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ABSTRACT. In addition to benefits for bone health, vitamin D is implicated in muscle
function in children and adults. Aims: To determine if vitamin D dosage positively cor-
related with gross motor development at 3 and 6 months of age. We hypothesized that
higher doses would be associated with higher scores for gross motor skills. Methods: A
consecutive sample of 55 healthy, term, and breastfed infants from Montreal, Canada
were recruited from a randomized trial of vitamin D supplementation between 2009
and 2012. Infants were randomized to 400 International Units (IU) (n = 19), 800 IU (n
= 18) or 1,200 IU (n = 18) vitamin D3/day. Motor performance at 3 and 6 months was
quantified by the Alberta Infant Motor Scale (AIMS). Plasma vitamin D3 metabolites
were measured by tandem mass spectrometry. Results: AIMS scores did not differ at
3 months. However, total AIMS scores and sitting subscores were significantly higher
at 6 months in infants receiving 400 IU/day compared to 800 IU/day and 1,200 IU/day
groups (p < .05). There were weak negative correlations with length and C-3 epimer of
25(OH)D. Conclusions: In contrast to our hypothesis, gross motor achievements were
significantly higher in infants receiving 400 IU/day vitamin D. Our findings also support
longer infants being slightly delayed.

KEYWORDS. Alberta Infant Motor Scale, gross motor, infant development, infant
motor skills, vitamin D
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INTRODUCTION

The known effects of vitamin D on increasing bone mineral density and the po-
tential for reducing future fracture risk have led to significant efforts to determine
optimal vitamin D status (Golden and Abrams, 2014). This optimal status would
provide benefits for bone mass while avoiding the risk of vitamin D toxicity, in-
cluding hypercalcemia, hypercalciuria, and nephrocalcinosis (Vogiatzi et al., 2014).
Typically, vitamin D status is assessed by measuring the storage form of vitamin D –
25-hydroxyvitamin D (25(OH)D) – in serum or plasma. However, other indicators
are being explored to help define optimal status (Beaudart et al., 2014), such as mus-
cle mass and function. Debilitating proximal myopathy is a known consequence of
vitamin D deficiency (frequently described as <10 ng/mL [conversion ng/mL × 2.5
= nmol/L] 25(OH)D) (Fluss et al., 2014; Faridi and Aggarwal, 2010; Ziambaras and
Dagogo-Jack, 1997; Prabhala et al., 2000; Kozanoglu et al., 2005; van der Heyden
et al., 2004; Alyaarubi and Rodd, 2005; Institute of Medicine, 2011). In infants, this
manifests as significant delays in gross motor development (Alyaarubi and Rodd,
2005; Ward et al., 2007). In children and adults with vitamin D deficiency, restoring
plasma vitamin D status dramatically reverses muscle weakness within weeks; re-
pletion is often defined as ≥20 ng/mL 25(OH)D (Flicker et al., 2005; Dukas et al.,
2004; Murray et al., 2006). Additionally, a recent study reported a beneficial influ-
ence of vitamin D on muscle mass in adults with the implication that this may lead
to improved motor function and prevention of falls (Scott et al., 2010).

The timing of attainment of motor skills is an important marker of neuromo-
tor maturation. Otherwise, healthy infants in the lowest 10th percentile for motor
milestone achievement may be considered an at risk population requiring further
assessment and close monitoring (Piper and Darrah, 1994). Epidemiological evi-
dence suggests that gross and fine motor skills attainment in infancy is important
for interaction with the environment and future academic achievements (Murray
et al., 2006; Taanila et al., 2005). Despite the recent evidence for the role of vitamin
D in motor function in older children and adults, there is a paucity of data on the
role of vitamin D on infant motor development.

As noted above, the blood or plasma concentration of the storage form of vita-
min D, 25(OH)D, is commonly used to assess vitamin D status. Interestingly, in-
fants also have moderate to high concentrations of C-3-epimer-25(OH)D (Bailey
et al., 2014; Gallo et al., 2013; Singh et al., 2006). This epimer has the same chem-
ical structure as 25(OH)D with the exception of the orientation of one hydroxyl
group (-OH). This change in orientation is felt to inactivate any vitamin D activ-
ity. Surprisingly, C-3-epimer-25(OH)D is found in high concentrations in infants
(Bailey et al., 2014; Bailey et al., 2013). Newer tandem mass spectrometry (LC-
MS/MS) methods are required to measure both isoforms accurately (Bailey et al.,
2014; Gallo et al., 2013). Additionally, the metabolite 24, 25-dihydroxyvitamin D
(24, 25(OH)2D) synthesized from 25(OH)D is found in relatively high concentra-
tions when there are robust concentrations of 25(OH)D, it can also be measured
by LC-MS/MS.

This pilot study was performed to investigate whether healthy term infants re-
ceiving different dosages of vitamin D supplementation differ in their acquisition
of motor skills. One validated tool for evaluating Canadian children is the Alberta
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Vitamin D Impact on Infant Motor Development 3

Infant Motor Scale (AIMS) (Piper et al., 1992), which assesses developmental mile-
stones in children up to the stage of independent walking. The AIMS tool was cho-
sen as it was the only Canadian based assessment tool at the time of recruitment
that was validated in infants up to the age of walking. Infants enrolled in a dose-
response trial (ClinicalTrials.gov # NCT00381914) were asked to participate in this
ancillary trial. All were healthy, term, and breastfed infants previously randomized
in a double-blind manner to 400, 800, or 1,200 IU/day vitamin D3 supplementation
starting at 1 month and continued till 12 months of age. Our hypothesis was that
vitamin D dosage and 25(OH)D plasma concentrations would be positively corre-
lated with infant gross motor skills at 3 and 6 months of age. These time points were
selected because the infants would be deriving most of their vitamin D from the
supplements, given high rates of breastfeeding and limited alternate food sources.

METHODS

Sample Size

Sample size calculation was based on power to detect a clinically significant differ-
ence of 1.0 standard deviation (3.5 points) in AIMS motor score between the two
extreme treatment groups (400 IU/day and 1,200 IU/day) (Piper and Darrah, 1994).
For 80% power, we aimed to enroll 15 infants per treatment arm; 3–4 additional
infants were recruited in each arm in case of study dropouts.

Participants

Infants participating in a preexisting randomized control trial of vitamin D3 sup-
plementation (ClinicalTrials.gov #NCT00381914) were approached on a sequen-
tial basis at their baseline study visit and asked to participate in this ancillary study
(Gallo et al., 2013). Recruitment for the ancillary component occurred from Au-
gust 2009 to July 2011. Randomization and treatment allocation were blinded to
families and study staff, including the occupational therapist or physiotherapist per-
forming the AIMS assessments. Participating infants were healthy, breastfed and,
term infants of an appropriate size for gestation, residing in Montreal and the sur-
rounding area. Infants were recruited to the dose-response study from participat-
ing general pediatric clinics during their two-week well-baby visit; see Gallo et al.
for complete details regarding the main study (Gallo et al., 2013). Infants were ex-
cluded from the larger study if they were born to women with gestational diabetes,
hypertension in pregnancy, or chronic alcohol use or if infants were shown to have
a malabsorption syndrome, were of a multiple birth, or had a neurologic or ge-
netic condition affecting development. Written informed consent for this ancillary
study was obtained from the parent(s). The study received ethics approval from the
Montreal Children’s Hospital Institutional Review Board.

A total of 55 infants were enrolled into the study following randomization to the
dose-response trial. Of the 55 infants, 19 were randomized to receive 400 IU, 18
were randomized to 800 IU, and 18 were randomized to receive 1,200 IU vitamin
D3 supplementation daily. Only two mothers who were approached refused par-
ticipation in the substudy due to the time commitment required for the follow up
visits. Two infants did not participate in the 6 months AIMS assessments, as they
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were unable to coordinate the last study visit within the 1-week time frame; both
were receiving 800 IU vitamin D3 daily. Nonparticipants did not differ from infants
completing the study for baseline demographics or anthropometric measures (data
not shown).

Measures

Alberta Infant Motor Scale

The Alberta Infant Motor Scale (AIMS) (Piper et al., 1992; Piper and Darrah, 1994)
evaluates the spontaneous movement repertoire of infants (birth to walking) and is
a performance-based assessment focusing on what the infant does spontaneously,
with minimal handling or facilitation by the examiner. The AIMS is a Canadian
norm-referenced tool designed to identify delays or deviations from typical devel-
opment in young children (Piper and Darrah, 1994). The measures consist of 58
items that assess posture and movement with and against gravity. Items are scored
as observed/not observed for each of the positions or movements attained and re-
sults in a quantitative score for the level of motor performance in each supine,
prone, sitting, and standing position (Piper and Darrah, 1994). Performance scores
are tallied to give an overall raw composite score, which is compared to normative
data. Delay in gross motor development using the AIMS score is defined as a score
<10th percentile (Piper and Darrah, 1994).

Evaluation of Vitamin D Status

Plasma vitamin D metabolites – including 25(OH)D3, C-3-epimer-25(OH)D3, and
24, 25(OH)2D3 – were quantified by tandem mass spectroscopy at a single labo-
ratory (LC-MS/MS, Warnex Inc., Laval, QC). No infants had measurable concen-
trations of vitamin D2 metabolites or epimers. Feeding practices were surveyed by
interview at each study visit; intake noted included both breast milk and fortified
infant formula intake (Gallo et al., 2013).

Procedure

Infants were administered the AIMS in their home by either a pediatric occupa-
tional therapist or physiotherapist. The same therapist carried out both the 3 and 6
months assessments on each individual infant. One therapist performed over 90%
of all assessments. All AIMS assessments occurred within one week of the infant
turning 3 and 6 months. Infants were seen at 1, 2, 3, and 6 months for anthropo-
metric measurements (length, weight, and head circumference) and plasma bio-
chemistry. Anthropometric measurements at birth were obtained from hospital
birth records. Length, weight, and head circumference measures were converted
to z-scores based on age and gender-specific normative values using data from
the WHO (http://www.who.int/childgrowth/software). At the 3 and 6 months vis-
its, infants underwent dual-energy x-ray absorptiometry (Hologic 4500 A Discov-
ery, APEX software version 13.2:1, Hologic Inc., Waltham, MA) for determination
of lean body mass. Data on ethnicity, household income, maternal education, ma-
ternal age and parity, and infant feeding practices were obtained through parent
interview at the first study visit. Additional details of the larger study have been
published elsewhere (Gallo et al., 2013).
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Data Analysis

Descriptive statistics were used to characterize the three infant groups (400
IU, 800 IU, and 1,200 IU vitamin D3); the data were examined graphically for
outliers. Data were normally distributed; mean and standard deviation (SD) are
provided. The three treatment groups were compared for baseline characteristics,
including growth parameters and demographics, with continuous variables assessed
by factorial analysis of variance (one-way ANOVA) and dichotomous variables
by chi-squared test of proportions (Fisher exact test for small samples). One-way
ANOVA was used to compare 25(OH)D concentrations and infant motor scores in
the 3 treatment groups at 3 and 6 months follow-up. Significant group differences
were localized with post-hoc Tukey tests. Pearson correlations were used to iden-
tify other possible associations with motor score outcomes. A linear regression was
used to test for the independence of covariates found to be significant in this bivari-
ate screening (length z-score and C-3 epimer) with the 6 months composite AIMS
score as the outcome; no interactions were found. Standard diagnostic testing was
performed. All data were analyzed on an intention-to-treat basis. The significance
level was set at <0.05.

RESULTS

Group Characteristics

At baseline, no differences were found among the three groups of infants in anthro-
pometric measures, sex, maternal age, percentage first born, household income,
maternal education, vitamin D metabolites, and C-3-epimer-25(OH)D3 (Table 1).
At 3 and 6 months, these also did not differ; additionally at birth, weight, length,
and head circumference were not different among the groups, with mean (± SD)
z-scores of 0.6 (± 0.8), 1.1 (± 1.2), and 0.4 (± 1.1), respectively. All mothers had a
high socioeconomic status (income and education); there was no difference in the
percentage of women in the three groups attaining college or university education
(90% – 400 IU vs. 94% – 800 IU, vs. 89% – 1,200 IU, p = .9).

As expected, plasma 25(OH)D3 measured at 3 and 6 months were significantly
different among the three groups (by ANOVA), with higher concentrations in
the 800 IU/day and 1,200 IU/day groups. Pairwise, post-hoc Tukey comparisons
are presented in Table 1. Similar differences were noted in C-3-epimer-25(OH)D3

(3 and 6 months) and 24, 25(OH)2D3 (3 months only). At both 3 and 6 months,
all infants achieved the 20 ng/mL threshold proposed by the Institute of Medicine
(Institute of Medicine, 2011)

AIMS Scores

There was no difference in the AIMS scores at 3 months among groups. However
at 6 months, total scores and sit subscores were significantly higher in infants re-
ceiving 400 IU/day vitamin D3 compared to the 800 IU and 1,200 IU groups. Infants
in the 400 IU/day group attained milestones in the sitting subscore earlier than the
other 2 groups at 6 months. Additionally, prone subscores were also higher in in-
fants receiving 400 IU compared to the 800 IU group (Table 2). Chi-square test of
proportions comparing the 3 groups at 6 months showed no statistical differences
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TABLE 3. Correlations Between AIMS Scores, Vitamin D Metabolite Concentrations and
Anthropometry at 6 Months

Alberta Infant
Motor Scale

Plasma Vitamin D
Metabolite or Epimer Anthropometry

6 months as-
sessment

25(OH)D3 C-3-epimer-
25(OH)D3

Length
z-score

Weight
z-score

Head circum-
ference
z-score

Lean body
mass

(grams/%)

Prone raw
score

−0.24 −0.30a −0.16 0.03 −0.07 −0.06/ − 0.01

Supine raw
score

−0.10 −0.12 −0.20 −0.18 −0.15 −0.01/0.16

Sit raw score −0.12 −0.25 −0.28a −0.05 −0.03 −0.16/ − 0.05
Total

composite
score

−0.23 −0.32a −0.28a −0.08 −0.12 −0.10/0.03

Note: r values presented.
ap <.05.

in the number of infants with “delayed” AIMS scores (≤ 10th percentile) (p = .13)
(400 IU = 1, 800 IU = 4, and 1,200 IU = 3).

At 6 months, composite AIMS scores were not correlated with lean mass, weight,
or head circumference z-scores; there was a modest negative correlation with length
z-score (r = −0.28, p = .04) (Table 3). Total composite AIMS score at 6 months
were not associated with 25(OH)D3 but was negatively and modestly correlated
with the C-3-epimer-25(OH)D3; the prone score was similarly negatively corre-
lated with the C-3 epimer (r = −0.32, p = .03, r = −0.30, p = .02, respectively).
In a linear regression model, the statistically significant negative correlations be-
tween composite AIMS score at 6 months (dependent variable) and concurrent
C-3 epimer concentration and length z-score (independent variables) persisted
(p = .012 and p = .021, respectively), confirming the independent nature of these
associations.

DISCUSSION

In contrast to our a priori hypothesis, infants with 400 IU/day vitamin D3 performed
significantly better in the prone, sitting, and total composite scores compared to in-
fants in the two higher supplement groups, who also had higher concentrations of
25(OH)D3. Of note, all infants had robust 25(OH)D concentrations. Longer in-
fants have been reported to be slightly slower in attaining motor milestones, which
may be, in part, due to mechanical factors. Our observation of a negative associa-
tion of motor skill attainment and the C-3-epimer-25(OH)D3 is an unexpected and
perplexing finding.

A satisfactory mechanistic explanation remains elusive. Vitamin D is inherently
important for muscle development and motor function (Endo et al., 2003; Garcia
et al., 2011; Ceglia and Harris, 2013), and several mechanisms have been proposed.
Genomic or transcriptional effects occur when calcitriol (1,25-dihydroxyvitamin
D) binds to vitamin D receptors, resulting in increased protein synthesis in mus-
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cle (Curry et al., 1974; Rachez and Freedman, 2000; Bischoff-Ferrari et al., 2012).
Nongenomic effects occur through cell surface receptors that influence intracellular
calcium concentrations directly, which may be important for muscle contractility.
As a result, vitamin D deficiency is associated with atrophy of type II muscle. Cor-
recting frank vitamin D deficiency improves muscle function, with a concomitant
increase in type II muscle fibers (Bischoff-Ferrari et al., 2012). These fast-twitch
fibers are the first to be recruited when a quick muscle reaction is required. In
adults, there is ongoing debate as to the existence of a 25(OH)D threshold beyond
which muscle function ceases to improve further (20–24 ng/mL) (Bischoff-Ferrari
et al., 2012).

Although muscle function is intimately integrated with the nervous
system, a review of the literature reveals that vitamin D or its metabolites
do not appear to impact neural function in children, unlike adults where higher
concentrations of 25(OH)D have been associated with better cognitive function
(Garcion et al., 2002; Tolppanen et al., 2012). All our infants had achieved at least
the 20 ng/mL 25(OH)D threshold, and these arguments are less relevant. Neverthe-
less, higher concentrations of 25(OH)D may be an explanation for the difference in
outcomes.

Precedent has been established from three recent manuscripts (Sanders et al.,
2010; Smith et al., 2007; Bleicher et al., 2014). They report that higher concentra-
tions of 25(OH)D are associated with increased fractures and falls in adults. None
of the investigators elucidated a potential mechanism for these phenomena but a
tentative corollary might be drawn with the infants obtaining higher doses (800 or
1,200 IU/day) with resulting higher 25(OH)D concentrations. Moreover, none as-
sessed concentrations of other vitamin D metabolites and epimers.

The weak, negative association of AIMS scores with C-3-epimer-25(OH)D3 con-
centrations is novel. To date there has been no functional significance attributed to
this epimer (Singh et al., 2006). It was first described in a minority of infants, al-
beit in abundance (up to 40% of 25(OH)D concentrations) (Singh et al., 2006). It
has recently been found in lower concentrations in some adults (Lensmeyer et al.,
2012). Nearly 100% of infants in our dose-response trial had detectable concentra-
tions, mirroring concentrations of 25(OH)D3 over time (early rise by 3 months and
gradual decline) (Gallo et al., 2013). Additional studies regarding its role in muscle
strength and development are warranted.

All infants’ nutritional intakes were comparable for macro -and micronutrients
(Gallo et al., 2013) obviating potential confounders. Despite most infants consum-
ing breast milk until the age of 6 months, not all were exclusively breastfed until
that time, instead relying on either soy or cow’s milk formula. It is reassuring to note
that no developmental differences have been observed in infants up to 1 year of age
fed breast milk, soy or cow’s milk formula, again eliminating potential confounders
(Andres et al., 2012). Given the pilot nature of this project, there are undoubtedly
additional confounders that we could not explore. However, because these infants
had been randomized to the original dose-response trial and because we had very
few refusals for this ancillary study, their effect is likely minimized. Potentially im-
portant confounders include the amount of time that parents stimulate their infants
or the amount of time that infants spend on their tummies (Majnemer and Barr,
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2005). Now that infants sleep on their backs, “tummy time” is important in pro-
moting trunk control; infants in the 400 IU group had well developed tone. All our
participants were of higher socioeconomic status than the general population and
all infants met Institute of Medicine recommendations for vitamin D status; these
factors may limit generalizability.

The strengths of our study include excellent participation rates with low attri-
tion, use of a gender-neutral validated assessment tool, on-time assessment of gross
motor skills (within one week of projected date) by experienced therapists, and a
sophisticated method (LC-MS/MS) for measuring vitamin D metabolites and C-3-
epimer-25(OH)D. Limitations of our study include the lack of data on the date of
confinement (due date) and biological age (exact number of weeks post concep-
tion) of the infants and therefore infants gestational ages were based on maternal
report; we did not anticipate differences owing to the randomized nature of the
study. Another drawback of this study is the lack of power to detect if any treat-
ment group could be associated with increased number of infants with motor delay
(<10th percentile). Additionally, although the AIMS may be used to define delay
on the basis of a total score below the 10th percentile, it was not designed to iden-
tify “advanced” motor performance. We also recognize that AIMS is intended for
one-time assessment, which does not predict future development.

CONCLUSION

At 6 months of age, infants receiving 400 IU/day had enhanced mean sitting, prone,
and composite AIMS scores compared with infants receiving 800 IU/day and 1,200
IU/day. Our findings suggest that higher dosages of vitamin D supplementation in
infancy are not required to optimize motor skills acquisition to 6 months of age.
Interestingly, there was a modest negative correlation between AIMS score and
C-3-epimer-25(OH)D3; a compound, which is typically felt to be biologically inac-
tive. It is plausible that the elevated levels of the C-3-epimer-25(OH)D3 in infants
compared to older children and adults negatively results in measurable effects on
muscle development and or function in infancy. Other mechanistic explanations
remain elusive; the modest negative correlation with length z-score has previously
been noted (WHO Multicentre Growth Reference Study, 1992). Additional stud-
ies are needed to confirm our findings regarding the negative association of infant
motor skills attainment with the C-3-epimer-25(OH)D3; a compound traditionally
believed to have no biologic significance and whether 400 IU/day may be the opti-
mal dose for the attainment of gross motor skills at this age.
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