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Abstract

Background
Improvements in antenatal vitamin D status may have materfaalt health benefits. Tjo

inform the design of prenatal vitamin D3 trials, we conducted a @wkmetic study of
single-dose vitamin D3 supplementation in women of reproductive age.

Methods

~

A single oral vitamin D3 dose (70,000 IU) was administered to 34 nomgméegnd 2]
pregnant women (27 to 30 weeks gestation) enrolled in Dhaka, Basiglé2@°N). The
primary pharmacokinetic outcome measure was the change in 8&rmydroxyvitamin O
concentration over time, estimated using model-independent pharmacokinetictpesame

14

Results

Baseline mean serum 25-hydroxyvitamin D concentration was 54 nn®&% CI 47, 62) i
non-pregnant participants and 39 nmol/L (95% CI 34, 45) in pregnant woneam peal

)




rise in serum 25-hydroxyvitamin D concentration above baseline waarsin non-pregnar
and pregnant women (28 nmol/L and 32 nmol/L, respectively). Howeveratihef rise wa
slightly slower in pregnant women (i.e., lower 25-hydroxyvitamiorDday 2 and higher 2
hydroxyvitamin D on day 21 versus non-preghant participants). Ovexaefirage 25
hydroxyvitamin D concentration was 19 nmol/L above baseline duringfitste month.
Supplementation did not induce hypercalcemia, and there were no supplelaiu
adverse events.

1 OT U =+

Conclusions
The response to a single 70,000 IU dose of vitamin D3 was similaregnant and non-
pregnant women in Dhaka and consistent with previous studies in non-pregulést Ehese

preliminary data support the further investigation of antenatahint®3 regimens involving
doses 0k70,000 IU in regions where maternal-infant vitamin D deficiency is common.

Trial registration

ClinicalTrials.gov (NCT00938600)
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Background

Vitamin D is essential for the growth and development of theamuskeleton throughout the
life cycle [1]. There is considerable speculation regardingpttential effects of vitamin D
on both skeletal and extra-skeletal aspects of reproductive phygiahd fetal development,
yet it remains unknown whether there are benefits to improvingmadt@ntenatal vitamin D
status beyond the correction of severe deficiency [2,3]. Cliticds employing vitamin D
dose regimens that safely optimize maternal-fetal vitamstalius will enable testing of these
hypotheses [4]. However, very few studies have rigorously addresgachirnvi D
supplementation during pregnancy, and the single-dose vitamin D3 pregt@asy
published to date have provided little insight into pharmacokinetics dy $af@]. Moreover,
there is a near complete absence of pharmacological data in/Azathvhere the vitamin D
status of pregnant women [7] and young infants [8] is poor in spite of the tropicaleclimat

The pharmacokinetics of oral vitamin D3 are conventionally describ#d respect to its
effect on the serum concentration of the predominant circulating bolgtéa 25-
hydroxyvitamin D ([25(OH)D]), which is a well-established biomaréksystemic vitamin D
status [9]. The present study was conducted to assess changmsinm [25(OH)D] and
calcium following a single oral vitamin D3 dose (70,000 IU) in norgpaat women and
pregnant women in the third trimester of pregnancy in Dhaka, |Bd&sh. The aim was to
generate preliminary pharmacokinetic (PK) and safety datanfiem the design of
supplementation regimens for use in future larger-scale tahlsntenatal vitamin D
supplementation in Bangladesh.



Methods

Participants

Pregnant and non-pregnant women were enrolled at a clinic in DhakglaBesh (24°N)
from July 2009 to February 2010 if they were aged 18 to <35 years, held permaitamtoe
in Dhaka at a fixed address, and planned to stay in Dhaka fosafdea months (Figure 1).
Reasons for exclusion were a known medical condition, self-repoutednt use of any
dietary supplements containing vitamin D, use of anti-convulsant ommgetbacterial
medications, severe anemia (hemoglobin concentration <70 g¢/L),ypertension at
enrollment (systolic blood pressur&40 mmHg or diastolic blood pressu®0 mmHg on at
least two measurements). Pregnant women were excluded ihaldesnajor risk factors for
preterm delivery (e.g., preterm labor or previous preterm dg)iveregnancy complications
or had previously delivered an infant with a congenital anomaly ongtal death. Non-
pregnant women were excluded if they were possibly pregnantrtesged recent menses)
or lactating.

Figure 1 Flow diagram of participant screening, exclusions, and enrollment

All participants in this study received a dose of vitamin D (70,@00at baseline. Primary
PK analyses involved participants who did not receive any additior@ahivi D throughout
follow-up (“single-dose group”). However, to enhance the assesoh@8(OH)D response
and safety during the first week of follow-up, an additional cohorparticipants who
continued to receive weekly vitamin D doses beginning on day 7 (“welekly group”)
contributed biochemical data to the present analysis for the/fastys after the 70,000 U
dose (i.e., up to the tim@eceding their 2nd dose). Findings related to the effect of weekly
dosing will be reported elsewhere. Participants were enragilsthges according to a design
that enabled interim analyses and the testing of supplementagiomeres in non-pregnant
participants prior to their initiation in pregnant women: non-pregmemticipants were
enrolled in the summer (July to September 2009); pregnant women wheedeoaly a
single dose were enrolled during the 30th week of gestation in AugpstSber 2009; and,
pregnant participants who received the initial dose followed bklywel®ses were enrolled at
27 to <31 completed weeks of gestation in February 2010. The study viasee and
approved by the Institutional Review Board at The Johns Hopkins BloonSmérgol of
Public Health and the International Center for Diarrheal &iseResearch, Bangladesh
(ICDDR,B). All participants gave signed informed consent prior adigpation. The trial
was registered at ClinicalTrials.gov (NCT00938600).

Intervention

Vitamin D3 (cholecalciferol) 70,000 IU (1.75 mg) was administeda@ctly by study
personnel. The dose was selected to be intermediate betweendbgmsously studied in

the only two rigorous single-dose vitamin D3 pharmacokinetic studiesspablat the time

our study was designed (50,000[10] and 100,000 1U[11]), thus providing reassurance in terms
of probable safety as well as enabling coherent between-study rceomga The vitamin D3
supplement (Vigantol Oil, Merck KGaA, Germany) was a liquid foatiah (20,000 1U
D3/mL). The batch of Vigantol Oil used in the study had a conceoriraf 20,697 IU/mL
according to the manufacturer’s certificate of analysisy(M2009). The stability of the
vitamin D3 was established by independent testing of unused Vigaihtal tbe end of the



study (June 2010) in the laboratory of Dr. Reinhold Vieth [12], whichealed a
concentration of 19,300 IU/mL (96.5% of the labeled concentration). pariisi were
advised not to take other vitamin D-containing supplements durirgjublg period, but were
permitted to take other micronutrient supplements (including calciui).pregnant
participants were provided standard iron and folic acid supplementation.

Follow-up

Study personnel assessed participants at least weekly. Nampteparticipants who
received only the single dose participated in weekly follow-up for 10 wee&gnant women
in the single-dose group were assessed at least weekly uitdrgebnd then at least three
times between delivery and discharge from the study at onéinpmdt-partum. Visits
involved a checklist of symptoms related to hypo- and hypercalc@e@eased appetite,
weight loss, vomiting, fever or chills, constipation, abdominal pairessice thirst, frequent
urination, muscle weakness, back, arm, or leg pain, confusion, or deprelkiod)pressure
measurement, and confirmation of fetal viability.

Abnormal urinalyses, hypertension, reported severe symptoms, ost@ecsi of any mild
symptomatic complaints (i.e., decreased appetite, weight loss, ingmiéver or chills,
constipation, abdominal pain, excessive thirst, frequent urination, museakness, back,
arm, or leg pain, confusion, or depression) for two consecutive visitpprdmeferral to the
study physician for further evaluation. Participants werernefeto an antenatal care
physician at the maternity clinic for treatment of urinaigct infections, hypertension, or
other medical problems that arose. Participants with obstemmgplecations were transported
to a local tertiary-care hospital with advanced neonatal fearkties. All costs of medical
and obstetric care were borne by the study.

Specimen collection and biochemical analyses

Participants provided up to six scheduled blood specimens and at leastusme samples
during the 10-week follow-up period beginning on the day of supplement adatioistr
(Figure 2). To limit the burden of specimen collection on each individedlstill enable
robust group-level pharmacokinetic and safety analyses, participargsassigned to one of
two sampling schedules (A or B) to enhance coverage of the faloperiod (Figure 2).
During the first week, specimens were collected at basetideten additionally on either
day 2 or 4 to monitor for possible early transient elevations in serumroaeid to minimize
the chance of missing a possible early peak in [25(OH)D]. In tigdesdose only groups,
blood collection thereafter was scheduled predominantly in thenfosth because this was
when the peak [25(OH)D][11] and the highest risk of hypercalcenei@ \&nticipated. In
pregnant women in the single-dose only group, the specimen collectiodukchgas
continued in the postpartum period if delivery occurred prior to 10 weeksdnrollment. In
pregnant participants, venous cord blood samples were collected inehedalowing
delivery of the placenta.

Figure 2 Blood and urine specimen collection scheduleRarticipants in “single-dose only”
groups were randomized to one of two schedules (A or B) of specimen collection over a
period 70 days. Participants in the “weekly dose” groups were similarly randbtoinae of
two schedules (C or D); however, the analysis of single-dose pharmacokineticsctuded
those specimens collected up to and including day 7, preceding administration of the 2nd
vitamin D dose.




Serum samples (separated from maternal venous and umbilical vein &hmbchndom spot
urine specimens were maintained at +4°C prior to same-day traodfee laboratory. Sera
were frozen at —20 °C. Aliquots for the 25(OH)D assay were shigpathlaient temperature
from Dhaka to Toronto (25(OH)D is stable under a range of conditiorgal Ferum

[25(OH)D] was measured with the Diasorin Liaison Total assathé laboratory of Dr.

Reinhold Vieth (Mount Sinai Hospital, Toronto) according to a method prdyidascribed

[13]. This laboratory participates in and meets the performtargets of the International
Vitamin D External Quality Assessment Scheme [14]. Mean mthin coefficient of

variation (CV%) was 7.8% (5.8% for specimens with values < 150 njnalild mean

between-run CV% was 10.5% (9.0% for specimens <150 nmol/L). Anciksyrsand urine

biochemical tests were performed using the AU640 Olympus AutaaralfOlympus

Corporation, Japan) at ICDDR,B.

The primary pharmacokinetic (PK) outcome measure was the s26{@H)D]; incremental
changes from baselina[25(OH)D]) were calculated as an individual’'s absolute [25(OH)D]
at each visit minus her baseline [25(OH)D]. The primary safdgted outcome was
maternal albumin-adjusted serum calcium concentration ([Ca]),ulatdd using a
conventional formula: [Ca]+(0.02*(40-albumin)). The reference rangalfarmin-adjusted
serum calcium was set at 2.10 — 2.60 mmol/L, the upper limit of whasha conservative
threshold relative to those used by: the local laboratory in Dhaka (@w@l/L), the US
Institute of Medicine (IOM) 1997 dietary reference intakes @Robr vitamin D (2.75
mmol/L) [15], and the IOM revised 2011 vitamin D DRIs (2.63 mmol/L) M. albumin-
adjusted serum calcium concentration >2.60 mmol/L prompted a repestirereant on a
new specimen as soon as possible. Confirmed hypercalcemiaa wa®ri defined as
albumin-adjusted serum calcium concentration > 2.60 mmol/L on both specisieos
hypercalcemia caused by vitamin D intoxication would not be eggdct resolve within a
few days without intervention.

The urinary calcium:creatinine ratio (ca:cr) was expressedraol Ca/mmol Cr, and 1.0 was
considered the nominal upper limit of the reference range [16]. élaigode of urinary
ca:cr>1.0 mmol/mmol prompted a repeat urine ca:.cr measuremémnh wine week. In
addition, a ca:cr > 0.85 mmol/mmol that was also a 2-fold or gresteyase over the lowest
previously observed ratio in the same participant prompted repeat assessment.
Persistent hypercalciuria was defined as ca:cr > 1.0 mmallramtwo consecutive tests, or
on two non-consecutive measurements that occurred in the presencastémesymptoms
suggestive of possible hypercalcemia. Persistent hypercal@urpersistent ca:cr > 0.85
mmol/mmol (under the conditions listed above) were indications for udsidte
measurement of serum calcium.

Statistical analyses

Continuous outcome variables were described by means, standard deyi&bypnand 95%
confidence intervals (95% CI). Non-normally distributed variablaslfding [25(OH)D])
were described by geometric means with 95% CI's, medians andquatgle ranges (IQR),
and were log-transformed for modeling. In the primary PK aiglyise following model-
independent PK parameters were estimated for each individual smtile-dose only groups
(N=31): 1) maximum observed [25(OH)D] (Cmax); 2) maximum obseErw25(0OH)D]
above baselineACmax); 3) timing of Cmax in days (Tmax); and 4) area under the
A[25(OH)D]-time curve (AUC), which was interpreted as a globehsure of vitamin D3
bioavailability. Individual participants’ AUCs were estimated mdguly the trapezoidal



method, and negativa[25(OH)D] values were zeroed so that the AUC represented the
positive area above baseline. AUC was estimated for therfasth to enable comparisons to
other published PK studies [10,11]. Ak#tsswas calculated for either O to 28 days or 0 to 35
days, depending on the timing of the blood sampling (Figure @jjasly, AUCsg/70 Was
calculated for the period 0 to 56 days or 0 to 70 days. An individuadisageA[25(0OH)D]
during the first 28 daysACavgs) was calculated by dividing AUg by 28; for between-
study comparisons, this measure was expressed per 40,000 U (Langh\it3 by dividing
ACavgsg by the dose administered (1.75 mg). Cm&&max, Tmax, AUGg/35 and AUGe/70
were summarized within groups by geometric means and 95% Cls, anldgheansformed
for one-way analyses of variance (ANOVA) to test for diffeenbetween the pregnant and
non-pregnant groups. To plot the longitudinal change in [25(OH)D] over tinmg adl
available data (N=61), mean [25(OH)D] at each visit were predifrom a linear regression
model using a random intercept for each participant, with eachrepiesented by its own
fixed indicator variable. Cross-sectional differencesAja5(OH)D] between pregnant and
non-pregnant groups at specific days of follow-up were compared VAN Changes in
biochemical ([Ca] and Ca:Cr) and clinical outcomes from baselieee analyzed using
generalized estimating equations (GEE) to account for repeaedures. The association
between cord venous [25(OH)D] and the corresponding maternal [25(Q@ldE&dst in time

to delivery was analyzed using Pearson correlation.

The target sample size of at least 12 analyzable participemtsingle-dose group was
originally justified as follows: assuming two samples per sutibjeaseline and peak), a
standard deviation for th&Cmax of 20 nmol/L and an intra-subject correlation of 0.6, we
anticipated that at least 12 women in each group would enable timatest of the mean
ACmax with 95% confidence bounds of £10 nmol/L. In all analyBeslues less than 0.05
were considered to be statistically significant, with coroaxti for multiple comparisons
using the Holm method, applied where appropriate [17]. Analyses ewgr@ducted using
Stata version 10 and 11 (Stata Corporation, College Station, Texas).

Results

In the single-dose only groups, follow-up for the full 10 weeks wasptaisd in all non-
pregnant (N=18) and pregnant (N=13) participants; however, the térseinam sample for
one non-pregnant participant (at day 56) was not suitable for an&gs blood specimens
were available for 12 of 13 pregnant participants in the single@dgegroup. An additional
16 non-pregnant and 14 pregnant participants enrolled in weekly-dose grouisuteshtat
least one [25(OH)D] value on or prior to day 7.

At baseline, pregnant participants had lower average [25(OH)D] thamrpragnant
participants (Table 1); this was partly attributable to thegaesf the study, whereby some
pregnant women were enrolled in the winter and all non-pregnant wawerenenrolled in
the summer and fall (Table 2). Pregnant participants werergignyounger, more likely to
be married, and of a slightly lower socioeconomic status than ngngne participants
(Table 2).



Table 1 Changes in [25(OH)D] following a single dose of 70,000 IU vitamin D3 in non-
pregnant and pregnant women in Dhaka, Bangladesh

All participants Non-Pregnant Pregnant PP
N (all participants) 61 34 27
Baseline [25(OH)D] (N=61)
Mean [95% CI] 47 [42, 52] 54 [47, 62] 39 [34, 45] 0.010
Range 21, 96 27, 96 21, 95
A[25(OH)D], Mean [95% CI], nmol/L
Day 2 (N=27) 20 [15,25] 24 [17, 33] 15[11,22] 0.037
Day 4 (N=27) 23 [18, 30] 24 [17, 34] 23 [16, 32] 0.800
Day 7 (N=29) 26 [21, 33] 2518, 34] 28 [20, 40] 0.134
Day 21 (N=14) 25 [18, 35] 2114, 33] 32 [20, 51] 0.003
Day 56 (N=12) 16 [11,23] 14 [9,21] 20 [12, 33] 0.101
Participants in single-dose only groups
N (% followed more than 7 days) 31 (51%) 18 (53%) 13 (48%)
# Specimens per participant
Median 6 6 6
Range 3,6 3,6 3,6
Baseline [25(OH)D] (N=31)
Mean [95% CI] 48 [41, 56] 52 [42, 64] 43 [34, 55] 0.224
Range 21, 96 27, 96 21, 95
Tmax, days (N=31)
Mean [95% CI] 11[7,18] 9[4,17] 17 [10,29] 0.134
Range 2,70 2,70 2,70
Cmax, nmol/L (N=31)
Mean [95% CI] 85 [77, 93] 87 [75, 101] 8272, 92] 0.500
Range 51, 164 51, 164 52, 116
ACmax, nmol/L (N=31)
Mean [95% CI] 30 [23, 39] 28 [18, 42] 33 [24, 46] 0.486
Range 2,87 2,87 9,52
Area under the curve, nmol-d/L®
AUCsg/7¢, Mean (N=30) 935 910 969 0.863
[95% CI] [651, 1343] [531, 1559] [563, 1668]
AUCg3:, Mean (N=31) 591 562 632 0.672
[95% CI] [448, 780] [383, 823] [398, 1003]
ACavpgz: per mg dose” (nmol/L/mg)
[95% CI] 12 [10,15] 12 [8,15] 14 [10,18] 0.370

& [25(0OH)D] summary measures are geometric means with expateeh®5% confidence
intervals, unless otherwise indicated.
P One-way analysis of variance (ANOVA) test for differertmetween non-pregnant and

pregnant groups.

“ AUC was only estimated using data from participants with follpamo the end of the
interval of interest (i.e., 28/35 days or 56/70 days).
4 Average [25(0OH)D] over the first 28 or 35 days, per mg of thgle vitamin D3 dose.

Arithmetic means and 95% confidence intervals reported bechase estimates had an
approximately normal distribution.



Table 2Personal and household characteristics of participants at enrollment

Single-dose only group All Participants
Non-pregnant  Pregnant P Non- Pregnant p@
pregnant
# Enrolled 18 13 34 27
Month of enrollment
July-August, 2009 18 (100 %) 5 (38 %) <0.001 33 (97%) 5 (19%) <0.001
Sept-Oct 2009 0 8 (62 %) 1 (3%) 8 (30%)
February 2010 0 0 0 14 (52%)
Age (years, Mean (xSD) 23.9 (£3.8) 20.9 (£2.7) 0.022 24.2 (¥4.1) 21.6 (¥2.9) 0.006
Married 11 (61%) 13 (100%) 0.025 23 (68%) 27 (100%) 0.001
Education level attained
None 1 (6%) 2 (15%) 0.750 3 (9%) 6 (22%) 0.293
Primary 11 (61%) 7 (54%) 21 (62%) 16 (59%)
Secondary or higher 6 (33%) 4 (31%) 10 (29%) 5 (19%)
Husband'’s education level
None 2 (18%) 3 (23%) 1.000 2 (9%) 4 (15%) 0.786
Primary 4 (36%) 4 (31%) 10 (43%) 13 (48%)
Secondary or higher 5 (45%) 6 (46%) 11 (48%) 10 (37%)
Home ownership 6 (33%) 1 (8%) 0.191 7 (21%) 2 (7%) 0.276
House constructed from cement, brick or tile’
Floor 18 (100%) 11 (85%) 0.168 33 (98%) 22 (81%) 0.079
Walls 16 (89%) 10 (77%) 0.625 30 (88%) 18 (67%) 0.042
Roof 6 (33%) 6 (46%) 0.710 13 (38%) 7 (26%) 0.412

Height (cm), mean (+SD)  149.7 (#3.7)  150.3 (#3.9) 0.685 150.8 (4.3) 150.5(¢+4.3)  0.758

& ANOVA for comparisons of continuous variables, Fisher's exast fer categorical
variables.
® In comparison to tin or natural materials (e.g., earth, bamboo).

Pharmacokinetic outcomes

There was substantial inter-individual variation in the shape and tudgnof 25(OH)D
responses to a single oral dose of 70,000 IU vitamin D3. However, theapoptdverage
pattern consisted of an abrupt increase in [25(OH)D] in the fiestkwfollowed by a peak
within the first three weeks, and then a gradual return to basaliee the ensuing two
months in both non-pregnant and pregnant participants (Figure 3). Theea{256QH)D]
remained marginally above baseline at ten weeks after supgkeioa. There were minor
differences between the pregnant and non-pregnant groups in the ax¢2a¢@H)D]
throughout follow-up (Table 1). In particular, [25(OH)D] rose more digpand the peak
average occurred earlier in the non-pregnant group. This was dertemhsby the
significantly greate’A[25(OH)D] on day 2, the significantly loweY[25(OH)D] on day 21,
and the slightly earlier occurrence of Tmax in non-pregnant vsnanégvomen (Table 1).
Moreover, there was greater variance in the esfs(OH)D] in non-pregnant vs. pregnant
participants (Figure 3). The highest [25(OH)D] in any non-pregparticipant was 164
nmol/L, whereas the maximum in any pregnant participant wasnfri@/L. On average,
pregnant women had slightly lower absolute Cmax, but the mean maismal [25(OH)D]
(i.,e., ACmax) and AUC were similar in pregnant and non-pregnant women (Table



Overall, the [25(OH)D] was an average of 19 nmol/L (95% CI, 14 tt@fBer than baseline
during the first month after supplementation, which corresponded tm afgapproximately
12 nmol/L per mg of the vitamin D3 dose (Table 1).

Figure 3 Serum [25(OH)D] in non-pregnant (A) and pregnant (B) participants follaving
administration of 70,000 IU vitamin D3 at day 0 Predicted mean [25(OH)D] and 95%
confidence intervals were estimated in a random-intercept regression mog2b¢®H)D]
as a function of time.

Safety outcomes

The supplement was tasteless and well tolerated and thereneesepplement-related
adverse events (Table 3). The stillbirth and newborn deaths werain@glby medical
problems, and there was no evidence that either was related tovitdmin D
supplementation, given their timing (i.e., did not occur at peak [25(OHjm])the absence
of biochemical evidence of vitamin D toxicity in the mother (TaBJe Postmortem
examinations were not feasible in the study setting. Two othes wSolved without
complications and occurred in the absence of evidence of vitamin ibDityokTable 3).
Pregnancy and birth outcome metrics were consistent with &tjpes for the source
population (Table 4).

Table 3Individual cases of elevated serum calcium or clinical adverse events ang
pregnant participants who received 70,000 IU vitamin D3

Event Biochemistry Action Outcome

ID Description Time of onset Timing Albumin — Urine  [25(OH)D

adjusted Ca:Cr ] (nmol/L)
serum [Ca] (mmol/

(mmol/L) mmol)
1 Neonata: Neonatal Delivery at 36 Basdline  2.43 0.05 95 Admitted tblewborn died
death, secondary to weeks gestation; Event 2.38 0.74 71 a neonatal in hospital on
respiratory failure, day 42 of follow- pogt-event 2.46 0.16 80 intensive  postnatal day :

and pulmonary up.

Range 2.3810 2.480.05t0 71 to 116 Care unit

No maternal

hemorrhage. 0.74 complications.
Cord blood 2.69 — 72
2 Pregnancy. Referral 32 weeks Basdline  2.25 0.22 46 Admitted tBischarged on
to hospital due to  gestation; day 17 Event 2.26 0.74 85 tertiary-careday 2 of
severe headache andf follow-up. Post-event 2.29 1.04 75 hospital. admission; no
vomiting. Range  2.24102.370.22to 46 to 85 further
1.04 complications.
Cord blood 2.51 - 49 D ellvgred term
infant; no
complications.
3 Pregnancy: 34 weeks Basdine  2.30 0.39 54 AssessmeNbrmal
Physician suspectedgestation; day 28 Event 2.45 0.18 54 at tertiary- biophysical
irregular fetal heart of follow-up. Post-event 2.50 1.48: 53 care profile; normal
rate; asymptomatic. repeat hospital.  pregnancy. No
was 0.66 intervention
required.
Pregnancy: Isolated 1 week post- Event 2.61 0.6 47 Repeat Asymptomatic




albumin-adjusted  partum; day 70 of Post-event 2.52 - 30 biochemistNo maternal or

serum [Ca] of 2.61 follow-up Range 2.3t02.61 0.14to 47to 70 ywas newborn
mmol/L. 1.74 normal. No complications
Cord blood 2.61 — 30 intervention(delivery
required occurred at 39
weeks
gestation).
Pregnancy. 35 weeks, 5 daysBasdine  2.38 0.02 21 Fetus Intrauterine
Intrauterine fetal gestational age. Event 2.38 0.05 45 delivered bfetal death,
death, associated wi Post-event 2.46 0.05 46 cesarean secondary to
placental abruption, Range 231 t0 2.460.02 to 21to52 Section.  placental
hypertension and 0.57 abruption. No
possible abdominal Cord blood 2.28 _ 29 further
trauma. ' maternal

complications

& Table includes participants with at least one serum albumirstedj calcium concentration
measurement greater than 2.60 mmol/L or a serious clinicalssdeeent at any time during
follow-up, among participants in the single-dose only group.

b All values refer to serum concentrations in maternal venous bloceptefar the row
labeled “cord blood”. “Range” refers to the participant’s rangeabdfies during the entire
follow-up period.

Table 4 Pregnancy and newborn outcomes for pregnant participants who received only
a single dose of 70,000 IU vitamin D at enrollment and were followed up to delivery

N 13
Gestational age at birtt, weeks (by LMPJ Mean (+SD) 38.8 (£1.8)
Range 35.7-42.0
Preterm, n (%) 2 (15%)
Birth weight ° (g)

Mean (+SD) 2441 (+354)
Range (g) 1890 — 3005
n/N (%) Low Birth Weight 6/12 (50%)
Delivery mode, n/N (%) Cesarean sectifn 8/13 (62%)
Se», n (%) female 5 (38%)
Live births © 12/13
Alive at 1 month of agée 11/13

% In a sample of 113 deliveries at the study site (October 200&nteady 2010) for which
there was a recalled first day of last menstrual periodmen gestational age at birth was
estimated to be 39.7 weeks (+2.2).

b. Only includes the 12 liveborn infants.

“In a consecutive sample of 362 liveborn infants delivered at the sitedyOctober 2009 to
January 2010), the mean birth weight was 2780 g (+440).

4 In a consecutive sample of 369 deliveries at the study sitelf€&c2009 to January 2010),
there were 199 cesarean deliveries (54 %).

® There was one stillbirth. In a consecutive sample of 369 delivaribe study site (October
2009 to January 2010), there were 7 stillbirths (2%).

" There was one neonatal death at 3 days of age.



Changes in average serum calcium concentrations (Figure 4)rimady calcium excretion
(Figure 5) occurred during the early phase of [25(OH)D] asical. In non-pregnant
participants, a transient increase in albumin-adjusted serunfrf@albaseline was notable
on day 4 (Table 5; Figure 4). The corresponding change in unadjotaéddrum [Ca] was
smaller and non-significant, and the raised adjusted [Ca] coincidibdawliower average
serum albumin on day 4 (difference versus baseline, -1.23 g/L; 95%2.02, to —0.34). In
pregnant participants, there was an initial increase in albadjusted [Ca] beginning on day
2 that persisted until nearly the end of the observation period (Mgubait the difference
from baseline was only statistically significant on day 7b{@&®). The unadjusted total [Ca]
did not vary greatly from baseline and serum albumin remainetivetyastable until the end
of the 70-day follow-up, when many of the participants were post-partum.

Figure 4 Albumin-adjusted serum calcium concentration ([Ca]) in non-pregmant (A)

and pregnant participants (B) following administration of vitamin D3 70,000 U atday

0. Dashed horizontal lines represent upper and lower bounds of the reference rangedPredic
means and 95% confidence intervals were estimated in a linear regresdielrusing GEE.

Figure 5 Calcium:creatinine ratios (Ca:Cr) in spot urine specimens from norpregnant
(A) and pregnant participants (B) following administration of vitamin D3 70,000 IUat

day 0. Predicted means and 95% confidence intervals were estimated in a linessicegr
model using GEE, in which log-transformed Ca:Cr was modeled as a function of time

Table 5Serum calcium and urinary calcium:creatinine following single-dosevitamin D3
(70,000 IU) in non-pregnant participants

Total serum Albumin-adjusted serum calcium Urine calcium:creatinine ratio (mmol/mmol)
calcium conc.concentration (mmol/L)
(mmol/L)
Follow-up time N? Mean (SD) Mean (SD) Range #>260 N° Mean® Median Range #>1.0
(IQR)
34 2.45(0.08) 2.37(0.08) 2.22t0 2.5 0 34 021 0.19 (0.22) 0.0% to
1.55

18 2.44(0.07) 2.36(0.06) 2.2t0244 O - - - - -
16 2.48 (0.06) 2.42 (0.07) 2.3t02.6 0 - - - -

2nd to 4th week 34  2.44 (0.09) 2.37 (0.08) 217t0254 0 47 0.340.36 (0.23) 0.09to 3

(days 7 to 27) 1.49

5th to 8th week 27 2.44(0.08) 2.38 (0.06) 22510252 O 53 0.28 0.35 (0.37) 0.02to

(days 28 to 55) 1.12

Oth to 11th week18 2.38 (0.09j 2.33(0.08) 211t0242 O 37 024 0.25(0.26) 0.01 @

(days 56 to 76) 0.88

Total 147 2.44 (0.09) 2.37(0.08) 2.11t0 2.6 0 172 0.26 0.3(0.3) 0.05to
1.55

& Number of specimens (there may have been multiple specimeassiagle participant
during a given follow-up period).

P Geometric means.

“ Mean at day 4 was higher than baseline (+0.05; 95% CI, 0.03 to 0.07) anenthised
statistically significant after correction for multiples testing.

4 Means at days 7 and 14 were significantly higher than baseliaecaftection for multiple
testing.

® Mean at day 70 was significantly lower than baseline, after correction fdplaéisting.



Table 6 Serum calcium and urinary calcium:creatinine following single-dosevitamin D3
(70,000 IU) in pregnant participants

Total serum  Albumin-adjusted serum calcium Urine calcium:creatinine ratio (mmol/mmol)

calcium conc. concentration (mmol/L)

(mmol/L)
Follow-up time N? Mean (SD) Mean (SD) Range #>260 N° Mean® Median (IQR) Range #>

1.0
0 days 27  2.29(0.08) 2.40 (0.05) 2.251t02.5 0 27 0.14 0.20 (0.32) 0.01 ® 0.69
2 days 13 2.31(0.09) 2.43 (0.07) 227t0251 O - - - - -
4 days 13 2.30(0.08) 2.43 (0.06) 23210256 O — — - — —
2nd to 4th week 27  2.30 (0.10) 2.43(0.09) 2.24t0257 O 33 0.33 0.31(0.31) 0.06 to 1.03
(days 7 to 27)
5th to 8th week 20 2.29 (0.07) 2.43 (0.05) 23410251 O 35 $.310.41 (0.31) 0.05t0 1.48
(days 28 to 55)
9th to 11th week14  2.39 (0.11) 2.46 (0.06) 23710261 1 28 §.330.36 (0.36) 0Otol1.74 2
(days 56 to 76)
Total 114 2.31 (0.09) 2.42 (0.07) 224t0261 1 123  0.24 0.33 (0.36) 0to1.74
N Mean (SD) Mean (SD) Range #>3.00

Cord Blood 12 2.57(0.23) 2.68 (0.16) 2.281t02.9 0 - - - - -

& Number of specimens (there may have been multiple specimens fsimgle participant
during a given follow-up period).

P Geometric means.

¢ Mean at day 7 was higher than baseline (+0.05; 95% CI, 0.01 to 0.08), rghieined
statistically significant after correcting for multiple testing.

4 Means at days 7, 14, 21, 28, 35, 56, and 63 were significantly higher treimeyaafter
correcting for multiple testing.

There were no episodes of confirmed hypercalcemia accordthg siudy definition, and no
isolated albumin-adjusted [Ca] values greater than the recentul@pir limit of normal of
2.63 mmol/L. One pregnant participant had a single albumin-adj[G&dd& 2.61 mmol/L at
one-week postpartum (70 days after dose administration) correspondmgadonal total
[Ca] (2.51 mmol/L; serum albumin concentration was 35.8 g/L) thatwithin the reference
range on repeat testing 4 days later (Table 3; Figure 6). tAefufollow-up one week
following the first abnormal result was also normal (albumin-adguserum [Ca] of 2.44
mmol/L). This participant also had two non-consecutive episodesraryrca:cr higher than
1.0 mmol/mmol during follow-up (Figure 6). Her serum biochemicakpastwere consistent
with the expected changes in the perinatal period, including a ¢radoease in albumin-
adjusted serum [Ca] towards the end of the antenatal period andlan@agiase in serum
albumin in the post-partum period [18]. Furthermore, there was no temgsactiation
between the rise in [25(OH)D] and either the occurrence of éblag¢aks in urine ca:cr or
the isolated elevated [Ca] (Figure 6).

Figure 6 Serum and urine biochemistry in a pregnant participant with two episods of
urine ca:cr > 1.0 mmol/mmol and one episode of serum albumin-adjusted [Ca]2.60
mmol/L. Vertical line indicates timing of delivery at 39 weeks gestation.

None of the participants manifested persistent hypercalciacizording to the study
definition, or using a more conservative threshold of 0.85 mmol/mmol. In ngngne
participants, the Ca:Cr increased from baseline but differemees only statistically
significant at day 7 and 14 (Table 5). In pregnant participantsn¢heases in average Ca:Cr

C



above baseline were more persistent and were statistigalifiGant on all days except day
42, 49, and 70 (Table 6). There was no overall difference in the averagdetween non-
pregnant and pregnant participar®s 0.857).

Cord blood biochemistry

Among participants who had received a single dose at baseline amthdor cord blood
specimens were collected (N=12), the geometric mean cord §25¢@H)D] was 50 nmol/L
(95% ClI, 40 to 62; range, 29 to 80). All cord serum albumin-adjusted [Ca] widrin the
normal range. The cord In[25(OH)D] was moderately correlateth whe maternal
In[25(OH)D] closest to the time of delivery (Pearson rho=04).02), and the average
ratio of cord:maternal [25(OH)D] (N=12) was 0.88 (95% CI, 0.76 —1.02).

Discussion

This single-dose oral vitamin D3 pharmacokinetic study generatedl riservations

regarding the biochemical response to vitamin D3 in women of repredumgjie in South

Asia. Overall, we found that the average response was sinilt#trat reported for non-
pregnant adults in other geographic settings. The occurrence omé#éxémal mean

[25(OH)D] in the first month was consistent with previous studiesngjle-dose vitamin D3

(1.25 to 15 mg) administered to non-pregnant adults in North Americap&and Australia

[10,11,19-23]. When expressed as a function of vitamin D3 dose (assumingédhis ri
linearly proportional to dose), the mean oversimax of 30 nmol/L (28 nmol/L in non-
pregnant and 33 nmol/L in pregnant participants) represented argavesximal rise in

[25(OH)D] of ~17 nmol/L per mg D3. This estimate was sintitathose of previous studies
from which relevant inferences could be drawn, in which the avev@geax ranged from 12
to 16 nmol/L per mg of vitamin D3[10,11,19,20].

We are not aware of previous single-dose vitamin D3 pharmacokstetles in pregnancy
to which the present findings can be directly compared. Howdwere are emerging data
regarding the efficacy and safety of high-dose continuous reginmensegnancy; for
example, Hollis et al. reported that 4000 IU/day vitamin D3 imitian the 2nd trimester
yielded an increase in mean [25(OH)D] from 58 nmol/L to 111 nmol/tetivery among
women in South Carolina, without inducing hypercalcemia or other obsexdeerse
effects[24]. In comparison, Vieth observed in non-pregnant adults that daffylled to an
increase in mean [25(0OH)D] from 38 to 96 nmol/L at steady{d®lte Thus, from a
pharmacokinetic standpoint, the Hollis et al. findings are in aocsdldour conclusion that
pregnancy does not substantially alter the 25(OH)D response to vitamin D3.

There was substantial inter-individual variability in 25(OH)D respend/any participants
demonstrated a rapid rise in [25(OH)D] during the first week, wisicimilar to the response
to an acute dose of ultraviolet radiation exposure[25]; but distinct thmmmore gradual
effects of other forms of exogenous vitamin D intake (e.g., oBalnQestion[10]). Several
non-pregnant participants demonstrated peak [25(OH)D] as earlywasdays after
supplement delivery, and there was notably wider variability sparses in the group of
non-pregnant participants during the early escalation phase compargaregnant
participants. It is possible that the greater apparent vatjabiis an artifact due to lower
precision of the 25(OH)D assay at higher [25(OH)D], given the higherage [25(OH)D] in
non-pregnant women. Higher concentrations of vitamin D-binding protein durggamcy



[[26] may have efficiently buffered the absorbed vitamin D3 and eslioits transport to the
liver where it undergoes 25-hydroxylation[27]].

Vitamin D3 bioavailability (measured by mean AUC and dose-adjus@avgs) differed
minimally between the non-pregnant and pregnant groups, and between-grevgndds
were overshadowed by between-subject variability. The ova@ivgs (i.e., estimated
average [25(OH)D] rise from baseline in the first month, expdegse milligram of vitamin
D3) was 12 nmol/L/mg based on an aggregate analysis of individualiemApiCs. This
result was the same as th€avgs of ~12 nmol/L/mg found in studies of non-pregnant adults
using 50,000 IU and 100,000 IU[11]], and similar to an extrapolated estiofats
nmol/L/mg based on data reported for a single dose of 300,000 IU nyeddelts[19]. The
ACavgsg provides a useful summary measure for between-study comparisans®enost of

a single ingested vitamin D3 dose is converted to 25(OH)D wither month[11]. The
consistency of the present findings witEavgs estimates from previous studies supports the
contention by Heaney et al. that 25(OH)D bioavailability is proportitmaitamin D3 input
across a wide dose range (1.25 to 7.5 mg)[11]. Notalthavgs extracted from a study by
Cipriani et al. was somewhat lower (~ 8 nmol/L/mg)[20]. We saeuhat the massive dose
administered in that study (600,000 IU) saturated the hepatic 25-hjasexgystem,
resulting in the engagement of subsidiary vitamin D cataboliowzgts which reduced the
25(0OH)D vyield.

The single vitamin D3 dose of 70,000 IU did not provoke hypercalcemigperdalciuria in
non-pregnant or pregnant participants, and available data indicateddirerse perinatal
events were neither temporally nor mechanistically linked torwitedd supplementation. An
isolated serum [Ca] value above the reference range in one pr@gmacipant occurred in
the early post-partum period, when albumin-adjusted [Ca] typicallkgp&8]. This was not
due to vitamin D toxicity because her [25(OH)D] at the time W@ nmol/L and the [Ca]
rapidly and spontaneously normalized. However, it is important to ackdgevighat there
were significant increases in average [Ca] and urine ca:cngéhan serum [Ca] were not
reportedly significant in studies by Illahi[11], Armas[10], or Ron@19], but Cipriani et
al. demonstrated that the administration of a single dose of 600,000 hgalthy young
adults caused an increase in serum [Ca] at 3 days, coingidtingeak serum concentrations
of both 25(0OH)D and the active metabolite, 1,25-dihydroxyvitamin D (1,25(D}2R2].
Therefore, upward deflections in the serum and urine biomarkers @lirnahomeostasis
signaled a need to be cautious about the transient effects oklatden influxes of vitamin
D, and the risk of dose-dependent toxicity.

There were several limitations of this study. First, althoughmgre able to closely monitor
the participants to gain preliminary PK and safety dat#is gopulation, the small sample
size limited the precision of effect estimates and compagi®f non-pregnant and pregnant
participants. Moreover, we did not have adequate power to adjust foreddés in the
baseline characteristics of the pregnant and non-pregnant gatthhosigh we did not expect
minor variations in age or socioeconomic status to influence biocakeragponses. Second,
the low number of scheduled blood specimens collected from each indivaduptamised
the precision of the estimates of individual-level PK parameiées.number was limited by
available funds and the expected acceptability of the procedurartigigants based on pre-
study consultation with local community members. Third, the fixednty of specimen
collection had the disadvantage of leaving gaps in the [25(OH)[2]-tumve where no data
were available. Fourth, the study lacked an unsupplemented contrpl gitoel analysis was
challenged by the substantial inter-individual variability isp@nses to supplementation,



which was expected based on previous reports [28]. Several partcipantfluctuating

[25(OH)D], without a single clear peak and decline, and some esa@if seemingly
paradoxical responses, with initial declines in [25(OH)D] aft8rilgestion. These erratic
patterns could not easily be explained on the basis of known vitamin Bg@t@kinetics, but

were most likely attributable to small-sample artifacts,dgmlal variability in the absorption
and metabolism of vitamin D, and inherent imprecision in the laborassgssment of
[25(OH)D]. Nonetheless, the data yielded coherent population-averagquretdgons that

were consistent with published data from non-pregnant adults in other settings.

Conclusions

Comparisons of pregnant (third-trimester) to non-pregnant partisipaed well as

comparisons to previously published PK studies in non-pregnant adults, sdgtjedtthe

effects of pregnancy on the 25(OH)D response to vitamin D3 reéaBvely minor and did

not substantially impact overall bioavailability. Likewise, we did dotument any notable
pregnancy-related hypersensitivity to a vitamin D dose of 70,000 terms of its effects on

calcium homeostasis. However, the unpredictability of the 25(OH)pPonsg at the

individual level, previous reports of adverse effects of large sidgkes[23], and the
theoretical disadvantages of excessive fluctuations in vitamataidis[29] suggest that the
use of large single or infrequent intermittent doses of vitamimMag be physiologically

disadvantageous despite its practical appeal. Therefore, theseri@ipally support the

further investigation of single doses equal to or less than 70,000 Hdeircontext of

intermittent (e.g., weekly or biweekly) antenatal dosing regimens.
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Serum [Ca] (mmol/L), or
Urine ca:cr (mmol/mmol)
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e Serum [25(OH)D]

B Total serum calcium
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A Serum albumin

¢ Urine calcium:creatinine ratio
- Fm émits of reference range ([Ca], 2.6 mmol/L; ca:cr, 1.0 mmol/mmol)
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