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Abstract: The current use of serum retinol concentrations as a measurement of subclinical vitamin
A deficiency is unsatisfactory for many reasons. The best technique available for vitamin A status
assessment in humans is the measurement of total body pool size. Pool size is measured by the admini-
stration of retinol labelled with stable isotopes of carbon or hydrogen that are safe for human subjects,
with subsequent measurement of the dilution of the labelled retinol within the body pool. However,
the isotope techniques are time-consuming, technically challenging, and relatively expensive. There is
also a need to assess different types of tracers and doses, and to establish clear guidelines for the use
and interpretation of this method in different populations. Field-friendly improvements are desirable
to encourage the application of this technique in developing countries where the need is greatest for
monitoring the risk of vitamin A deficiency, the effectiveness of public health interventions, and the
potential of hypervitaminosis due to combined supplement and fortification programs. These tech-
niques should be applied to validate other less technical methods of assessing vitamin A deficiency.
Another area of public health relevance for this technique is to understand the bioconversion of
B-carotene to vitamin A, and its relation to existing vitamin A status, for future dietary diversification
programs.
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Introduction relatively non-invasive assessment of total body vi-

tamin A reserves in humans across a continuum of
The vitamin A-labelled isotope dilution (VALID) vitamin A statuses, from deficiency to adequacy [1;
techniques are the only known methods that enable 2] to hypervitaminosis [3—5]. The VALID techniques
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employ retinol labelled with stable isotopes of carbon
or hydrogen that can be safely and quantitatively ad-
ministered to human subjects. Subsequent dilution
of the labelled retinol with the endogenous retinol
in the body is measured in blood samples to quantify
the total exchangeable body retinol pool, providing
an estimate of total body vitamin A reserves of groups
of individuals [2]. The methods involve little to no
risk, but are time-consuming, technically challenging,
and relatively expensive. Field-friendly improvements
are desirable to encourage application in developing
countries where monitoring of vitamin A deficiency
and the effectiveness of large-scale public health in-
terventions are most needed.

The VALID techniques have been applied to assess
vitamin A status, to evaluate the efficacy of vitamin
A interventions (e. g. supplementation, food fortifica-
tion, or dietary changes), to model human vitamin A
requirements, and to determine the efficiency of the

body’s conversion of provitamin A carotenoids (from
plant foods) to retinol [1]. Unlike methods such as the
measurement of serum retinol, which is tightly regu-
lated and can really only detect very low body stores
[3], the VALID techniques provide the sensitivity
needed to quantitatively evaluate the effectiveness
of different vitamin A dosing and timing regimens for
public health interventions [1].

This paper summarizes recommendations (Fig-
ure 1) resulting from a technical meeting on apply-
ing VALID techniques to improve human vitamin A
nutrition, and includes topics related to the further
development of the method as well as use of VALID
techniques to meet public health needs for evaluating
the safety, efficacy, and effectiveness of vitamin A
intervention programs.

Summary of Recommendations

Further development of VALID techniques:
e Make the method more field-friendly

doses

children and pregnant and lactating women

e Increase accessibility and further verify usefulness of different tracers and

e Further establish guidelines for interpreting VALID techniques

e  Further validate the method for different population groups, especially

Design studies with sufficient statistical power for specific conditions
Determine how vitamin A status and other population characteristics in-
fluence vitamin A absorption, distribution, and metabolism

Consider designs with paired comparisons and both positive and negative

controls

Further application of VALID techniques to benefit public health:

Monitor the safety and effectiveness of high dose supplementation to young
children in developing countries

Assess alternative vitamin A interventions

Determine the effectiveness of routinely supplementing with or feeding
p-carotene, rather than retinol

Investigate the usefulness of VALID techniques to assess vitamin A status in
populations affected by inflammation

Improve understanding of the influence of iron or zinc deficiencies on vita-

min A metabolism and status evaluation

Figure 1: A summary of recommenda-
tions for future development and appli-
cations of the vitamin A-labelled isotope
dilution (VALID) techniques.
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Further development of the
technique

Make the method more field-friendly and
feasible in resource-poor settings

Challenges in applying the VALID techniques include
the expense, technical expertise, and infrastructure
required to operate mass spectrometry equipment in
developing countries. The method requires extended
participant involvement because of multiple blood col-
lections and isotope mixing periods for intervention
studies. Further, the method is complicated because
the collected samples often need to be transported to
distant laboratories under appropriate temperature
and lighting conditions.

Various strategies can be applied to overcome
some of these obstacles. For instance, a state-of-the-
art mass spectrometry laboratory for nutrition re-
search at St. John’s Research Institute in Bangalore,
India, has created a protected bank of relatively in-
expensive automotive batteries that are continually
recharged with electrical power to provide a source
of uninterrupted power in case of an outage. The
International Atomic Energy Agency has supported
equipment and training to help build capacity, and
also helps match investigators with collaborators at
established analytical laboratories. Some sensitive
equipment and techniques have been introduced that
require considerably smaller sample volumes. Method
modifications and further improved sensitivity have
the potential to utilize finger pricks and blood spots,
rather than venous blood draws for sampling and
transport. This could leave important resources for
population vitamin A assessment and evaluation us-
ing VALID techniques.

The strength of VALID techniques is the quantifi-
cation of the body’s exchangeable vitamin A pool and
estimated liver reserves, but it comes with a require-
ment to allow a 2- to 3-week mixing period for the
labelled vitamin A dose to equilibrate with vitamin A
stores. Possible modification of the method to evaluate
the isotope dilution in blood samples just 3 days after
dosing has the potential, with further development
and validation, to quantitatively assess body vitamin
A status in a shorter timeframe; this would shorten
the involvement of human subjects and, because of
less catabolic loss of the labelled retinol, may reduce
the required sample volumes [6].

Increase accessibility and further verify
usefulness of different tracers and doses

Many tracers of retinol isotopically labelled with stable
isotopes are currently commercially available. The
two most commonly used are “H,-retinyl acetate and
*Hg-retinyl acetate, labelled with 4 and 8 deuterium
atoms per molecule, respectively. Investigators have
also used commerecially synthesized °C, -labelled reti-
nol [7] or privately synthesized *C,-retinyl acetate [8].
Increased commercial access to tracers is needed for
greater application of the technique, preferably ac-
companied by reduced costs. An advantage of using
two different tracers is that it can eliminate the need
for another blood draw to establish a new baseline for
asecond application of the isotope dilution (VALID)
technique to study post-intervention status. This is,
however, dependent upon the type of mass spectrom-
eter used for analysis.

Investigators must consider the dose size and pre-
dicted dilution of stable isotope that can be detected
by their available instrumentation. Depending on the
instrumentation and technique available, the doses of
isotopically-labelled retinyl acetate administered oral-
ly in human studies have ranged from 1 to 35 pmol (0.3
to 10 mg). Doses need to be kept as low as possible to
qualify as a tracer that does not influence vitamin A sta-
tus and metabolism. With overt deficiency defined as
liver retinol concentrations <0.07 pmol/g (<118 umol
total in a 70 kg adult with the liver estimated as 2.4 %
of body weight), a dose of 35 pmol (10 mg) thatis 50 %
retained could increase an adult’s hepatic vitamin A
pool by 15 % to 30 %, which cannot be regarded as
a minimal “tracer” dose. Study hypotheses, designs,
subjects, and doses must be selected appropriately to
minimize this problem. Method development should
continue to reduce the amount of tracer needed for
adequate detection.

Improved sensitivity of instrumentation has re-
vealed shifts in natural abundance of isotopes in bio-
logical samples. For instance, natural ratios of °C to
2C are lower in vegetable sources of provitamin A
carotenoids as compared to corn and corn-fed animal
sources of meat and dairy foods [9]. Further develop-
ment of the VALID method may benefit from testing
to determine if results are influenced by the isotope
mass of the deuterated or PC tracers, or by the proxim-
ity of the isotope to the portion of the retinol molecule
involved in the active sites of metabolic reactions.
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Further establish guidelines for interpreting
VALID techniques

Current guidelines for defining status are based on
liver retinol concentrations rather than total body
stores of vitamin A. The liver concentration to desig-
nate deficiency (<0.07 pmol/g liver) was based upon
mathematical assumptions to prevent clinical ocular
manifestations [10]. A newer cutoff for deficiency of
0.1 pmol/g liver was proposed and is based on biologi-
cal response in the liver, including the up-regulation of
storage enzymes [11] and the accumulation of retinol-
binding protein [3]. Other categories of vitamin A
status that have been suggested, such as excessive,
sub-toxic, and toxic, need further data, potentially
using VALID techniques, to better understand the
relationship of high liver stores to health.

It may be useful to consider establishing guidelines
for evaluating vitamin A status based on total body
pool size to reduce the assumptions required when
estimating liver concentration or content. Two as-
sumptions used in translating from total body pool
size to liver retinol concentrations are the liver size
of the individual and the fraction of body retinol
stored in the liver. This, of course, would differ by
individual, and therefore adds variability to popula-
tion estimates. For example, it is standard practice to
estimate liver weight as 4, 3, and 2.4 % of body weight
for infants, children and adults, respectively [2; 12].
However, what happens in the case of obesity? Is
the excess body weight also accompanied by excess
fat in the liver? And does extra liver fat reduce (by
dilution) or elevate concentrations of (fat-soluble)
vitamin A in the liver?

Assumptions about the fraction of total body reti-
nol that is stored in the liver differ depending on the
vitamin A status of the subject. For example, liver
retinol was more accurate when estimated as 50 % of
total body retinol in rats fed low dietary vitamin A,
but as 80 % in rats fed moderate or high levels [13].
During acute deficiency in rats, retinol concentrations
may be greater in the kidney than the liver [14]. Dur-
ing hypervitaminosis A, storage can rise to >90 % in
the liver. This was demonstrated in rhesus monkeys
with liver retinol concentrations of 18.8+6.4 umol/g
and kidney concentrations of 0.010+0.0032 pmol/g
[15]. Development of guidelines for vitamin A status
based on total body pool size rather than liver con-
centrations would reduce the number of assumptions
required.

Further validate the method for different
population groups, especially children and
pregnant and lactating women

VALID techniques have been validated against liver
reserves of vitamin A in rats, monkeys, and humans.
In adult surgical patients in the USA, the range of liver
vitamin A concentrations was 0.05 to 0.6 umol/g liver
[16]. In adult surgical patients in Bangladesh, total liver
retinol stores were from 0.02 to 0.25 mmol/liver [17]. In
animals, the VALID technique compared well with liver
reserves inrats (r=0.98) fed low, medium or high vitamin
A orally, when assuming, respectively, that 50, 80, and
80 % of body vitamin A was hepatic [13], and in rhesus
monkeys known to have hypervitaminosis A, with mean
liver retinol concentration as high as 16.4 umol/g [4].

To date, no validations involving liver biopsy have
been performed in children. Some of the assumptions
of the method may differ in children and therefore
limitations must be considered. Nonetheless, as long
as the same assumptions are used before and after an
intervention or only population estimates are needed,
the VALID techniques offer more information than
any other current vitamin A method available to in-
vestigators.

Todate, the VALID techniques have not been applied
to pregnant and lactating women. While the methods are
safe for use in these vulnerable groups, the research data
interpretation is more complicated, and additional data
collection and modelling are needed to estimate vitamin
A pool size. During lactation, a significant amount of
the tracer dose would be shunted into the breast milk,
and this “loss” would need to be accounted for in a
modified equation. During pregnancy, the increase in
normal plasma volume, known as hemodilution, would
influence the calculation of the amount of tracer in the
blood circulation, but perhaps the interpretation of the
VALID techniques could be modified to detect changes
in status despite hemodilution. However, equations have
not been modified to quantitatively estimate total body
vitamin A pool size during pregnancy or lactation using
typical oral administration of the tracer dose.

Finally, as the best methods available for vitamin A
status assessment in humans, VALID techniques could
be usefully applied to validate other less technically chal-
lenging methods of assessing vitamin A deficiency or
hypervitaminosis A. Methods such as the dose response
tests, do not have the same working dynamic range as
VALID techniques [6]. Determining what response is
similar to deficient, marginal, and adequate through
excess vitamin A status assessed by VALID techniques
would be useful for evaluation and monitoring programs
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at the population level. Another method that is under-
studied is circulating retinyl ester concentrations during
a fasting state. Although retinyl ester concentrations
>10 % of total serum vitamin A have been suggested as
an indicator of excess vitamin A status, very little data
have been generated with this biomarker in humans [18].

Design studies with sufficient statistical
power for specific conditions

One of the key elements in clinical studies, including vi-
tamin A studies, is an adequate sample size. Although
sample sizes of 15-30 per group for the VALID tech-
nique were formerly estimated in a cost comparison of
vitamin A assessment methods [19], such samples sizes
may be insufficient for some conditions, and estimates
of statistical power should be specific for the conditions
of each study [2]. To calculate sample size, informa-
tion is needed on the initial vitamin A pool size, the
expected change in vitamin A pool size in response
to an intervention, and the projected standard devia-
tion of the change in vitamin A pool size. These can
be estimated from results of previous studies or by
estimating expected changes based on assumptions
regarding retention and catabolism of vitamin A. To
plan sufficient duration of vitamin A interventions, a
starting assumption is that 50 % of supplemental vita-
min A is retained in the body, with a body vitamin A
catabolism rate of ~2.2 % /d in preschool-age children
and ~0.5%/d in adults or school-age children [20].
Factors that can affect the required sample size include
the source (food or supplement), chemical form, dose
and duration of the vitamin A intervention, the time
allowed for dose equilibration, the baseline vitamin A
status of the group studied, and potential effects of the
physiological state (e.g. growth, pregnancy, lactation,
inflammation or recent illness). Greater sample sizes
may be needed to detect responses to an intervention
when studying populations with higher baseline vita-
min A reserves (and associated variation), compared
with populations with lower reserves.

Compared with supplements, lower retinol avail-
ability can be expected from foods, and especially
from foods containing vitamin A precursors, such as
B-carotene. For instance, although 14 Bangladeshi
men were sufficient to significantly confirm an estimat-
ed increase in body vitamin A reserves resulting after
60 d supplementation with 750 pg retinol equivalents
from retinyl acetate or B-carotene, a smaller increase
was observed with Indian spinach, and the smallest
increase with sweet potatoes was not statistically sig-

nificant [21]. From plant foods, human absorption of
B-carotene can range from 5 to 65 %, and equivalency
ratios for biological conversion of B-carotene to vita-
min A can range from 3.8:1 to 28:1 by weight [22].

Determine how vitamin A status and other
population characteristics influence vitamin
A absorption, distribution, and metabolism

Less efficient bioconversion of -carotene to vitamin
A has been observed in animal studies as vitamin A
status increases [23, 24]. More information is needed
on how vitamin A status influences parameters, such
as absorption, bioconversion, and catabolic rates. The
VALID techniques have commonly used a calculation
developed by Olson and colleagues [16] that estimates
total liver retinol from the body exchangeable vita-
min A pool size, based on rat studies indicating that
50 % of an orally administered dose is absorbed and
stored in the liver [25]. As indicated above, vitamin
A status may influence this factor. In addition, little
is known about the efficiency of vitamin A absorption
in humans, and how it may be influenced by the dose
size or vitamin A status. The efficiency of vitamin
A absorption can be measured with a dual isotope
technique that determines relative retention of an iso-
topically labelled oral dose and a differently labelled
intravenous dose in artificial chylomicra [26]. (While
potentially useful for further development and inter-
pretation of the VALID techniques, such application
of intravenous doses would not be routinely practical
in field situations.)

Haskell and colleagues [27] compared the ‘equili-
bration time’ after administering an oral dose of deu-
terium-labelled retinyl acetate to Bangladeshi and
US adults (n=4/group). Although the pool size was
much lower in Bangladeshi adults as compared with
US adults, the mean ‘equilibration times’ were similar
for US and Bangladeshi adults: 17.5+4.4 and 16.3+3.9
d, respectively. These data suggest that ‘equilibration
time’ is not affected by vitamin A pool size. Similarly
there was no change in the fractional catabolic rate. It
remains to be investigated if the equilibration time and
the fractional catabolic rate are influenced by vitamin
A status in the higher range of liver reserves in these
populations. Studies in rats demonstrated a higher
catabolic rate with higher vitamin A intake, reserves,
and serum concentrations [28]. Kinetic experiments
are needed in various populations like schoolchildren
and pregnant women to define life-stage influences on
equilibration time and fractional catabolic rate.
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Consider designs with paired comparisons
and both positive and negative controls

Inter- and intra-individual variability in vitamin A
pool isotopic ratios are high; using paired compari-
sons by applying the VALID technique before and
after an intervention in the same subjects improves the
statistical power to detect differences due to the food
or fortificant being tested. It can be helpful to design
intervention studies with one or two control arms,
that is, placebo and/or oral dose of retinyl ester, in
order to improve the internal validity and subsequent
interpretation of the study.

Further application to benefit public
health

More research is needed in several areas related to
vitamin A deficiency and body stores determined us-
ing stable isotopes. Central to these is the evaluation
and monitoring of vitamin A interventions in popu-
lations at risk of deficiency, to assess effectiveness in
addressing deficiency without adversely increasing
the risk of hypervitaminosis A from supplementation
and expanding fortification programs that have been
applied for over a generation. In conjunction with
stable isotopic estimates, functional rather than clini-
calindexes need to be established to define deficiency
or excess. Comparing VALID methods with potential
population-based assessments will be important to
move programs forward.

Apply VALID techniques to monitor the
safety and effectiveness of high dose
supplementation of young children in
developing countries

The cutoffs for excessive vitamin A levels in the to-
tal body or liver need to be better defined. Because
VALID methods appear best suited to this application,
it is important to standardize the method in children,
and to perform these studies in locations where high
dose vitamin A supplementation programs have been
implemented for some time. Based on concerns about
the efficacy and even toxicity of supplementation inter-
ventions, it is imperative to measure vitamin A status
accurately in children. This can be done either by direct
application of VALID techniques or by applying these

methods to verify potentially simpler field methods,
such as measurement of serum or urinary retinol me-
tabolites, retinol-binding protein, or clinical indicators,
such as nightblindness, Bitot’s spots or xerophthalmia.

Apply the VALID method to assess
alternative vitamin A interventions

Exploring alternatives to high dose vitamin A sup-
plementation is an area needing further investiga-
tion. This includes interventions promoting locally
available, culturally acceptable vitamin A-rich foods
containing either preformed vitamin A esters, such as
liver, milk, cheese, and eggs, or provitamin A carot-
enoid precursors, such as green leaves, carrots, ripe
mangoes, and other orange-yellow vegetables and
fruits. The efficacy of food-based approaches needs
to be explored using appropriate indicators, such as
VALID, which can assess vitamin A status across the
continuum. Sensitive assessment of status can help
policy makers decide the best strategies to promote
adequate vitamin A intakes in ways that are cost-
effective, appropriately distributed, and sustainable.

Determine the effectiveness of routinely
supplementing with or feeding B-carotene,
rather than retinol

A safe and sustainable solution to improve vitamin A
status of pregnant and lactating mothers, and thereby
exclusively breastfed infants, would be to use locally
available, culturally acceptable green leafy vegetables,
which are low in cost compared with other vegetables
and fruits in many parts of the world [29]. Local food-
based approaches should be evaluated by the VALID
techniques to determine the efficacy of these strate-
gies for improving vitamin A status of women and
children [24]. Research is needed to determine the
levels of ingested fB-carotene that can avert vitamin A
deficiency. Stable isotope-labelled B-carotene can be
used to track its conversion to retinol. This is of inter-
est under different states of vitamin A homeostasis,
where deficiency could lead to increased bioconver-
sion efficiencies, as well as in vegetarians whose in-
take of preformed retinol is low. Further, the storage,
utilization, and total pool size of carotene in the body
need to be better defined, with the goal of determining
a serum f-carotene level that could assure adequate
retinol status in people.
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Investigate the usefulness of the VALID
method to assess vitamin A status in
populations affected by inflammation

It is well known that one of the key areas of concern
is the effect of other co-existing morbidities, such as
infection and inflammation, on serum retinol concen-
trations, which fall because retinol-binding protein is a
negative acute phase protein [30]. Serum retinol may
not be responsive to supplementation efforts, and used
by itself in children or populations that are at high risk
of infection or living in unhygienic conditions, serum
retinol may falsely exaggerate the frequency of vita-
min A deficiency [3]. Stable isotope methods may be
useful for determining how vitamin A is redistributed
during infection/inflammation in humans.

Improve understanding of the influence of
iron or zinc deficiencies on vitamin A
metabolism and status evaluation

Iron and zinc supplementation increase serum retinol
concentrations in malnourished children [31]. Deficien-
cies of these trace elements can negatively decrease the
mobilization of vitamin A from liver storage [32]. Addi-
tional research is needed to accurately assess vitamin A
status under conditions of multi-nutrient deficiencies.

Conclusions

The VALID techniques are the most sensitive methods
available for vitamin A status assessment. Considering
the extensive and worthwhile global health efforts to
eradicate vitamin A deficiency with supplementation
of preschool children and the introduction of fortified
and biofortified foods, the accurate assessment of vi-
tamin A status is essential for developing, assessing,
and monitoring these public health measures.

References

1. Furr, H.C., Green, M.H., Haskell, M., Mokhtar, N.,
Nestel, P., Newton, S., Ribaya-Mercado, J.D., Tang,
G., Tanumihardjo, S., Wasantwisut, E. (2005) Stable
isotope dilution techniques for assessing vitamin A
status and bioefficacy of provitamin A carotenoids in
humans. Public Health Nutr. 8, 596-607.

10.

11.

12.

13.

Haskell, M.J., Ribaya-Mercado, J.D., and the Vitamin
A Tracer Task Force (2005) Handbook on Vitamin
A Tracer Dilution Methods to Assess Status and
Evaluate Intervention Programs. Washington , DC.

Tanumihardjo, S.A. (2011) Vitamin A: biomarkers
of nutrition for development. Am. J. Clin. Nutr. 94,
658S-665S.

Escaron, A.L., Green, M.H., Howe, JA.
Tanumihardjo, S.A. (2009) Mathematical modeling of
serum “C-retinol in captive rhesus monkeys provides
new insights on hypervitaminosis. A. J. Nutr. 139,
2000-2006.

Ribaya-Mercado, J.D., Solomons, N.W., Medrano,
Y., Bulux, J., Dolnikowski, G.G., Russell, R.M.,
Wallace, C.B. (2004) Use of the deuterated-retinol-
dilution technique to monitor the vitamin A status of
Nicaraguan schoolchildren 1 y after initiation of the
Nicaraguan national program of sugar fortification
with vitamin A. Am. J. Clin. Nutr. 80, 1291 -1298.

Green, M.H. (2014) Evaluation of the Olson
equation”, an isotope dilution method for estimating
vitamin A stores. Int. J. Vitam. Nutr. Res. (S1) 9-15.

Oxley, A., Berry, P., Taylor, G.A., Cowell, J., Hall,
M.J., Hesketh, J., Lietz, G., Boddy, A.V. (2014) An
LC/MS/MS method for stable isotope dilution studies
of beta-carotene bioavailability, bioconversion and
vitamin A status in humans. J. Lipid. Res. 55,319-328.

Valentine, A.R., Davis, C.R., Tanumihardjo, S.A.
(2013) Vitamin A isotope dilution predicts liver stores
in line with long-term vitamin A intake above the
current Recommended Dietary Allowance for young
adult women. Am. J. Clin. Nutr. 98, 1192-1199.

Howe,J.A., Valentine, A.R.,Hull, A.K., Tanumihardjo,
S.A. (2009) **C natural abundance in serum retinol acts
as a biomarker for increases in dietary provitamin A.
Exp. Biol. Med. (Maywood) 234, 140—147.

Food and Nutrition Board: Institute of Medicine (2001)
Dietary Reference Intakes for Vitamin A, Vitamin K,
Arsenic, Boron, Chromium, Copper, lodine, Iron,
Manganese, Molybdenum, Nickel, Silicon, Vanadium,
and Zinc. Washington, D.C.: National Academy Press.

Ross, A.C., Zolfaghari, R. (2004) Regulation of
hepatic retinol metabolism: perspectives from studies
on vitamin A status. J. Nutr. 134, 269S-275S.

Tanumihardjo, S.A. (2001) Can lack of improvement
in vitamin A status indicators be explained by little or
no overall change in vitamin A status of humans? J.
Nutr. 131, 3316-3318.

Tanumihardjo, S.A. (2000) Vitamin A status
assessment in rats with (13)C(4)-retinyl acetate and

Int. J. Vitam. Nutr. Res. 84 (S1) © International Atomic Energy Agency 2014. Published by Hans Huber Publishers, Hogrefe AG, Bern.
All rights reserved. Distributed under the Hogrefe OpenMind license (http://dx.doi.org/10.1027/a000001).
Free access provided with a grant from the International Atomic Energy Agency.



14.

15.

16.

17.

18.

19.

20.

21.

22.

S.A. Tanumihardjo et al.: Research recommendations for retinol isotope techniques 59

gas chromatography/combustion/isotope ratio mass
spectrometry. J. Nutr. 130, 2844 -2849.

Riabroy, N., Dever, J.T., Tanumihardjo, S.A. (2014)
alpha-Retinol and 3,4-didehydroretinol support
growth in rats when fed at equimolar amounts and
alpha-retinolis not toxic after repeated administration
of large doses. Br. J. Nutr., 111, 1373-1381.

Mills, J.P., Penniston, K.L., Tanumihardjo, S.A.
(2005) Extra-hepatic vitamin A concentrations in
captive Rhesus (Macaca mulatta) and Marmoset
(Callithrix jacchus) monkeys fed excess vitamin A.
Int. J. Vitam. Nutr. Res. 75, 126-132.

Furr, H.C., Amedee-Manesme, O., Clifford, A.J.,
Bergen, H.R., 3rd, Jones, A.D., Anderson, D.P.,
Olson, J.A. (1989) Vitamin A concentrations in
liver determined by isotope dilution assay with
tetradeuterated vitamin A and by biopsy in generally
healthy adult humans. Am. J. Clin. Nutr. 49, 713-716.

Haskell, M.J., Handelman, G.J., Peerson, J.M., Jones,
A.D., Rabbi, M.A., Awal, M.A., Wahed, M.A.,
Mahalanabis, D., Brown, K.H. (1997) Assessment of
vitamin A status by the deuterated-retinol-dilution
technique and comparison with hepatic vitamin A
concentration in Bangladeshi surgical patients. Am.
J. Clin. Nutr. 66, 67-74.

Penniston, K.L., Weng, N.,  Binkley, N,
Tanumihardjo, S.A. (2006) Serum retinyl esters are
not elevated in postmenopausal women with and
without osteoporosis whose preformed vitamin A
intakes are high. Am. J. Clin. Nutr. 84, 1350-1356.

Vitamin A tracer task force (jointly organized by
USAID; HarvestPlus; the International Atomic
Energy Agency; and the International Life Sciences
Institute) (2004) Appropriate uses of vitamin A
tracer (stable isotope) methodology. Washington DC
20005-5802: ILSI Human Nutrition Institute.

Haskell, M.J., Lembcke, J.L., Salazar, M., Green,
M.H., Peerson, J.M., Brown, K.H. (2003) Population-
based plasma kinetics of an oral dose of [2H4]retinyl
acetate among preschool-aged, Peruvian children.
Am. J. Clin. Nutr. 77, 681 -686.

Haskell, M.J., Jamil, K.M., Hassan, F., Peerson,
J.M., Hossain, M.I., Fuchs, G.J., Brown, K.H. (2004)
Daily consumption of Indian spinach (Basella alba)
or sweet potatoes has a positive effect on total-body
vitamin A stores in Bangladeshi men. Am. J. Clin.
Nutr. 80, 705-714.

Haskell, M.J. (2012) The challenge to reach
nutritional adequacy for vitamin A: beta-carotene
bioavailability and conversion—evidence in humans.
Am. J. Clin. Nutr. 96, 1193S-1203S.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

van Vliet, T., van Vlissingen, M.F., van Schaik, F.,
van den Berg, H. (1996) beta-Carotene absorption
and cleavage in rats is affected by the vitamin A
concentration of the diet. J. Nutr. 126, 499-508.

Tanumihardjo, S.A. (2008) Food-based approaches
for ensuring adequate vitamin A nutrition. Compr.
Rev. Food Sci. Food Safety 7, 373—-381.

Bausch, J., Rietz, P. (1977) Method for the assessment
of vitamin A liver stores. Acta Vitaminol Enzymol
31,99-112.

Park, Y., Damron, B.D., Miles, J.M., Harris,
W.S. (2001) Measurement of human chylomicron
triglyceride clearance with a labeled commercial lipid
emulsion. Lipids 36, 115-120.

Haskell, M.J., Islam, M.A., Handelman, G.J., Peerson,
JM., Jones, A.D., Wahed, M.A., Mahalanabis,
D., Brown, K.-H. (1998) Plasma kinetics of an oral
dose of [2H4]retinyl acetate in human subjects with
estimated low or high total body stores of vitamin A.
Am. J. Clin. Nutr. 68, 90-95.

Green, M.H., Green, J.B. (1994) Vitamin A intake
and status influence retinol balance, utilization and
dynamics in rats. J. Nutr. 124, 2477-2485.

Tchum, S.K., Newton, S., Tanumihardjo, S.A.,
Arthur, F.K.N., Tetteh, A., Owusu-Agyei, S. (2009)
Evaluation of a green leafy vegetable intervention in
Ghanaian postpartum mothers. Afr. J. Food Agric.
Nutr. Development 9, 1294 -1308.

Thurnham, D.I., McCabe, G.P., Northrop-Clewes,
C.A., Nestel, P. (2003) Effects of subclinical infection
on plasma retinol concentrations and assessment of
prevalence of vitamin A deficiency: meta-analysis.
Lancet 362, 2052-2058.

Munoz, E.C., Rosado, J.L., Lopez, P., Furr, H.C,
Allen, L.H. (2000) Iron and zinc supplementation
improves indicators of vitamin A status of Mexican
preschoolers. Am. J. Clin. Nutr. 71, 789-794.

Jang, J.T., Green, J.B., Beard, J.L., Green, M.H.
(2000) Kinetic analysis shows that iron deficiency
decreases liver vitamin A mobilization in rats. J. Nutr.
130, 1291-1296.

Sherry A. Tanumihardjo

University of Wisconsin-Madison
Department of Nutritional Sciences
1415 Linden Dr.

Madison, W1, 53706

USA

sherry@nutrisci.wisc.edu

Int. J. Vitam. Nutr. Res. 84 (S1) © International Atomic Energy Agency 2014. Published by Hans Huber Publishers, Hogrefe AG, Bern.
All rights reserved. Distributed under the Hogrefe OpenMind license (http://dx.doi.org/10.1027/a000001).
Free access provided with a grant from the International Atomic Energy Agency.



