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Abstract: Low vitamin D status (serum 25-hydroxyvitamin D (25(OH)D) concentration < 50 nmol/L)
is prevalent in Australia, ranging between 15% and 32% in the adolescent and adult populations.
Vitamin D intakes are also low across the population and were recently estimated at 1.8–3.2 µg/day
on average, assuming equal bioactivity of the D vitamers. In combination, these findings strongly
suggest that data-driven nutrition policy is needed to increase vitamin D intake and improve status
in the Australian population. Food fortification is a potential strategy. We used up-to-date vitamin
D food composition data for vitamin D3, 25(OH)D3, vitamin D2, and 25(OH)D2, and nationally
representative food and supplement consumption data from the 2011–2013 Australian Health Survey,
to model a fortification scenario of 0.8 µg/100 mL vitamin D for fluid dairy milks and alternatives.
Under the modelled fortification scenario, the mean vitamin D intake increased by ~2 µg/day from
baseline to 4.9 µg/day from food only (7.2 µg/day including supplements). Almost all individual
intakes remained substantially below 10 µg/day, which is the Estimated Average Requirement in
North America. In conclusion, this modelling showed that fortification of fluid milks/alternatives
with vitamin D at the current permitted level would produce a meaningful increase in vitamin D
intake, which could be of potential benefit to those with a low vitamin D status. However, this
initial step would be insufficient to ensure that most of the population achieves the North American
EAR for vitamin D intake. This approach could be included as an effective component of a more
comprehensive strategy that includes vitamin D fortification of a range of foods.

Keywords: Australia; food; fortification; milk; vitamin D

1. Introduction

Mean usual intakes of vitamin D from food in the Australian population were es-
timated to range from 1.8 to 3.2 µg/day, assuming equal bioactivity for vitamin D and
25-hydroxyvitamin D (25(OH)D) [1]. This is considerably lower than the Institute of
Medicine’s (IOM) Estimated Average Requirement (EAR) of 10 µg/day [2], which is used
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here in the absence of an Australia-specific EAR [3]. While the IOM’s EAR assumes min-
imal sun exposure, there is a relatively good opportunity for sun exposure in Australia.
However, the year-round prevalence of low vitamin D status (serum 25-hydroxyvitamin D
(25(OH)D) concentration < 50 nmol/L [4]), which is associated with unfavourable skeletal
outcomes, including bone fracture and bone loss, ranges between 15% and 32% in the
Australian adolescent and adult populations [5,6]. This prevalence is higher still (~40%) for
remote-dwelling Aboriginal and Torres Strait Islander adults [7]. In winter, the prevalence
of low vitamin D status increases to 40 and 50% in states at higher latitudes (Victoria, South
Australia, New South Wales, Australia Capital Territory, and Tasmania) [8]. Paired with
low intakes of vitamin D, these data suggest that data-driven nutrition policy is needed to
improve the population’s vitamin D status.

In other countries, the dietary supply of vitamin D has been increased through (largely
voluntary) fortification of popular foods, such as milk, orange juice, bread, breakfast
cereals, rice, pasta, and noodles [9–16]. In Finland, the systematic fortification of fluid
milk products and edible oil spreads in 2003, alongside voluntary fortification of other
foods, such as bread, juice, and mineral water, reduced the prevalence of 25(OH)D be-
low 50 nmol/L from 56 to 9% by 2011 in non-consumers of vitamin D-containing supple-
ments [13]. In Australia, edible oil spreads must be fortified with a minimum of 5.5 µg/100 g
vitamin D [17], and few other foods are voluntarily fortified with vitamin D. These differ-
ences in vitamin D fortification practices may explain the lower usual intakes of vitamin
D reported for the Australian population [1] compared with those reported for the US,
Canada, and some European countries [14,18–21]. Furthermore, the difference between
usual intakes of vitamin D in Australia and other countries may be greater still since four
D vitamers were accounted for across all food types when estimating usual vitamin D
intakes in Australia, which has not been the case for estimates made for Canada and the
US [22–24].

Fluid milk products and their alternatives (e.g., soy milk and other plant-based alter-
natives) are among the few foods that are permitted for vitamin D fortification in Australia.
As an initial step to provide data to address this problem, we modelled the effect of vi-
tamin D fortification of all fluid milks/alternatives at the maximum permitted level on
vitamin D intake.

2. Materials and Methods
2.1. Study Population and Food Consumption Data

The 2011–2013 National Nutrition and Physical Activity Survey (NNPAS) was an arm
of the 2011–2013 Australian Health Survey (AHS), which is the most recent nationally rep-
resentative health survey conducted in Australia. Trained interviewers from the Australian
Bureau of Statistics collected food and dietary supplement consumption data for partic-
ipants of the NNPAS (n = 12,153, aged ≥ 2 years). Detailed descriptions of the methods
used are available elsewhere [1,25]. Briefly, the Automated Multiple-Pass Method [26],
modified to represent foods available in Australia, was used to collect food consumption
data through two 24 h dietary recalls. The Day 1 dietary recall was conducted in person
and was completed by 12,153 NNPAS participants; the Day 2 dietary recall was conducted
by telephone call (scheduled ≥8 days after Day 1 and on a different day of the week) and
was completed by 64% (n = 7735) of participants. The AHS was conducted in accordance
with the Declaration of Helsinki. NNPAS interviews were conducted under the Census
and Statistics Act 1905.

2.2. Vitamin D Content of Foods for the Baseline Model

We used up-to-date comprehensive analytical vitamin D food composition data [27]
to map vitamin D concentrations in 5740 foods in AUSNUT, Australia’s survey food
composition database [28]. The methods are described in greater detail elsewhere [1].
Briefly, 98 different food products (149 analytical samples from 896 primary samples) were
purchased in Sydney, Melbourne, and Perth in 2018 and 2019. Samples were prepared as
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they would be consumed [27]. Four D vitamers (vitamin D3, 25(OH)D3, vitamin D2, and
25(OH)D2) were measured using a validated liquid chromatography with triple quadrupole
mass spectrometry method (ISO17025:2017) at the National Measurement Institute of
Australia. Vitamin D equivalents (VDE) were calculated for each food product as the sum
of the analytical concentrations of the four D vitamers, assuming equal bioactivity [29].
VDE concentrations were mapped to AUSNUT food entries according to methods used
previously for Australian total diet studies [30,31]. AUSNUT foods (n = 5740) can be
classified as non-recipe foods (consisting of a single ingredient) or recipe foods (consisting
of multiple ingredients). We manually assigned VDE concentrations to non-recipe foods.
Food Standards Australia New Zealand’s custom dietary modelling software, Harvest [32],
was used to assign vitamin D concentrations across multiple levels of recipes for recipe
foods. Where necessary, conversion factors were used to adjust concentrations for foods
reconstituted from a dehydrated form (e.g., infant formula) [30]. Similarly, a conversion
factor was used to derive concentrations from a related food (e.g., estimating a concentration
for orange juice from the VDE value for oranges).

2.3. Adjusting the Vitamin D Content of Foods for the Fortification Model

Baseline vitamin D concentrations of AUSNUT entries for fluid milks/alternatives
were adjusted to reflect a fortification concentration of 0.8 µg/100 mL, which is the maxi-
mum permitted in Australia [17]. To capture relevant non-recipe foods, food names in the
AUSNUT Nutrient Database [28] were searched for ‘milk’, which also captured plant-based
milk alternatives. Flavoured milks/alternatives were assumed to contain 95% fluid milk,
allowing for added sugar and flavourings. To capture relevant recipe foods, the AUSNUT
Food Recipe File [28] was searched for ‘milk’. Vitamin D concentrations were assigned to
recipe foods on the basis of the proportion of the fluid milk/alternative ingredient(s). As
recipe foods may contain other recipe food items nested within them (e.g., the milk-based
sauce recipe within a lasagne recipe), concentrations were assigned to capture this on
the basis of the proportion of milk in the nested recipe food items. Milk used for other
dairy production (e.g., cheese and yoghurt) was assumed to be diverted prior to fortifica-
tion; hence, dairy products other than fluid milk/alternatives remained unfortified under
this scenario.

2.4. Vitamin D Content of Supplements

Vitamin D-containing supplements reported as consumed by participants of the
NNPAS [25] included single vitamin D and multi-nutrient preparations, fish liver oils,
and fish oils [33]. As described elsewhere [33], the Australian Register of Therapeutic
Goods (ARTG) [34] was used to determine the vitamin D content of supplements. Where
supplement composition data were not available from the ARTG, they were obtained
directly from manufacturers.

2.5. Estimating Absolute Vitamin D Intakes for Baseline and Fortification Models

For each model, vitamin D concentrations for all AUSNUT foods were merged with
Day 1 food and vitamin D-containing supplement consumption data for participants
(n = 12,153) of the NNPAS [25] in Stata Statistical Software version 15 (StataCorp LLC,
College Station, TX, USA). As the methods most suitable for estimation of usual intakes
cannot process the multi-modal distributions of food and supplements [25], only Day 1 con-
sumption data were used to estimate absolute intakes in order to capture the contribution
of supplements. The mean, standard deviation, and range of estimated vitamin D intakes
from food only and with supplements were reported for all participants and by the sex and
age groups used in the Nutrient Reference Values for Australia and New Zealand [3].

3. Results

On Day 1 of the survey, 87% of participants consumed at least one fluid milk/alternative.
Of 12,153 survey participants, 17% (n = 2039) reported taking a vitamin D-containing dietary
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supplement. With fortification of fluid milks/alternatives, mean vitamin D intake increased
by ~2 µg/day from baseline to 4.9 µg/day from food only and to 7.2 µg/day with the
inclusion of supplements (Table 1). In children aged 2–3 years, who had the lowest baseline
intakes, mean vitamin D intake approximately doubled under the fortification model. The
smallest increase occurred in females aged 51–70 years; however, as the mean baseline
intake was comparatively high in this population group, this small increase resulted in a
mean intake under the fortification model closer to the EAR of 10 µg/day with intakes
from supplements included. Mean intake remained considerably lower than 10 µg/day for
the majority of Australians, even with intakes from supplements included.

Table 1. Estimated vitamin D intakes 1 in a nationally representative sample of Australians at baseline
and according to a vitamin D fortification scenario of 0.8 µg/100 mL in fluid milks/alternatives.

Food Only 2 Food and Supplements 3

Age Group, y Sex n Baseline Fortification Model Baseline Fortification Model
Mean (95% Confidence Interval) (µg/day)

≥2 All 12,153 2.95 (2.86, 3.04) 4.91 (4.81, 5.02) 5.27 (5.05, 5.48) 7.23 (7.01, 7.45)
≥2 Males 5702 3.16 (3.04, 3.27) 5.28 (5.13, 5.43) 4.58 (4.34, 4.82) 6.70 (6.45, 6.96)
≥2 Females 6451 2.74 (2.62, 2.87) 4.55 (4.40, 4.70) 5.95 (5.59, 6.31) 7.75 (7.39, 8.12)
2–3 Males 228 1.97 (1.62, 2.32) 4.67 (4.14, 5.20) 2.43 (2.01, 2.84) 5.13 (4.57, 5.69)
2–3 Females 236 1.83 (1.51, 2.15) 4.38 (3.88, 4.87) 2.19 (1.83, 2.55) 4.74 (4.23, 5.25)
4–8 Males 397 2.23 (2.04, 2.42) 4.35 (4.00, 4.70) 2.68 (2.41, 2.96) 4.80 (4.40, 5.20)
4–8 Females 392 2.20 (1.81, 2.58) 3.96 (3.53, 4.40) 2.73 (2.86, 3.18) 4.50 (4.02, 4.98)
9–13 Males 392 2.86 (2.54, 3.17) 5.05 (4.57, 5.54) 3.28 (2.83, 3.72) 5.47 (4.88, 6.07)
9–13 Females 395 2.88 (2.48, 3.28) 5.00 (4.94, 6.06) 3.25 (2.80, 3.70) 5.37 (4.78, 5.96)

14–18 Males 403 3.37 (2.95, 3.78) 5.50 (4.94, 6.06) 3.88 (3.34, 4.41) 6.01 (5.36, 6.67)
14–18 Females 369 2.28 (2.02, 2.54) 4.03 (3.56, 4.50) 3.36 (2.42, 4.29) 5.11 (4.16, 6.04)
19–30 Males 739 3.54 (3.13, 3.96) 5.76 (5.24, 6.28) 4.89 (4.10, 5.68) 7.10 (6.25, 7.96)
19–30 Females 853 2.75 (2.45, 3.05) 4.49 (4.06, 4.91) 5.12 (4.22, 6.02) 6.86 (5.91, 7.80)
31–50 Males 1669 3.12 (2.94, 3.30) 5.39 (5.14, 5.64) 4.80 (4.34, 5.25) 7.06 (6.57, 7.56)
31–50 Females 1896 2.78 (2.51, 3.06) 4.60 (4.28, 4.90) 5.86 (5.25, 6.47) 7.67 (7.05, 8.30)
51–70 Males 1341 3.30 (3.07, 3.53) 5.17 (4.90, 5.44) 4.93 (4.50, 5.36) 6.80 (6.35, 7.25)
51–70 Females 1565 2.90 (2.63, 3.17) 4.60 (4.30, 4.90) 8.07 (7.08, 9.06) 9.77 (8.77, 10.77)
≥71 Males 533 3.26 (2.87, 3.65) 5.14 (4.71, 5.58) 6.15 (5.14, 7.17) 8.03 (7.00, 9.06)
≥71 Females 745 3.04 (2.69, 3.41) 4.82 (4.42, 5.23) 9.50 (8.26, 10.74) 11.28 (10.02, 12.54)

1 We used Day 1 food and supplement consumption data from the 2011–2013 Australian Health Survey and
vitamin D food composition data for vitamin D3, 25(OH)D3, vitamin D2, and 25(OH)D2. Data were weighted to
the 2011–2012 Australian population. 2 n = 12,153. 3 n = 2039.

4. Discussion

Modelling the fortification of fluid milks/alternatives with 0.8 µg/100 mL vitamin
D showed that vitamin D intakes may safely increase under this fortification strategy by
~2 µg/day across the population. However, under this fortification model, the mean intake
of vitamin D remained below the North American EAR of 10 µg/day [2], even with intakes
from dietary supplements included. Furthermore, it should be noted that intake of vitamin
D at the EAR may address the dietary needs of only 50% of the population [2]. The highest
increase was seen in young children, who also had the lowest baseline intakes; however,
there are no nationally representative data on vitamin D status for Australian children aged
<12 years to determine whether their lower vitamin D intakes correlate with poorer vitamin
D status. The smallest increase was seen in females aged 51–70 years. This population group
also had the second-highest prevalence (22%) of vitamin D-containing dietary supplement
use [33]. The majority (16%) of vitamin D-containing dietary supplement users in this group
reported taking a multi-nutrient preparation (daily dose median = 5 µg, range = 0.1–25 µg),
while 4 and 3% took a single vitamin D (daily dose = 25 µg) or calcium/vitamin D supple-
ment (daily dose median = 5 µg, range = 1.3–25 µg), respectively [33].

Our previous dose–response analyses [35] suggest that an additional 2 µg/day of
vitamin D from fortified foods may provide a mean (95% confidence interval) increase in
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serum 25(OH)D concentrations of 4.5 (3.5, 5.6) nmol/L in adults and 6.9 (2.8, 11.0) nmol/L in
children. Therefore, this is a meaningful increase in vitamin D intake that may particularly
increase 25(OH)D among individuals with low baseline status, thereby improving the
overall distribution in the population.

These findings suggest that a wider range of foods would require fortification with
vitamin D to accommodate dietary diversity, and/or the maximum permitted amounts for
vitamin D in fortified foods would need to be increased to substantially increase vitamin D
intake across the population. Similar findings have arisen from other modelling studies that
have shown that the addition of vitamin D to a single or limited range of foods can result
in limited reach across the population [14,15,36]. More diverse fortification strategies have
been deemed necessary in other populations, e.g., in Canada, where it has been proposed
that the mandatory level of vitamin D in milk and margarines should be increased (to
2 µg/100 mL and 26 µg/100 g, respectively) and the reach of vitamin D fortification
extended via other food vehicles [37]. This approach was successful in Finland, where,
in addition to the routine fortification of fluid milks and edible oil spreads with 1.0 and
20 µg/100 g vitamin D, respectively, certain other foods may be voluntarily fortified with
vitamin D. A number of studies have demonstrated that carefully considered fortification
strategies that include a range of fortification vehicles may safely increase the intake of
vitamin D at the population level [38].

Currently, the maximum permitted amounts that may be added to fluid milks/alternatives
and edible oil spreads in Australia are 0.8 µg/100 mL and 16 µg/100 g, respectively [17].
Hence, changes to the current regulations of the Australia New Zealand Food Standards
Code would be required to support a strategy such as those used in Finland and proposed
in Canada. In this study, we aimed to model a fortification scenario that would fit within
existing regulations. Other widely consumed foods, such as bread, may be suitable for
vitamin D fortification in Australia. Bread is already routinely fortified through the man-
dated use of iodised salt and bread flour fortified with folic acid and thiamin [17], but it
is not yet permitted for vitamin D fortification. Future studies could simulate expanded
fortification models to determine whether updates to the current regulations for vitamin D
food fortification would be safe and appropriate for the Australian population.

A strength of our study was the use of nationally representative food consumption
data and comprehensive food composition data for four D vitamers. However, since we
used food consumption data from a single day, we were not able to assess the adequacy of
projected vitamin D intakes compared with the EAR [39]. Fluid milk products and their
alternatives were selected for modelling because they are widely consumed, nutrient-dense,
and permitted for vitamin D fortification in Australia. Our modelling assumed equal bioac-
tivity of the D vitamers; therefore, the relative contribution of these projected intakes may
be greater if 25(OH)D in food has greater bioactivity than vitamin D [29,40,41]. Although
more extensive modelling could include other foods (e.g., bread, orange juice, and breakfast
cereals), only some dairy foods/alternatives, edible oil spreads, formulated beverages, and
certain breakfast cereals are permitted for vitamin D fortification in Australia [17]. While the
dietary intake data that were used in this study were collected in 2011–2012, it is unlikely
that consumption practices have changed considerably since then. This, however, may
apply to vitamin D supplements; vitamin D may be protective against acute respiratory
infection [42–44], which has led to speculation that vitamin D sufficiency may reduce the
severity of coronavirus disease 19 (COVID-19) infection [45] and may have led to increased
supplement use.

This study shows that fortification of fluid milks/alternatives with vitamin D at the
current permitted level would produce a meaningful increase in vitamin D intakes, which
could be of potential benefit to those with low vitamin D status. Nonetheless, this initial
step would be insufficient to bring most of the population to the level of current intake
recommendations in North America and Europe. In Australia, a review of nutrient reference
values for vitamin D and representative data on the prevalence of vitamin D deficiency
in certain population groups, such as children, are needed. However, a more extensive
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vitamin D fortification strategy would likely be needed to safely and effectively increase
dietary vitamin D intake and improve vitamin D status in the Australian population.
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