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Abstract

Objective: To determine whether a single monthly supplement is as effective as a daily maternal
supplement in increasing breast milk vitamin D to achieve vitamin D sufficiency in their infants.
Patients and Methods: Forty mothers with exclusively breast-fed infants were randomized to receive oral
cholecalciferol (vitamin D3) 5000 IU/d for 28 days or 150,000 IU once. Maternal serum, breast milk, and
urine were collected on days 0, 1, 3, 7, 14, and 28; infant serum was obtained on days 0 and 28.
Enrollment occurred between January 7, 2011, and July 29, 2011.
Results: In mothers given daily cholecalciferol, concentrations of serum and breast milk cholecalciferol
attained steady levels of 18 and 8 ng/mL, respectively, from day 3 through 28. In mothers given the single
dose, serum and breast milk cholecalciferol peaked at 160 and 40 ng/mL, respectively, at day 1 before
rapidly declining. Maternal milk and serum cholecalciferol concentrations were related (r¼0.87). Infant
mean serum 25-hydroxyvitamin D concentration increased from 17�13 to 39�6 ng/mL in the single-dose
group and from 16�12 to 39�12 ng/mL in the daily-dose group (P¼.88). All infants achieved serum
25-hydroxyvitamin D concentrations of more than 20 ng/mL.
Conclusion: Either single-dose or daily-dose cholecalciferol supplementation of mothers provided breast
milk concentrations that result in vitamin D sufficiency in breast-fed infants.
Clinical Trial Registration: clinicaltrials.gov NCT01240265
ª 2013 Mayo Foundation for Medical Education and Research n Mayo Clin Proc. 2013;88(12):1378-1387
V itamin D is essential for calcium absorp-
tion and skeletal growth, and deficiency
of vitamin D can cause nutritional

rickets. Although considered a historical disease
after the advent of vitamin D fortification of
foods, rickets persists in the United States, typi-
cally in unsupplemented, exclusively breast-fed
infants.1-4 The US Centers for Disease Control
and Prevention has expressed concern regarding
its prevalence.5 Beyond skeletal effects, hypovi-
taminosis D has been associated with infectious,
metabolic, neoplastic, and immune disorders.6-8

The prevalence of vitamin D deficiency among
infants may be as high as 43% to 70%, depend-
ing on the definition of vitamin D deficiency and
the latitude of the population studied.9-11

Vitamin D can be ingested or cutaneously
synthesized by UV light exposure. Because
the American Academy of Pediatrics (AAP)
Mayo Clin Proc. n December 2013;88(
www.mayoclinicproceedings.org n
recommends no direct UV light exposure during
the first 6 months of life, infants are expected to
rely entirely on dietary sources.12 The US Food
andDrugAdministration requires that infant for-
mula be fortified with 40 to 100 IU of vitamin D
per 100 kcal, which corresponds to 270 to 677
IU/L.13 Breast-feeding has many health advan-
tages compared with formula feeding.14 The US
Healthy People 2010 targeted a goal for 75% of
infants to breast-feed for their first 6 months.15

Breast milk usually contains much less vitamin
D than does infant formula, with values of 20 to
80 IU/L.16-18 Recognizing the high prevalence
of vitamin D deficiency in exclusively breast-fed
infants and the low concentrations of vitamin D
in breast milk, the AAP recommends that exclu-
sively breast-fed infants receive 400 IUof supple-
mental vitamin D per day. However, adherence
to this recommendation has been poor, with
12):1378-1387 n http://dx.doi.org/10.1016/j.mayocp.2013.09.012
ª 2013 Mayo Foundation for Medical Education and Research
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VITAMIN D SUPPLEMENTATION IN LACTATING MOTHERS
only 5% to 36% of exclusively breast-fed infants
receiving supplemental vitamin D.2,19,20 Poor
adherence is the major determinant of vitamin
D deficiency in breast-fed infants.2

Daily and intermittent vitamin D supple-
mentation dosing regimens have been used.
High-dose monthly regimens in adults and chil-
dren improve vitamin D status without short-
term toxicity.21-25 Lactating mothers supple-
mented with sufficient doses of oral vitamin
D had enriched milk vitamin D concentra-
tions.26-28 The parent compound cholecalciferol
(vitamin D3) is the major vitamin D metabolite
that crosses from maternal serum into breast
milk. The quantity of the downstream metabo-
litesd25-hydroxyvitamin D (25[OH]D) and
1,25-dihydroxyvitamin D (1,25[OH]2D)din
human milk is negligible because of the avid
binding of 25(OH)D to vitamin D-binding pro-
tein and the low serum concentrations of
1,25(OH)2D.

29 Because of the short half-life of
cholecalciferol, it may have to be replenished
daily to be effective.30

We compared the effect of daily-dose vs
single-dose cholecalciferol supplementation
of lactating mothers on breast milk cholecalcif-
erol concentrations and vitamin D status of
their infants. We hypothesized that daily sup-
plementation would be superior to monthly
supplementation in improving infant vitamin
D status because consistently elevated chole-
calciferol concentrations in the mother with
daily dosing would sustain improved breast
milk vitamin D status.
PATIENTS AND METHODS

Study Population
Healthy, nonpregnant, lactating women aged
18 years or older who were exclusively
breast-feeding a single, healthy infant aged be-
tween 1 and 6 months were eligible. We
recruited via advertisements and letters to post-
partum mothers. Exclusion criteria included
(1) travel south of 35�N latitude during or 30
days preceding the study interval; (2) recent
or planned indoor tanning; (3) taking medica-
tions that affect vitamin D metabolism (ie, ste-
roids, anticonvulsants, and barbiturates), (4)
nursing multiple infants, (5) taking more than
1000 mg of elemental calcium supplements,
(6) maternal cholecalciferol supplementation
more than 400 IU (dose in prenatal vitamins)
Mayo Clin Proc. n December 2013;88(12):1378-1387 n http://dx.do
www.mayoclinicproceedings.org
or any infant cholecalciferol supplementation,
(7) infant weight less than 1.67 kg (greater than
minimal risk for 5 mL blood draw), (8) baseline
25(OH)D concentration of more than 70 ng/mL
(175 nmol/L) in mother or infant, (9) baseline
hypercalcemia or hyperphosphatemia inmother
or infant, (10)history of nephrolithiasis, and (11)
any serious infant health problem. Before this
study,weperformed a pilot study in40nonpreg-
nant, nonlactating women to characterize the
pharmacokinetics of daily-dose (5000 IU) and
single-dose (150,000 IU) cholecalciferol. We
observed no evidence of hypercalcemia or
adverse effects over a 28-day interval (unpub-
lished data, M Meekins et al, 2011).

Procedures
Mother-infant pairs were enrolled between
January 7, 2011, and July 29, 2011, in Rochester,
Minnesota (44�N latitude). Vital signs, weight,
and height/length were recorded for mothers
and infants. Maternal and infant blood was
collectedbyvenipuncture,womencollected their
breast milk via a breast pump or self-expression,
and maternal urine was collected. Because mea-
surements of vitamin D metabolites do not differ
between whole milk and milk whey,16 no
attempt was made to distinguish foremilk and
hindmilk collection. Infants were allowed to
comfort nurse or administered anoral sucrose so-
lution (Sweet-Ease, Philips Healthcare) during
venipuncture to reduce distress. Serum calcium,
phosphorus, and 25(OH)D concentrations in
mothers and their infants were measured before
enrollment to determine eligibility.

Participant pairs were randomized in blocks
of 4 to maternal administration of oral cholecal-
ciferol either 150,000 IU once or 5000 IU/d for
28 days. The randomization schedule was
secured by the research pharmacy, and alloca-
tion was concealed until the participant pair
was enrolled. One 5000 IU capsule or three
50,000 IU capsules (BioTech Pharmacal, Inc)
were dispensed and ingested under supervision.
Based on high-performance liquid chromatog-
raphy analysis of the cholecalciferol content by
themanufacturer, the 3 lots of 5000-IU capsules
used in this study contained 5404, 5705, and
5764 IU per capsule. The 2 lots of 50,000-IU
capsules used in this study contained 55,668
and 58,033 IU per capsule. Mothers in the
5000-IU/d groupwere dispensed their remaining
medication and asked to record adherence in a
i.org/10.1016/j.mayocp.2013.09.012 1379
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medication diary. The diary was examined at
each visit and collected with the medication
container on study completion. Each partici-
pant was instructed to make no dietary
changes, avoid additional vitamin D ingestion,
and use sunscreen.
Laboratory Measurements
Serum cholecalciferol, 25(OH)D, 1,25(OH)2D,
calcium, and phosphorus levels were measured
in mothers on days 0, 1, 3, 7, 14, and 28 and in
their infants on days 0 and 28.Maternal urine cal-
cium and creatinine levels and breast milk chole-
calciferol and 25(OH)D levels were measured on
days 0, 1, 3, 7, 14, and 28. Biochemical analyses
were performed on all samples in a single batch
to avoid interassay variation. Serum and
urine calcium, phosphorus, and creatinine
levels were measured with standard methods.
Serum and breast milk vitamin D and its me-
tabolites were measured by using isotope-
dilution liquid chromatographyetandem mass
spectrometry (ThermoFisher Scientific and
Applied Biosystems-MDS Sciex).31 All assays for
25(OH)D3 and 25(OH)D2 were standardized
against National Institute of Standards and Tech-
nology reference material. C3-epi-25(OH)D, a
metabolite of uncertain biologic significance,
was measured in all children at baseline. Only 2
patients had C3-epi-25OHD levels of greater
than 20% of total 25(OH)D levels. Because con-
centrations of vitamin D2 and its metabolites
were very low (�1.6 ng/mL [4.16nmol/L]) or un-
detectable in all subjects, the absence of subscripts
designates cholecalciferol (vitaminD3) and itsme-
tabolites. Cholecalciferol was extracted from
breast milk by using 210 mL of isopropyl alcohol.
The extract was injected into the mass spectro-
meter by using online extraction and liquid
chromatography. The intra-assay and inter-assay
precisions for cholecalciferol were 8.0% and
6.1%, respectively. The recovery and linearity
validation parameters were 104% and 100%,
respectively. The limit of detection and the limit
of quantitation were 0.96 and 7.0 ng/mL,
respectively.
Ethics
The study was approved by the Institutional
Review Board of Mayo Clinic, and all partici-
pants provided written informed consent for
themselves and their infants.
Mayo Clin Proc. n December 2013;88(
Statistical Analyses
The primary outcome was infant vitamin D sta-
tus, as measured by the serum 25(OH)D concen-
tration. Although there is no universal agreement
regarding the definition of sufficiency, we
considered deficiency as less than 12 ng/mL
(<30 nmol/L), insufficiency as 12 to 20 ng/mL
(30-50 nmol/L), and sufficiency as more than
20 ng/mL (>50 nmol/L), which is consistent
with the Institute of Medicine’s (IOM’s) conclu-
sion that levels of more than 20 ng/mL meet
the physiologic needs of 97.5% of the healthy
population.32 We calculated our sample size on
the basis of the hypothesis that the single-dose
group would have fewer days of detectable
cholecalciferol in breast milk. Assuming an a
value of 0.05 and a power of 80%, 17 subjects
per group would be sufficient to detect a single
SD difference in the number of days of detectable
breast milk cholecalciferol. Assuming the SD of
the number of days of detectable breast milk
cholecalciferol in each group is 4, we would be
able to detect a difference of 4 days between
groups. Allowing for a 15% dropout rate, we
chose a 40 patient-pair target.

Seasonal effectswere examinedby comparing
patients enrolled in January toMarch andApril to
July. Data were handled with Excel 2003 (Micro-
soft Corp) and analyzed with JMP 9.0.1 software
(SAS Institute Inc). A paired t test was used to
compare normally distributed continuous vari-
ables with baseline values within subjects. The
Student t test was used to compare continuous
variables between the 2 treatment groups. The
nonparametric Wilcoxon test was used to
compare variables with unequal variances. Pear-
son correlation and multiple linear regression
analyses were used to identify independent deter-
minants of vitamin D status. P values of less than
.05 were considered significant.

RESULTS
A total of 42 mother-infant pairs completed the
initial study visit; 2 mother-infant pairs were
excluded for maternal hyperphosphatemia (5.2
mg/dL [1.7 nmol/L]) and maternal hypercalce-
mia (11.0 mg/dL [2.8 mmol/L]). The remaining
40 pairs were randomized, with 20 per group,
and all completed the study.

The 2 study groups were similar (Table 1).
Infant ages ranged from 4 to 28 weeks at enroll-
ment. Mean � SD baseline serum 25(OH)D
values were 29.0�8.3 ng/mL inmothers (range,
12):1378-1387 n http://dx.doi.org/10.1016/j.mayocp.2013.09.012
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TABLE 1. Baseline Characteristics of Study Patientsa,b

Characteristic
Daily dose 5000

IU (n¼20)
Single dose

150,000 IU (n¼20)

Maternal age (y) 30.3�2.9 30.1�4.0
Infant age (wk) 13.7�7.3 11.0�5.6
Infant gestation at birth (wk) 39.9�1.3 39.5�0.9
Maternal race (% white) 95 95
Infant sex (% female) 60 60
Maternal weight (kg) 72.7�10.6 67.6�12.1
Maternal height (cm) 165.6�5.5 163.8�4.2
Maternal BMI (kg/m2) 26.5�4.0 25.2�4.7
Infant weight (kg) 6.0�3.7 5.7�1.0
Infant length (cm) 61.7�3.7 60.5�4.3
Maternal serum 25(OH)D (ng/mL)c 28.8�9.2 29.3�7.5
Infant serum 25(OH)D (ng/mL)c 16.9�12.9 16.4�12.4
Enrollment date, No. (%)
January-March 9 (45) 8 (40)
April-July 11 (55) 12 (60)

a25(OH)D ¼ 25-hydroxyvitamin D; BMI ¼ body mass index.
bValues are presented as mean � SD unless indicated otherwise.
cTo convert to nmol/L, multiply by 2.5.

VITAMIN D SUPPLEMENTATION IN LACTATING MOTHERS
10-44 ng/mL) and 16.6�12.5 ng/mL in infants
(range, 2-55 ng/mL). At baseline, 7 mothers
(18%) and 27 infants (68%) had serum
25(OH)D concentrations of less than 20
ng/mL; 1 mother (3%) and 18 infants (45%)
had serum 25(OH)D concentrations of less
than 12 ng/mL. Baseline 25(OH)D concentra-
tions inmothers and their infants were positively
correlated (r¼0.40; P¼.01), with infant concen-
tration being approximately 60% of the
maternal concentration. Baseline 25(OH)D con-
centrations were greater in mothers enrolled in
April to July than in January to March
(31.2�9.1 ng/mL vs 26.1�6.2 ng/mL; P¼.05)
and in infants (21.3�12.8 ng/mL vs 10.4�9.1
ng/mL; P¼.005). Likewise, baseline serum
cholecalciferol concentrations were greater in
mothers enrolled in April to July (5.2�5.3
ng/mL) than in January to March (1.6�1.3
ng/mL; P¼.004). Mean baseline breast milk
cholecalciferol concentrations were below the
limit of quantitation of 7 ng/mL. Therefore,
mean breast milk cholecalciferol values below
the limit of quantitation have been designated
as less than 7 ng/mL in Table 2. Baseline breast
milk cholecalciferol was related to serum chole-
calciferol (r¼0.38; P¼.02). Baseline maternal
25(OH)D values were not related to age
(P¼.08) or body mass index (calculated as the
weight in kilograms divided by the height inme-
ters squared) (P¼.39). Infant 25(OH)D values
were unrelated to infant age (P¼.95), weight
(P¼.80), or gestational age at birth (P¼.52).

Maternal serum25(OH)Dvalues increased in
both groups from baseline to day 28 (Table 2).
The single-dose group had significantly greater
maternal 25(OH)D concentrations than did the
daily-dose group on days 1, 3, and 7 but not on
days 14 and 28 (Figure 1, A); the incremental
change in 25(OH)D concentration was signifi-
cantly greater in the single-dose group on days
1, 3, 7, and 14 but not on day 28. In the single-
dose group, maternal 25(OH)D values peaked
on day 3 and the maximum value observed in
anymotherwas72ng/mL.Byday28, the increase
in 25(OH)D value between baseline and day 28
was 11.9�4.2 ng/mL in the single-dose group
and 15.0�5.7 ng/mL in the daily-dose group
(P¼.06). None of the mothers’ serum 25(OH)D
concentrations remained less than 20 ng/mL on
day 28 (daily-dose group, 43.9�11.8, range,
22-71 ng/mL; single-dose group, 41.2�8.9,
range, 26-60 ng/mL). In the single-dose group,
Mayo Clin Proc. n December 2013;88(12):1378-1387 n http://dx.do
www.mayoclinicproceedings.org
maternal serum cholecalciferol concentrations
peaked on day 1 and were greater than baseline
values in both groups through day 28 (Figure 1,
B). Breast milk cholecalciferol concentrations
mirrored serum concentrations, with peak
values approximately 25% of serum values on
day 1 in the single-dose group (Figure 1, C).
Breast milk 25(OH)D was undetectable in all
samples. Maternal serum 1,25(OH)2D concen-
trations remained relatively stable over the
28-day interval (Table 2).

By day 28, serum 25(OH)D concentration
had a nearly identical increase in the infants of
both groups (Figure 2). The increase in infant
25(OH)D concentration was inversely related
to the baseline 25(OH)D concentration
(r¼�0.67; P<.001). By day 28, all infants
achieved a serum 25(OH)D concentration of
more than 20 ng/mL (range, 23-70 ng/mL).
The increase in the infants’ 25(OH)D concen-
tration was not related to their mothers’ in-
crease in 25(OH)D concentration (r¼0.07;
P¼.64). Neither the infants’ final value nor
the increase in 25(OH)D concentration was
related to peak breast milk cholecalciferol
values in either group. Assuming that day 14
breast milk cholecalciferol concentration rep-
resents an average measure of infant vitamin
D intake, we found that infant 25(OH)D
values at day 28 were not significantly related
i.org/10.1016/j.mayocp.2013.09.012 1381
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TABLE 2. Comparison of Metabolic Responses to Daily-Dose or Single-Dose Vitamin D Supplementation
Regimensa,b

Vitamin D 5000 IU daily
dose (n¼20)

Vitamin D 150,000 IU
single dose (n¼20)

Concentration Increment Concentration Increment

Maternal serum
Cholecalciferol (ng/mL)b

Day 0 2.6�1.4 NA 4.7�6.0 NA
Day 1 10.6�3.8c 8.0�3.0c 160.0�38.8c,d 155.2�37.8c,d

Day 3 14.7�3.7c 12.1�3.0c 57.9�15.7c,d 53.1�13.5c,d

Day 7 17.2�4.6c 14.5�4.0c 17.6�7.6c 12.9�6.1c

Day 14 18.5�6.2c 16.0�5.8c 9.5�5.1c,d 4.8�3.7c,d

Day 28 18.3�5.2c 15.7�4.9c 7.0�6.3c,d 2.1�2.9c,d

25(OH)D (ng/mL)b

Day 0 28.8�9.2 NA 29.3�7.5 NA
Day 1 30.7�9.7 1.9�3.5c 43.3�9.7c,d 14.0�3.7c,d

Day 3 31.8�8.9c 2.7�3.7c 50.0�10.2c,d 21.2�4.0c,d

Day 7 34.3�8.6c 5.0 �3.6c 47.5�9.6c,d 18.2�4.9c,d

Day 14 38.6�10.3c 9.7�3.4c 45.3�9.5c 16.0�4.7c,d

Day 28 43.9�11.8c 15.0�5.7c 41.2�8.9c 11.9�4.2c

1,25(OH)2D (pg/mL)b

Day 0 52.0�10.7 NA 60.4�24.9 NA
Day 1 58.6�12.0c 6.2�20.2 64.2�17.6 6.0�10.2c

Day 3 58.2�12.2 �0.3�22.3 59.6�16.8 7.0�14.0
Day 7 56.8�13.2 0.2�0.6 61.0�9.0 2.2�1.2c,d

Day 14 55.0�11.3 6.9�21.4 67.1�15.2d 3.9�13.3
Day 28 57.5�12.6 4.0�25.4 65.1�16.9 7.0�14.5

Calcium (mg/dL)b

Day 0 9.6�0.3 NA 9.6�0.4 NA
Day 1 9.6�0.4 �0.01�0.38 9.7�0.4 0.07�0.37
Day 3 9.6�0.4 0.04�0.42 9.7�0.5 0.08�0.36
Day 7 9.6�0.5 0.04�0.43 9.6�0.4 0.01�0.33
Day 14 9.7�0.4 0.13�0.34 9.8�0.5 0.13�0.32
Day 28 9.7�0.4 0.19�0.41 9.7�0.4 0.14�0.39

Phosphorus (mg/dL)b

Day 0 4.1�0.6 NA 4.2�0.5 NA
Day 1 4.2�0.7 0.18�0.48 4.4�0.5 0.17�0.58
Day 3 4.5�0.7c 0.45�0.57c 4.5�0.5c 0.27�0.37c

Day 7 4.3�0.6 0.22�0.45c 4.3�0.5 0.11�0.47
Day 14 4.3�0.7 0.27�0.51c 4.3�0.6 0.10�0.51
Day 28 4.3�0.6 0.23�0.58 4.2�0.4 0.0�0.40

Maternal breast milk
Cholecalciferol (ng/mL)b,e

Day 0 <7.0 NA <7.0 NA
Day 1 <7.0 NA 39.7�16.2c,d NA
Day 3 8.0�3.7c NA 24.6�8.9c,d NA
Day 7 7.2 �4.8 NA 11.2�4.7c NA
Day 14 8.6�5.4c NA <7.0 NA
Day 28 7.7�3.7c NA <7.0 NA

Maternal urine calcium/creatinine (mg/g)b

Day 0 72.0�52.6 NA 74.6�46.6 NA
Day 1 72.5�57.2 0.5�47.6 98.4�65.0 23.8�48.9c

Day 3 77.8�64.0 5.8�46.9 87.7�77.2 13.1�65.0
Day 7 72.9�62.8 �0.6�58.9 104.9�71.9c 30.3�55.8c

Day 14 94.2�104.5 22.2�74.2 100.1�44.2c 25.5�38.9c

Day 28 106.7�98.4c 34.7�71.8c 114.2�70.3c 39.6�71.5c

Continued on next page
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TABLE 2. Continued

Vitamin D 5000 IU daily
dose (n¼20)

Vitamin D 150,000 IU
single dose (n¼20)

Concentration Increment Concentration Increment

Infant serum
25(OH)D (ng/mL)
Day 0 16.9�12.9 NA 16.3�12.4 NA
Day 28 39.2�6.3c 22.2�10.6c 38.7�11.7c 22.4�5.6c

Calcium (mg/dL)
Day 0 11.0�0.3 NA 11.0�0.3 NA
Day 28 10.9�0.3 �0.09�0.39 10.9�0.3 �0.05�0.36

Phosphorus (mg/dL)
Day 0 6.1�0.6 NA 6.5�0.5 NA
Day 28 6.0�0.5 �0.08�0.41 6.2�0.5 �0.33�0.54c

a25(OH)D ¼ 25-hydroxyvitamin D; 1,25(OH)2D ¼ 1, 25-dihydroxyvitamin D; NA ¼ not applicable.
bTo convert values for calcium to mmol/L, multiply by 0.25. To convert values for phosphorus to mmol/L, multiply by 0.32. To convert
values for cholecalciferol to nmol/L, multiply by 2.60. To convert values for 25(OH)D to nmol/L, multiply by 2.50. To convert values for
1,25(OH)2D to pmol/L, multiply by 2.40. To convert values for 24,25(OH)2D to nmol/L, multiply by 2.40. To convert values for
calcium/creatinine ratio to millimoles/millimoles, multiply by 0.0028.
cP<.05 for comparison with baseline values.
dP<.05 for comparison with daily-dose group.
eMean breast milk cholecalciferol values below the limit of quantitation are designated as <7.0 ng/mL.

VITAMIN D SUPPLEMENTATION IN LACTATING MOTHERS
to day 14 breast milk cholecalciferol concen-
trations (r¼0.29; P¼.07).

Adherence to supplementation was 100%
in the single-dose group and 98% in the daily-
dose group. No significant changes in serum
calcium values occurred in either group. The
highest serum calcium value was 11.1 mg/dL
(2.8mmol/L) on day 28 in the daily-dose group,
with a simultaneous urine calcium/creatinine
ratio of 48mg/g (0.13mmol/mmol). Compared
with baseline values, urinary calcium excretion
significantly increased by day 28 in the daily-
dose group and by day 7 in the single-dose
group,with the incremental change being signif-
icant compared with baseline on day 1 as well in
the single-dose group. Urine calcium/creatinine
ratios greater than the upper limit of the
accepted reference range (220 mg/g) were
observed in 4 mothers in the daily-dose group
and in 3 mothers in the single-dose group. The
maximumurine calcium/creatinine ratio of 441
mg/g occurred in the daily-dose group at day
14. Three mothers had urine calcium/creati-
nine ratios of more than 220 mg/g on day 28.
Urine calcium/creatinine ratios were unrelated
to serum 1,25(OH)2D values (r¼�0.10).
Adverse events during the study included up-
per respiratory tract infections (4), diarrhea
(3), headache (3), and cellulitis (1) in mothers
and bronchiolitis (1) and altered stool pattern
Mayo Clin Proc. n December 2013;88(12):1378-1387 n http://dx.do
www.mayoclinicproceedings.org
(1) in infants. None of these events was attrib-
uted to vitamin D.

DISCUSSION
Contrary to our hypothesis, we found that either
daily-doseor single-dose cholecalciferolmaternal
supplementation provides breast milk concen-
trations that result in infant 25(OH)D concentra-
tions of more than 20 ng/mL over a 28-day
period. We observed a mild increase in urinary
calcium excretion but no hypercalcemia or
adverse symptoms attributable to vitamin D.

We confirmed a high prevalence of poor
vitamin D status in unsupplemented, breast-fed
infants, with two-thirds of the infants having
25(OH)D concentrations of less than 20 ng/mL
at baseline. Alarmingly, 45% had serum 25(OH)
D concentrations of less than 12 ng/mL, putting
them at risk for nutritional rickets.8 In neigh-
boring Iowa, 70%of exclusively breast-fed infants
at age 3.5 months had 25(OH)D concentrations
of less than 11 ng/mL during winter.11 Although
there is no universally agreed upon definition of
sufficiency, the IOM has concluded that levels
of more than 20 ng/mL meet the physiologic
needs of 97.5% of the healthy population.32

Our study confirms the beneficial effect of
maternal cholecalciferol supplementation on
the vitamin D status of breast-fed infants. Milk
from daily supplemented mothers can provide
i.org/10.1016/j.mayocp.2013.09.012 1383
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FIGURE 1. Maternal vitamin D metabolite values with 2 vitamin D sup-
plementation regimens: serum 25-hydroxyvitamin D (25[OH]D) (A),
serum cholecalciferol (B), and breast milk cholecalciferol (C). Error bars
represent SD.
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infants with sufficient vitamin D if the cholecal-
ciferol dose is high enough.26-28,33 In Finland,
daily supplementation of lactating mothers
with cholecalciferol 2000 IU, but not 1000 IU,
improved infant vitamin D status to values
similar to those obtained by daily infant supple-
mentation with 400 IU.32 Supplementation of 9
lactating mothers with cholecalciferol at 6400
IU/d for 6 months resulted in infant 25(OH)D
concentrations of 36 and 46 ng/mL after 1 and
6 months, respectively, similar to values in in-
fants supplemented with 400 IU/d.28 Maternal
25(OH)D concentrations rose from 34 ng/mL
at baseline to 47 and 59 ng/mL at 1 and 6
months, respectivelydslightly higher than
values we observedwith 5000 IU/d or values ob-
tained in prior 4000 IU/d studies.26,27 No
adverse effects were reported, and maternal uri-
nary calcium excretion was similar to that of
mothers taking a standard prenatal vitamin
(cholecalciferol 400 IU) over 6 months.

We extend these findings by demonstrating
that a single dose of cholecalciferol in lactating
mothers is as effective as daily dosing for
improving the vitamin D status of their breast-
fed infants. Currently, adherence to vitamin D
supplementation of breast-fed infants is poor.20

As a public health measure, intermittent chole-
calciferol supplementation could theoretically
be administered to lactating mothers during
well child visits to improve adherence.34 This
supplementation strategy could prove particu-
larly useful in countries where nutritional rickets
and maternal vitamin D deficiency is prevalent.
However, the optimal interval of intermittent
doses needed to ensure adequate cholecalciferol
concentrations in mothers’ breast milk to main-
tain sufficiency in their infants is unknown.

Breast milk cholecalciferol concentrations
of 8 ng/mL (the mean 28-day value in the
daily-dose group) correspond to 320 IU/L (1
mg ¼ 40 IU) and approximate the 400 IU/L in-
fant formula target. Previous reports of “antira-
chitic activity” of breast milk were attributed to
the contribution of both cholecalciferol and
25(OH)D in breast milk.17,35,36 However, by
using tandem mass spectrometry, we did not
detect 25(OH)D in breast milk. Previous
studies of breast milk 25(OH)D concentrations
have reported values below 1 ng/mL, which
was below the lower limit of detection of our
assay. Such low concentrations of 25(OH)D
are unlikely to have added an important
12):1378-1387 n http://dx.doi.org/10.1016/j.mayocp.2013.09.012
www.mayoclinicproceedings.org
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amount of antirachitic activity to the cholecal-
ciferol that was measurable in the breast milk.

The breast milk antirachitic activity of
mothers supplemented with 400 to 800 IU/
d has been reported as 33 to 68,37 47 to 50,17

and 38�11 IU/L,26 insufficient to meet the needs
of exclusively breast-fed infants. The antirachitic
activity of milk from 9mothers receiving ergocal-
ciferol (vitamin D2) at 4000 IU/d for 3 months
increased to 135 IU/L, which is less than half of
the value that we observed with 5000 IU/d,
possibly related to our use of cholecalciferol (not
ergocalciferol).26 Nine lactating mothers supple-
mented with cholecalciferol at 6400 IU/d for 6
months had mean antirachitic activity of 873
IU/L in breast milk.28 Regulated conversion of
cholecalciferol to 25(OH)D likely provides a
built-in safety measure. This is consistent with
our observation of an inverse relationship be-
tween the increase in 25(OH)D concentration
and the initial 25(OH)D concentration in infants.

During the 28-day study interval, both
cholecalciferol-dosing regimens appeared safe.
However, the mild increase in renal calcium
excretion raises concern for an increased risk
of nephrolithiasis. The mechanism for the
increased calcium excretion is unclear. Parathy-
roid hormoneerelated peptide produced by the
lactating breast and low estradiol concentrations
contribute to mobilization of calcium from
bone.29,38 Calcium lost in breast milk also con-
tributes to a negative calcium balance during
lactation that is not prevented by calcium sup-
plementation.39Wedid not observe a significant
increase in 1,25(OH)2D concentrations to sug-
gest that cholecalciferol increased intestinal cal-
cium absorption, and urinary calcium excretion
was unrelated to 1,25(OH)2D concentrations. In
a large population study, nephrolithiasiswas not
associated with serum 25(OH)D values.40

In 2011, the IOM updated vitamin D sup-
plementation guidelines. Adequate intake for
infants younger than 1 year was set at 400
IU/d, in line with the AAP recommendations
and the goals of supplementation. The recom-
mended dietary allowance for adults, including
lactating mothers, was listed at 600 IU/d. The
doses of vitamin D used in this study were
selected to adequately fortify the mother’s
milk to meet the requirement of the breast-
fed infant and were not intended for long-
term supplementation beyond the period of
lactation. The IOM listed a tolerable upper
Mayo Clin Proc. n December 2013;88(12):1378-1387 n http://dx.do
www.mayoclinicproceedings.org
intake level of 4000 IU/d and 10,000 IU/d as
the “no observed adverse effect level” with no
reports of adverse events for supplementation
regimens below this dosage.32

Our study has several limitations. Although
we attempted to minimize UV light exposure,
we cannot exclude endogenous vitamin D pro-
duction. We did not measure the dietary contri-
bution of vitamin D intake, but this should be
small compared with supplement doses. We
did not include a control group with nomaternal
cholecalciferol supplementation, because our aim
was to determine whether daily supplementation
was more advantageous than a single dose. The
limited duration of the study does not allow us
to determine the effect of continued cholecal-
ciferol supplementation beyond 28 days or to
document long-term safety. Continuous chole-
calciferol supplementation with up to 11,000
IU/d produces a stable serum cholecalciferol con-
centration in approximately 3weeks.41However,
cholecalciferol supplementation of lactating
mothers with 6400 IU/d produced a continued
upward trend in breast milk antirachitic activ-
ity at 6 months, but the increase in infant
25(OH)D concentrations did not differ from
that of infants supplemented with cholecalciferol
at 300 IU/d.28 Further research is needed todeter-
minehow frequently intermittent doses shouldbe
administered to prevent decreases in breast
milk cholecalciferol concentrations below levels
necessary to maintain adequate 25(OH)D in
infants.
i.org/10.1016/j.mayocp.2013.09.012 1385
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CONCLUSION
Either single-dose or daily-dose maternal chole-
calciferol can provide breast milk concentrations
that result in vitamin D sufficiency in their
infants. Larger trials documenting the safety
of cholecalciferol supplementation in lactating
mothers need to be conducted before universally
adopting this strategy for preventing vitamin D
deficiency in infants.
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