who engage
in fewer outdoor activities due to cultural and religious norms®®.
Furthermore, in Saudi Arabia, lower vitamin D levels have been
reported during the summer, implying that excessively high solar
radiation and temperature preclude people from getting enough
sunlight exposure®”. Taken together, our results provide addi-
tional evidence suggesting that geographical and cultural factors
could influence infants and their caregivers’ behaviour and, as a
result, their vitamin D status.

While breastfed infants showed seasonal 25(OH)D variation
at 2 months, no significant seasonal 25(OH)D variation was seen
among all participants at either 1 or 2 months. This result led us to
further investigate how much formula intake, outdoor activity

and BMI contribute to serum 25(OH)D levels. We used multiple
linear regression analysis to analyse the relative contributions of
both sunlight exposure and formula intake to the vitamin D sta-
tus of infants. The analysis revealed that the amount of formula
intake contributed the most to serum 25(OH)D levels at both 1
and 2 months. Considering that 25(OH)D concentrations in
breast milk from Japanese women have been reported to be
1/50 of those in commercially available standard formula in
Japan®?, our results suggest that dietary 25(OH)D intake is
the most important predictor of serum 25(OH)D levels, with sun-
light exposure having a minor impact at 1 and 2 months.
Interestingly, there was also a significant but less robust correla-
tion between BMI and serum 25(OH)D levels at 1 month. While
the negative correlation between BMI and serum 25(OH)D lev-
els has previously been reported in adults and adolescents, data
in young children, especially those who are younger than 1 year
old, have been limited®>333?_ Our findings unexpectedly pro-
vide novel evidence suggesting that a negative correlation
between BMI and serum 25(OH)D also exists in infants. It is
unclear why such a correlation was not identified in our
2-month-old group, and further investigation is needed.

This study has several limitations. First, because this was a sin-
gle-centre study, our findings do not necessarily apply to all
Japanese infants. Second, participants in our study had a clinical
indication for taking a blood sample, which may have led to
selection bias. Third, our semi-quantitative analysis for outdoor
activities may not accurately reflect the degree of sunlight expo-
sure. Fourth, the minimal sample size per month was not large
enough to detect the minimal clinically significant effect size of
serum 25(0OH)D, which is 8 ng/ml based on the literature®?.
Lastly, since we lack data on serum 25(OH)D levels among
mothers and the umbilical cord, we could not analyse the corre-
lation between mother and child. Therefore, we cannot exclude
the possibility that the seasonal variation in 25(OH)D of
2-month-old breastfed infants was the result of higher 25(OH)
D levels in breast milk due to maternal sun exposure.

In summary, we retrospectively assessed serum 25(OH)D
seasonality in breastfed Japanese infants starting at 2 months,
when caregivers start to take their infants outside more fre-
quently than at 1 month, suggesting that the vitamin D status
of young infants is influenced by sunlight exposure.
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Table 3. Multiple linear regression model predicting serum 25(OH)D concentration for each month

(95 % confidence intervals and standard errors)

2-month-old infants

1-month-old infants

Standardised g P

tvalue

95 % Cl SE

Estimates

Standardised g P

tvalue

95 % Cl SE

Estimates

Parameters

All (n 289%)

0-0014
0-23
0-94

All (n 377%)

0-0011
0-20

1.16

<0-0001

70

0-
-0-017

16-30
-0-39

0-020, 0-025
-0-54, 0-36
-0-96, 2.73

0-023
-0-09

0-

<0-0001

0-68

17.96
-2:55
0-67

0-018, 0-022
-0-90, -0-12

0-020
-0-51

Amount of formula (ml/d)

BMI (kg/m?)

0-70
0-34

0-010
0-50

-0-10

0-040

0-95

89

0-025

-1.51, 3.07

0-78

Outdoor activity score

Male (n 174)

0-0017
0-30

Male (n 208)

0-0014
0-27
1.60

<0-0001

0-68
-0-032

1213

0-017, 0-024

-0-76, 0-42
-2.02, 2.75

0-020
-0-17

0-

<0-0001

0-69

13-63
-2:29
-0-23

0-016, 0-022
-1-16, 0-087
-3-54, 2.79

0-019
-0-62
-0-37

Amount of formula (ml/d)

BMI (kg/m?)

0-57
0-76

-0-57

0-023
0-82

-0-012
-0-012

0-30 0-017

1.21

36

Outdoor activity score

Female (n 115)

Female (n 169)

0-0018
0-30
1.70

0.76 <0-0001

12.14

0-0024
0-36

0-024, 0-034
-0-36, 1-07

0-029
0-36

1.

<0-0001
0-29
0-24

0-67

11.66
-1.07

0-018, 0-025

-0-89, 0-27
-1.35, 540

0-021
-0-31

Amount of formula (ml/d)

BMI (kg/m?)

0-36
0-26

0-063

0-072

0-99

-0-060

1-41 0-26

-1-19, 4-38

60

0-067

1.18

2.00

Outdoor activity score

* The number of cases is lower than that in Table 1 due to missing values.

0-48, P<0-0001 for 2-month-old all

0-47, P<0-0001 for 1-month-old male infants, A% = 0-47, P < 0-0001 for 1-month-old female infants, R? =

0-47, P <0-0001 for 1-month-old all infants, R?
0-47, P < 0-0001 for 2-month-old male infants and R?

Squared multiple correlation coefficient (R?)

infants, R?

0-47, P<0-0001 for 2-month-old female infants.

K. Takahashi et al.

R? was adjusted for the df.

Nonetheless, our result that formula intake contributes the most
to serum 25(OH)D levels in all infants suggests that vitamin D
status during the first 2 months after birth is heavily attributable
to diet. Such data add to our understanding of the link between
dietary and non-dietary factors and vitamin D status during
early infancy in the East-Asian population and may aid in the
development of better vitamin D management strategies for
infants.
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