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  Abstract:  A variety of methods exist to assess vitamin A status of groups and populations. Vitamin A 
status is usually defi ned by the liver retinol concentration. Most indicators of status do not measure or 
estimate liver stores of retinol. Clinical signs only have utility when liver reserves are almost exhausted, 
and serum retinol concentrations have utility in the zone of overt defi ciency.  Dose response tests offer 
more coverage, but cannot distinguish among liver vitamin A stores in the adequate through toxic 
range. Different countries continue, or are beginning, to add preformed vitamin A to a variety of staple 
foods through fortifi cation, and vitamin A supplements are still being distributed in many countries, 
especially to preschool children. Further, provitamin A biofortifi ed crops are currently being released 
in several countries. Assessing population vitamin A status in response to these interventions needs to 
move beyond serum retinol concentrations. Indicators that work in the excessive to toxic range of liver 
reserves are needed. To date, the only indirect indicator that has been validated in this range of liver 
reserves in animals and humans is the retinol isotope dilution test using deuterium or  13 C, which spans 
the entire liver reserve continuum from defi ciency through excess. 
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 Introduction 

 Vitamin A is an essential nutrient needed in the diet as 
preformed retinyl esters or provitamin A carotenoids. 
Its uses by the human body are diverse and include the 
ability to see, fi ght off disease, and reproduce. There-
fore, the importance of vitamin A for humans calls for 
public health measures of status among individuals 
and populations. Traditionally, serum vitamin A (reti-
nol) concentrations have been used and are still being 
applied in evaluation surveys and intervention studies. 
However, the utility of serum retinol concentrations 

as a measure of total body reserves (TBR) of vitamin 
A was questioned decades ago [1]. A couple of quota-
tions from that paper, which was largely drawn from 
rat studies stated, “the plasma vitamin A level does 
not enable any conclusion to be drawn as to the body 
reserves of vitamin A which are mainly represented 
by the vitamin A concentration in the liver, for it has 
been shown that there is a correlation between plasma 
and liver vitamin A concentrations only in cases of 
extreme hypo- or hypervitaminosis,” and “This ex-
ample shows that determination of vitamin A plasma 
concentrations is not a reliable basis for assessment of 
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the vitamin A status” [1]. This background emphasizes 
the need for further improving vitamin A assessment 
methodology that yields more information than se-
rum retinol concentrations for determining vitamin 
A status of individuals and groups [2]. 

 Methods to assess vitamin A status were recently 
reviewed [2], and various indicators were aligned with 
the liver reserve concentration range where they are 
most useful to predict liver stores of vitamin A if a 
positive result is found with the test (Figure 1). Clinical 
signs, such as night blindness and Bitot’s spots, only 
have utility when liver reserves are almost exhausted. 
Serum retinol concentrations have utility in the zone 
of overt defi ciency but are homeostatically controlled 
and can “misdiagnosis” groups of individuals. Dose 
response tests offer a little more coverage, but they 
also lack utility when vitamin A reserves are above 
adequate and are not able to distinguish between 
an adequate, sub-toxic, and toxic vitamin A status. 
As different countries continue or begin to add pre-
formed vitamin A to a variety of foods in the process 
of fortifi cation, indicators that work in the excessive 
to toxic range of liver reserves are needed. To date the 
only indicator, excluding liver biopsy, that has been 
validated in this range of liver reserves is the vitamin 
A-labelled isotope dilution (VALID) test [2]. 

 Serum retinol concentrations 

 For a variety of reasons, serum retinol concentrations 
are not an indicator of individual vitamin A status. 
Retinol circulates in plasma bound to retinol bind-
ing protein (RBP) and is a static measure. Further, 
RBP is a negative acute phase protein and therefore, 
during infection, RBP will fall and retinol concentra-
tions will be depressed for an undetermined length 
of time. During times of defi ciency, retinol will be 
recycled more times in an effort to conserve it and 
decrease catabolism [3]. Plasma retinol concentra-
tions may actually increase fi rst before they drop in 
response to low liver stores. A recent demonstration 

of this phenomenon in rats revealed a serum retinol 
concentration of 1.37 ± 0.21 μmol / L with liver reserves 
at 0.0051 ± 0.0029 μmol / g liver [4]. Considering that 
current cutoffs for defi ciency are serum retinol concen-
trations < 0.7 μmol / L and liver reserves of 0.07 μmol / g 
liver [2], serum retinol did not refl ect actual vitamin 
A status of these rats [4]. 

 Dose response tests 

 The dose response tests operate on the principle that, 
as liver reserves of vitamin A become depleted,  apo -
RBP accumulates in the liver because its synthesis 
does not seem to be regulated. A challenge dose with 
either retinyl ester for the relative dose response test 
or 3,4-didehydroretinyl acetate in the modifi ed rela-
tive dose response (MRDR) test cause rapid release 
of the  holo -RBP complex from the liver due to this 
accumulation of  apo -RBP. These tests are appealing 
because they only require HPLC for analysis; how-
ever, during times of excess intakes and high liver 
reserves of vitamin A, the tests will only indicate 
adequate status and not excessive. During depleted 
retinol stores, the tests work well and yield a positive 
response when liver reserves are <0.1 μmol / g liver, a 
recently proposed higher liver reserve concentration 
to indicate defi ciency [2]. In areas where vitamin A 
status is depleted, higher prevalence of positive dose 
response tests can be used to target vitamin A pro-
grams to improve status. 

 The MRDR test was used to evaluate an interven-
tion study with sweet potato in South African school-
children [5]. The MRDR value improved in the group 
that received the orange sweet potato compared with 
the white sweet potato ( p  = 0.02), while serum retinol 
concentrations did not show an intervention effect 
( p  = 0.15). Serum retinol actually improved in both 
treatment groups over time. This may have been due 
to the deworming of the children or the fact that all 
children received an extra snack each day as part of 
the intervention, likely improving overall nutrition. 

Figure 1: Multiple biomarkers of vitamin 
A status are used to evaluate interven-
tions and vitamin A status. In reference 
to a liver sample, which is considered the 
gold standard, isotope dilution is the only 
biomarker that has a dynamic range that 
includes vitamin A defi ciency through toxic 
stores. (Adapted from reference [2]).
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 Another recent example of the use of the MRDR 
test to evaluate an intervention was in Senegalese in-
fants [6]. Serum retinol concentrations only predicted 
14.7 % prevalence of vitamin A defi ciency, but the 
MRDR predicted 73.5 % with low liver stores [6]. 
Thus, although current standards would claim that 
there is only a mild defi ciency, in fact, it is likely that 
most infants in Senegal do not have enough liver stores 
of vitamin A to sustain them through the crucial com-
plementary feeding period negatively affecting their 
immune response to pathogens. Further, the MRDR 
test was able to detect those infants whose mothers 
had received high-dose, post-partum supplements 
( p  = 0.009). Thus, although the World Health Organi-
zation does not recommend post-partum supplements, 
they can improve the vitamin A status of the nursing 
infant as predicted and measured in the lactating sow-
nursing piglet dyad [7, 8]. 

 Discordant results from serum retinol concentra-
tions and the MRDR test have also been observed in 
Ghanaian women [9, 10]. Serum retinol concentrations 
were identical in two geographically distinct groups 
of Ghanaian women [1.4 and 1.5 μmol / L], but the 
MRDR test revealed almost a two-fold difference in 
the serum 3,4-didehydroretinol to retinol ratios be-
tween the groups of women with values of 0.048 ± 0.037 
and 0.09 ± 0.05. Thus, one group had mostly adequate 
liver stores and the other did not (abnormal MRDR 
value is  >  0.060). Further, serum retinol concentrations 
did not respond to their respective interventions but 
the MRDR test did with signifi cant difference in both 
a vitamin A supplement [9] and a plant-based inter-
vention [10]. In light of these data and that of many 
animal studies, the MRDR test appears to give similar 
answers as serum retinol only when serum retinol is 
less than about 0.5 μmol / L (i. e., both tests are posi-
tive) or greater than about ~1.8 μmol / L (i. e., both tests 
are negative) [11]. In the middle range of serum retinol 
concentrations, where most people in the developing 
world would fall, the MRDR test will better refl ect 
liver reserves of vitamin A and give more indication 
of status than serum retinol concentrations alone. 

 Therefore, collectively serum retinol concentra-
tions only refl ect liver reserves when they are very low 
as stated in 1977 [1]. The MRDR test and serum retinol 
concentrations can give different prevalence rates of 
vitamin A defi ciency as noted in studies in Indonesian 
children [reviewed in 2], Senegalese infants [6], and 
Ghanaian women [9, 10]. If true vitamin A status is to 
be assessed, more sensitive markers of liver reserves 
need to be used. While the dose response tests have 
utility in the defi cient to adequate range of status, 
they do not respond when liver reserves become ex-

cessive or toxic. Therefore, the main purpose of this 
paper is to review recent advancements in isotopic 
methods to evaluate vitamin A status and response 
to interventions. Dose response tests do not have the 
same working dynamic range as the VALID methods. 

 Stable Isotope Methods to Evaluate 
Vitamin A Stores 
 Although stable isotope methods to evaluate vitamin 
A status also date back a couple of decades, the mass 
spectrometry analysis is not trivial and therefore the 
methods are not widely utilized without appropriate 
collaborations [12]. Although the word isotope is often 
misinterpreted to mean radioactivity, stable isotopes 
are completely safe to use. Isotopes of any element 
differ in the number of neutrons that they contain 
and occur naturally in the environment. The stable 
isotopes that have been used in vitamin A research 
include deuterium ( 2 H) and carbon-13 ( 13 C) [12]. The 
distribution of isotopes in nature is called the natu-
ral abundance. For carbon, the natural abundance is 
98.9 %  12 C, 1.1 %  13 C, and only a trace of the radio-
active isotope  14 C (< 0.00001 %). It is interesting to 
note that plants have differential uptakes of  13 C from 
the air and some plants will acquire more  13 C and 
are called C4-plants, which are commonly grasses, 
such as maize and sugarcane. Most leafy green and 
orange vegetables are C3-plants. This natural shift in 
 13 C-signature was used to evaluate compliance to a 
weight-loss program based on inclusion of vegetables 
[13], and was recently applied to evaluate effi cacy of 
orange biofortifi ed maize [unpublished observations]. 
In both cases the isotope shift worked: less  13 C was 
in the retinol fraction of serum from the vegetable 
intervention indicating compliance [13], and more  13 C 
was in the serum retinol of people who consumed the 
orange maize indicating effi cacy. 

 Other uses of stable isotopes in vitamin A research, 
in addition to assessing vitamin A status, have been to 
evaluate kinetic behavior and determine bioconver-
sion factors in response to interventions [12]. Several 
assumptions need to be made when using isotopic 
methods. For example, one assumes that the heavy 
isotope behaves like the common isotope, the labelled 
retinol equilibrates with the total body pool, and the 
isotope is easily detectable by using small amounts 
of tracer, which preferably do not perturb the whole 
body system. Isotope effects caused by differences in 
mass do occur and the most sensitive methodologies, 
which use fewer labels on the retinol molecule, will 
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have less isotope effects. Therefore, methods that use 
the heavier molecules, such as  2 H 4  and  2 H 8  or  13 C 10  
[reviewed in 12, 14 – 16], will have more potential mass 
isotopic effects  in vivo  than a method that uses  13 C 2  
[17, 18]. Nonetheless, biological variation in humans is 
likely more than any analytical discrepancy caused by 
tracer isotope effects in vitamin A assessment. More 
noise is actually caused by dose size, which will be 
covered in the following discussion of mass spectrom-
eters, and assumptions in the calculations. 

 Mass spectrometers 

 When determining which isotope method to use, 
above all else, one needs to know the type of mass 
spectrometer available in the collaboration and the 
question being asked. The original isotope dilution test 
used a typical quadrupole mass spectrometer, which 
lacked sensitivity and therefore very high doses in the 
range of 4 to 45 mg were used in children and adults 
[reviewed in 12]. Application of negative chemical 
ionization procedures in mass spectrometry allowed 
smaller doses to be used in humans, and the reported 
range is 0.5 to 5 mg doses of  2 H 8  and  2 H 4  administered 
in studies in Chinese and Mexican children [19, 20]. 
Isotope dilution with  13 C-retinol and gas chromatog-
raphy-combustion-isotope ratio mass spectrometry 
(GCCIRMS) is the most sensitive methodology avail-
able for assessment of vitamin A status. Small doses 
of lightly enriched  13 C 2 -retinol are used, acting like 
a true tracer [21]. Current recommended doses are 
2 μmol (576 μg  13 C 2 -retinol) for studies in adults [18] 
and 1 μmol (288 μg) in children [22]. These doses are 
less than the current US RDA for vitamin A,  i. e. , 2.5 
and 1.4 μmol vitamin A for women [ >  14 years] and 
children 4 to 8 years old, respectively [23]. With the in-
troduction of multiple vitamin A-fortifi ed foods in the 
global economy, these doses are still traceable even on 
the background of excessive stores of vitamin A. In the 
original work with the  13 C-VALID test on monkeys 
known to have hypervitaminosis A, a 3.5 μmol  13 C-
retinyl acetate dose was administered, and could still 
be detected 28 days after dose administration, even 
though all the monkeys were diagnosed with clinical 
hypervitaminosis A confi rmed by liver biopsy [17]. 
Thus, this test was validated in a model of toxic stores 
of vitamin A (i. e., 17.0 ± 6.3 μmol / g liver) caused by 
highly fortifi ed chow fed every day. This validation is 
in addition to that with vitamin A-adequate rats that 
were given three different dose levels of vitamin A 
daily, where the test had linearity between calculated 
and measured liver stores of vitamin A [24]. 

 Mass balance equation 

 Although much more responsive to changes in vitamin 
A status than serum retinol concentrations, and almost 
as accurate as a liver biopsy to determine actual liver 
stores of vitamin A, isotope dilution does require a 
set of assumptions which work well at the community 
level, but not necessarily at the individual level. Vi-
tamin A TBR calculations begin using a form of the 
mass-balance equation [25]: 

 (F a  × a) + (F b  × b) = (F c  × c) 
 For methods using  13 C, “a” is the μmol absorbed from 

the dose (dose × absorption rate), “b” is TBR in μmol at 
baseline, and “c” is TBR in μmol after dosing (c = a + b). 
F a , F b , and F c  are the isotope abundance [ 13 C / total C; 
At% / 100; R/(R + 1) and R is  13 C /  12 C] of the dose, base-
line serum, and post-dose serum, respectively. 

 In the application of the  13 C-VALID test, 100 % 
absorption was assumed in well-nourished Ameri-
cans [18] and hypervitaminotic monkeys [17]. This 
was based upon the facts that a 1 mg dose, which had 
radioactive carbon added to it, was almost completely 
absorbed (99.2 %) in 5 Indian children [26] and no  13 C 
enrichment was detected in the feces of the monkeys. 
However, in application of the test in groups of indi-
viduals who might have micronutrient co-defi ciencies 
and to account for underlying repeated infections, 
90 % absorption of the dose is recommended to be 
used [22]. Further, if study design and resources al-
low it, researchers or evaluators may want to measure 
the acute phase protein C-reactive protein at baseline 
[27]. If elevated >10 mg/L, the child or adult likely 
had an active infection and the dose may be less well-
absorbed, and in this case, 80 % absorption could be 
assumed [26]. Absorption of a 5 mg dose was 81.2 % 
in 3 Zambian children without illness using accelera-
tor mass spectrometry for analysis [28]. Smaller doses, 
such as those recommended for the  13 C-VALID test, 
are likely absorbed more completely, but absorption 
could be reduced during acute infections. Therefore, 
researchers should not enroll children or adults into 
VALID studies who have an active fever at the time of 
recruitment; should monitor temperature, especially 
at follow-up time points; and should consider acute 
phase protein measurements. If widespread use of 
VALID methods to evaluate vitamin A status of popu-
lations occurs, a reduction from 90 to 80 % absorption 
of the dose overall could be considered if C-reactive 
protein measurements are not feasible and the groups 
being studies have a history of repeated infections. 

 A correction to the equation is commonly used is 
to account for catabolism of the tracer dose. This cor-
rection is made to the TBR calculation: 
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 Corrected TBR = b × e – kt , where k = ln(2) / (half-life 
of retinol in days), and t is time in days since dosing. 

 When the actual half-life of the group being studied 
is not measured as part of the experimental protocol, 
the half-life for retinol that has been used is 140 days 
in adults [18, discussed in 29] and 32 days in young 
children [22, 30]. 

 Another assumption that needs to be considered 
is the amount of TBR in the liver to calculate a liver 
vitamin A concentration. In the original Bausch and 
Reitz equation, 0.5 was the factor used to correct “a” 
(the amount of administered dose stored in the liver). 
This was originally meant to be the amount stored in 
the liver, which seems to have gotten lost over time 
and considered to be TBR. The fi rst number obtained 
in the above equation for the  13 C-VALID test is TBR 
and not liver stores. Therefore, another assumption to 
estimate the amount in the liver is to use either 50 % 
storage for groups who have low TBR [22] or 80 % 
for groups who have adequate TBR [18]. If an actual 
concentration is desired, this needs to be corrected for 
liver weight. Traditionally, this percentage is 2.4 % of 
body weight for adults, 3 % for children, and 4 % for 
infants [14]. These assumptions and the discrepancy 
of these percentages are some of the reasons why the 
VALID test is best applied at the group level and not 
the individual level. 

 Methods to Improve Global Vitamin 
A Status 
 Vitamin A supplementation programs were imple-
mented in the 1970 s as a short-term action to decrease 
the prevalence of vitamin A defi ciency. The evidence 
is such that the World Health Organization continues 
to recommend high-dose supplements to children age 
6 through 59 months [31]. However, research evidence 
does not exist for supplementation in other age groups 
or in women as a way to decrease infant mortality. In 
the interim, many countries have started fortifying a 
variety of foods with preformed vitamin A in an effort 
to improve the vitamin A status of the whole popula-
tion [32]. Examples of such programs are sugar forti-
fi cation in Guatemala [33] and Zambia [34]. However, 
fortifi cation of products with preformed vitamin A is 
not without risks. Thus, the new concern is hypervita-
minosis with the fortifi cation of multiple staples with 
preformed vitamin A. 

 VALID techniques now need to move forward 
as the method of choice for evaluation of vitamin A 
fortifi cation programs. In fact, one year after the in-

troduction of vitamin A-fortifi ed sugar in Nicaragua 
[35], the mean liver reserves of the children enrolled 
in an evaluation of this program using deuterated reti-
nol increased to 1.2 μmol / g liver (above the sub-toxic 
cutoff of 1 μmol / g liver, Figure 1). These data were 
used to model intakes of children in comparison to bio-
fortifi ed foods containing provitamin A carotenoids 
with predictions of excessive liver reserves over time 
when using preformed vitamin A as the fortifi cant [36]. 
Biofortifi cation is a method of breeding crops with en-
hanced amounts of nutrients. For vitamin A, this is the 
process of breeding staple crops like maize or sweet 
potato [37] or horticultural crops like orange carrots 
[38, 39] for higher provitamin A carotenoid content. 

 Biofortifi cation of crops with provitamin A carot-
enoids is not necessarily a new idea with the domes-
tication of carrot occurring about 1000 years ago and 
efforts to improve orange color continuing [40], but 
its application to staple crops has had increasing mo-
mentum [37]. The beauty of breeding staple crops 
with provitamin A carotenoids is that the body will 
offer a line of protection from hypervitaminosis A 
due to the regulatory mechanisms in place during the 
bioconversion of provitamin A carotenoids to retinol 
[41]. Maize has been biofortifi ed with both β-carotene 
and β-cryptoxanthin [42, 43]. On a mass basis, these 
two provitamin A carotenoids have similar bioeffi cacy 
[42, 43]. Biofortifi ed maize genotypes have been fed to 
Zambian children with quick adaptation periods [44, 
45]. Further, single test meals of biofortifi ed maize 
had a favorable bioconversion factor [3.2 ± 1.5 μg 
β-carotene equivalents to 1 μg of retinol] in Zimba-
bwean men using the stable isotope reference method 
[46]. Genotypes of crops, however, can give differ-
ent bioconversion factors [43]; therefore, crops that 
are close to commercialization should be tested with 
VALID methods in the people who will benefi t from 
consumption of biofortifi ed foods. 

 Study Design and Sample Size 
Considerations 
 Originally, the Vitamin A Tracer Task Force suggest-
ed sample size estimates of 15 subjects for supplement 
studies with preformed vitamin A to 30 subjects for 
intervention studies with provitamin A carotenoids 
[47] using the paired VALID technique [14]. However, 
most of the work at the time these bulletins were pre-
pared was performed in people who had vitamin A de-
fi ciency and would therefore have a larger response to 
a trial with provitamin A carotenoids. In consideration 
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of sample size, researchers are encouraged to consider 
anticipated changes in TBR or liver concentrations in 
vitamin A in response to the intervention as a start-
ing point and add margins of error for variability and 
analytical losses. 

 A recent study did not show a difference in TBR 
using the VALID test in a sweet potato intervention 
trial in Bangladeshi women for 60 days [48]. Thus, re-
searchers should not only consider larger sample sizes, 
but also longer periods of time for interventions with 
provitamin A carotenoids. Figure 2 illustrates a poten-
tial study design using the paired VALID test with both 
positive and negative control groups. After a baseline 
blood sample, the stable isotope labelled vitamin A is 
administered, and a mixing time for equilibration of 
the dose is allowed before the test food is fed. During 
this mixing period, it is preferable to feed a low vitamin 
A-containing controlled diet ( control  food in Figure 2). 
Thereafter, a second fasting blood sample is taken and 
the intervention can begin. By keeping the diet low in 
vitamin A, the difference in specifi c activity between 
the liver and the serum is kept closer to 1 and therefore 
not needed in the equation as a correction. This is es-
pecially true for the  13 C-VALID test because the dose 
administered is small compared with the deuterated 
test where a substantial amount of the tracer might be 
stored in the liver. After a suitable intervention period 
(90 days in Figure 2), a washout period is recommended 
so that the fi nal provitamin A carotenoid from the meal 
and the vitamin A from the positive control group can 
equilibrate with the total body pool (7 days in Figure 2). 
After this, another fasting blood sample is taken to de-
termine the residual amount of tracer from the baseline 
assessment of TBR followed by another isotope dose. 
After a two-week mixing period, another blood sample 
is taken to determine the TBR of vitamin A after the 
intervention. From these data, the change in TBR due 
to the intervention can be determined by treatment 
group, and the bioconversion factor can be calculated 
in reference to the positive and negative control groups. 

 Variations to the VALID test exist. For example, if 
 2 H 4 -retinyl acetate is administered at baseline, some-
times  2 H 8  is administered at follow-up. This would 
allow the researchers the liberty of not having a blood 
sample at timepoint three [14]. While the initial base-
line blood sample is optional for the  13 C-VALID test 
as long as a reference group is used [22], the third 
blood sample is necessary because of the residual  13 C 
that would be measurable after the intervention by 
the GCCIRMS. This reiterates the importance of the 
collaborating group of researchers to understand the 
subtleties of dose size, blood volume to be collected, 
and number of blood samples needed for the successful 
conduct of intervention trials. 

 Conclusions 

 The world needs to consider other methods than se-
rum retinol concentrations to assess vitamin A status 
and evaluate interventions. Considering the addition of 
preformed vitamin A to a variety of staple foods at the 
national level in many countries, we now have a new way 
of looking at optimal stores of vitamin A. People who 
will be consuming more than one staple that is fortifi ed 
with preformed vitamin A may now have too high of 
stores leading to imbalance [49]. Intake of provitamin A 
carotenoids through biofortifi cation and dietary diversi-
fi cation do not have this same risk [32, 36, 41, 49]. While 
the ramifi cations of hypervitaminosis A are not entirely 
known, bone health is of particular concern [50]. Life-
long exposure to high amounts of preformed vitamin 
A is now a concern in both developed and developing 
nations through fortifi cation. To date, the only indi-
rect biomarkers of vitamin A status that are diagnostic 
across the continuum of TBR are VALID techniques. 
Improvements in mass spectrometry or analytical sim-
plifi cations may increase the world-wide application of 
this sensitive methodology and should be considered. 

Figure 2: A proposed study design for the paired isotope dilution test to evaluate an intervention with a fortifi ed food, 
biofortifi ed food with enhanced provitamin A carotenoids, or fruit and/or vegetable intervention. In a highly controlled 
study, it is recommended that the foods served during the 14-day mixing period be identical. Although a positive control 
group with preformed vitamin A is recommended when evaluating a provitamin A carotenoid intervention for comparison 
and calculation of the bioconversion factor, it may not always be necessary for a food fortifi ed with preformed vitamin A. 
In this fi gure, control food would be a similar food to the test food that is neither fortifi ed nor biofortifi ed.
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