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Vitamin A (VA) is an essential nutrient often lacking in the diets of people in developing countries. Accurate biomarkers of VA status are vital to inform
public health policy and monitor interventions. The relative dose-response (RDR) and modified-RDR (MRDR) tests are semi-quantitative screening
tests for VA deficiency that have been used in Demographic and Health Surveys and VA intervention studies. A systematic review and meta-analysis
of sensitivity and specificity were conducted to summarize the physiological evidence to support the RDR tests as methods to assess VA status
and investigate the impact of different pathological and physiological states on the tests. A total of 190 studies were screened for inclusion, with
21 studies comparing the RDR tests with the gold-standard biomarker, liver VA concentration (68% and 80% sensitivity and 85% and 69% specificity
for the RDR and MRDR, respectively). Nearly all studies with VA interventions in VA-deficient populations demonstrated a response of the tests to
VA intake that would be expected to improve VA status. The impacts of chronic liver disease, protein malnutrition, age, pregnancy and lactation,
infection and inflammation, and various other conditions were examined in 51 studies. The RDR and MRDR tests were reported to have been used
in 39 observational studies, and the MRDR has been used in at least 6 national micronutrient surveys. The RDR and MRDR are sensitive tests for
determining population VA status and assessing VA interventions. Although they are robust to most physiological and pathological states, caution
may be warranted when using the tests in neonates, individuals with chronic liver disease, and those with protein or iron malnutrition. Research on
further improvements to the tests to increase accessibility, such as sampling breast milk instead of blood or using intramuscular doses in subjects
with malabsorption, will allow wider adoption. This review was registered with PROSPERO as CRD42019124180. Adv Nutr 2021;12:904-941.
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Introduction

Vitamin A (VA) is required for human growth, immunity,
and vision. Ideally, everyone would satisty their VA require-
ments with provitamin A carotenoids from plant sources and
preformed VA from animal products; however, VA deficiency
(VAD) and, in some cases, hypervitaminosis A currently
cause and exacerbate disease in vulnerable populations.
Therefore, accurate methods to assess VA status remain
necessary to monitor at-risk populations and to determine
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the efficacy and effectiveness of public health interventions
(1), especially when programs overlap (2).

VA exposure and status can be measured in many ways,
including dietary intake, total body VA stores (TBS), and VA
balance. The biomarker(s) chosen will depend on the desired
outcomes of public health questions and resources available
(1). Hepatic VA (retinol + retinyl esters) concentration, as
micrograms or micromoles of VA/gram liver [also known
as total liver VA reserves (TLRs)] is the “gold standard”
for VA status, because hepatocytes and stellate cells contain
>90% of TBSs in healthy adults with adequate stores (1).
In addition to directly measuring TLRs by liver biopsy, TBS
and TLRs can be estimated using VA tracers in retinol
isotope dilution (RID) tests (3). Because it is difficult and
generally unethical to obtain hepatic biopsies, and stable
isotope work is relatively expensive, time consuming, and
requires specialized equipment, other indirect indicators that
accurately reflect TBS and TLRs are required for population
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surveys. Two common indicators of VAD are circulating
(serum or plasma) retinol (R) concentration, and the focus of
this review, the relative dose-response (RDR) and modified-
RDR (MRDR) tests, herein referred to as RDRs. The RDRs
have been used during all major life stages including infancy
(4-21), childhood (22-61), lactation (4, 6, 62-66), pregnancy
(66-71), and old age (72-74) in the United States and at least
30 other countries.

Serum R concentration is a straightforward measurement
usually determined by HPLC and is reported in micrograms
per deciliter or micromoles per liter (1). The RDR is the
relative change in serum R 4-7 h after administering a dose of
retinyl ester expressed as a percentage (1). The MRDR value
is the molar ratio of 3,4-didehydroretinol (DR) to R (DR:R) in
serum 4-7 h after administering 3,4-didehydroretinyl acetate
(DRAC) (1). The RDRs have decades of use in micronutrient
surveys associated with Demographic and Health Surveys
(DHSs), clinical trials, and interventions to characterize the
prevalence of VAD and measure intervention outcomes,
and yet there has been debate over these tests’ usefulness
since their inception (75-79). Furthermore, the influence of
inflammation and disease, other micronutrient deficiencies,
differences in analytical methodology, and the relation of
serum R to TLR must be considered. In this review, we
examine the utility of RDRs and the impact of these
factors.

Current Status of Knowledge

Reference ranges for biomarkers of VA status

When considering TLRs, whether measured by
biopsy/necropsy or estimated by RID, deficiency is defined as
<0.1 umol VA/g, adequate stores >0.1 to <0.7 umol VA/g,
high stores >0.7 to <1 pumol VA/g, and a proposed cutoff
for (subclinical) hypervitaminosis is >1 pmol VA/g (1).
Clinical toxicity was originally proposed at >10 umol VA/g
until more data were obtained (1); however, pathological
liver histology has been observed at values as low as
3 pumol VA/g in human cadavers (80). These cutoffs were
confirmed in an animal model, where significant hepatic
fibrosis and cirrhosis were observed with TLRs <0.1 pumol/g,
hyperplasia at 0.7 umol/g, and mild pathology at 1.5 umol/g
(81). Following guidelines set by the WHO, serum R is
deficient at concentrations <0.7 pumol/L, with a population
considered to have a serious public health concern when
20% of the population has serum R concentrations below
this value (82).

Serum retinol lacks sensitivity and specificity to predict
TLRs and intervention response

While the focus of this review is the RDRs, serum or plasma
R concentrations have been used extensively as an indicator
of VA status and some consider it to be the standard to which
RDRs should be compared (83). Serum R concentrations
are maintained homeostatically, except when hepatic VA
reserves are essentially depleted (84). For example, in
otherwise healthy humans dying suddenly of unnatural

causes, Underwood et al. (85) found no association between
serum R and measured hepatic VA concentrations over the
range of 0.038-2.3 umol/g (n = 50). Suthutvoravoot and
Olson (86) found no correlation (r = 0.068) between plasma
R and measured hepatic VA concentrations (range: 0.028-
11 pmol/g; n = 84). Of the 3 cases with plasma R concentra-
tions <0.35 umol/L, only 1 had a deficient TLR (0.073 pumol
VA/g), while the others had adequate and hypervitaminotic
TLRs (0.20 and 2.8 umol VA/g liver). In a recent study of
27 US cadavers, although there was no correlation between
serum R and TLRs, serum R was sensitive to VAD but
suffered from poor specificity (80). Because serum R and
directly measured TLRs are often not correlated, and because
serum R responds to external factors such as the acute phase
response (87) and protein malnutrition (88) and can remain
inaccurate (compared with RID) despite correction for
inflammation (89), mismatches between serum R and RDR
tests cannot be definitively attributed to inaccuracies in the
RDR tests. Therefore, only gold-standard hepatic biopsy- or
RID-derived TLRs should be considered in evaluating these
tests.

Biological basis of RDRs

The liver is responsible for homeostatically controlling
circulating R concentrations by producing and secreting
holo-retinol-binding protein (RBP; also commonly referred
to as RBP4 in the literature) (90). This plasma protein
carries 1 R molecule and circulates in the blood bound to
transthyretin (TTR; also known as prealbumin) (91), which
prevents its loss through glomerular filtration (92). During
VAD, apo-RBP accumulates in the liver due to insufficient
ligand, even before serum R decreases, and reaches a steady-
state maximum when liver VA is completely depleted (93-
95). Early work by Goodman and colleagues, both in vitro
and in rats, demonstrated that RBP synthesis is independent
of VA status, whereas secretion of the holo-protein is
controlled by VA status (93-97). Newly ingested VA entering
the hepatocytes from intestine-derived chylomicra will bind
to accumulated apo-RBP and be secreted back into the
bloodstream to maintain serum R (94). The serum response
to a dose of R or DR in RDR tests is therefore determined
by the extent of hepatic apo-RBP accumulation and thus
VA status. The accumulation of apo-RBP in deficiency and
rapid release of holo-RBP after ingestion of VA provides the
biological framework for RDR tests.

RDR test

The original RDR test measured VA status by stimulating
and quantifying the binding and secretion of accumulated
hepatic RBP by administering a dose of retinyl acetate or
palmitate and drawing blood before the dose and 5 h after to
measure the plasma R change. The RDR value, expressed as a
percentage, is calculated as [(As—A¢)/As] - 100, where As is
the plasma (serum) R concentration 5 h postdosing and Ay is
the concentration just prior to dosing (98). The RDR cutoft
for VAD was defined as 14% based on a healthy control group
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(99) but was later increased to 20% in consideration of the CV
in the response measurements (25).

Rarely, some studies [e.g., (100)] use the formula
[(As—Ag)/Ap] - 100. The initial reasoning for As as the
denominator was the assumption that holo-RBP release
will return the subjects’ serum R concentration to their
VA-replete homeostatic concentration, and thus the RDR
value is the deviation from “normal” (10). This is likely
untrue because negative RDR values (a decrease in serum
R postdose) are common, with some below —40% (101).
Regardless, a denominator of As; remains the standard
because the cutoff values are based on this formula and using
A, would require recalculation without materially improving
the test.

The RDR test requires 2 blood samples per individual,
which can dissuade use and participation because of logistics.
Additionally, an accurate RDR value is dependent on the cor-
rect absolute determination of R concentration in both serum
samples, which may be influenced by sample integrity (e.g.,
hemolysis) and analytical precision. These shortcomings led
to the development of the MRDR test by Tanumihardjo
and Olson (102), which uses a single blood sample ~5 h
after administering DRAc and a ratio of chemically similar
analytes extracted and quantified simultaneously, which is
more robust to analytical variation.

MRDR test

The MRDR test replaces oral retinyl ester with DRAc
(vitamin A;-acetate) for the challenge dose. In most humans,
serum DR concentration is negligible; therefore, baseline
measurements are not necessary, unless the population
consumes high amounts of freshwater fish liver (103).
DRAc is synthesized (104), stored dissolved in vegetable
oil, and stable at —20° to +2°C for >18 mo (42). The
structure of DR differs from R by a double bond in the 3-
4 position on the B-ionone ring. This structural difference
allows the 2 compounds to be readily resolved by reverse-
phase HPLC equipped with a single or multi-wavelength
UV-visible or photodiode array detector [described in
(105)].

As with retinyl esters, DR esters are taken up by
hepatocytes from chylomicra and hydrolyzed to form DR,
which binds accumulated apo-RBP for secretion into blood.
To perform the test, a blood sample is collected between
4 and 7 h postdosing (26, 42, 105). As little as 100-
250 pL serum can be analyzed for DR and R using HPLC
(105), which is dependent on the analytical platform. Larger
volumes are sometimes needed if the group being studied
has predominantly VA-adequate individuals (where low DR
is expected), or automation dictates a larger volume be left
behind in the injector as dead volume.

MRDR values (DR:R in the serum 4-6 h after dosing with
DRACc) >0.060 are considered VAD (1, 29). Historically, val-
ues between 0.030 and 0.060 were considered VA-marginal
because they aligned with low dietary intake in American
children (26), but these marginal values were observed in
Indonesian children even after treatment with large VA
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supplements (27, 29). Values <0.030 were unambiguously
considered VA-adequate in all groups studied.

Originally, the DRAc dose given to children was based
on body weight (0.35 wmol DRAc/kg for children <6 y),
while that of adults was standardized (8.8 pumol DRAC).
Standard doses of 5.3 umol DRAc for children <6 y and 7.0
pumol DRAC for children between 6 and 12 y were proposed,
because, while dose size affects response, variations in body
weight only accounted for 5-7% of the variation in MRDR
values (69, 106). Therefore, basing the dose on body weight
needlessly changes the dose size and adds complexity in
dispensing doses (42). Research performed in large (500-
600 g) VA-deficient rats suggested that a smaller standard
dose would be appropriate in infants and children <2y of age
(107). Therefore, a dose of 3.5 pumol DRAc was adopted and
has been used in Bangladeshi infants (108) and micronutrient
surveys associated with DHSs (e.g., Uganda 2015-2016 DHS
in children 12-23 mo of age).

Analytical methods

Sample analysis

Various methods exist to analyze R changes in the RDR test,
including column chromatography and spectrophotofluo-
rometry (98) and HPLC (15). RBP concentration in the RBP-
RDR has been analyzed by immunodiffusion (7) and ELISA
(19). There are other methods for measuring these analytes
(109), but the main concern in the various forms of the
RDR is minimizing variation between the 2 blood samples to
avoid differences due to anything but hepatic accumulation
and release of RBP. Conversely, in analyzing the MRDR
test by reverse-phase HPLC, nearly all analytical variation
is accounted for by measuring a relative ratio of analytes
(although care must be taken to generate accurate calibration
curves with pure standards for both analytes). The method
was optimized to resolve the analytes and minimize serum
volume (105).

Reproducibility

Studies that have investigated the reproducibility of RDRs
have been performed in children (60, 110), adults (79,
111), and the elderly (72, 73), and predominantly show
concordance between the test and retest. However, the most
consistent value is the prevalence of positive tests in a group
rather than the actual response value or individual posi-
tive/negative status because of the risk of false positives and
negatives and the variation in response among individuals of
VA-sufficient and VA-deficient status.

Sampling time

R appears to peak in serum later in older adults (6-7 h)
(72); however, large variations in R occurred over the time
course—for example, 1 subject had an RDR of —30% at
5 h but positive 21% at 6 h. Among individuals in other
studies who would eventually have positive RDR or MRDR
responses, the positive values were measured any time from
4 to 12 h in VA-deficient and VA-sufficient Indonesian



women (112), 5 to 8 h in healthy and anorexic women (100),
3 to 15 h in children with chronic liver disease (CLD) (43),
and 5 to 12 h in Indonesian children (27). Thus, the current
recommendation of 4-7 h in humans is likely adequate for
general use.

Dose size

Dosing based on body weight was replaced by recommenda-
tions for age groups. Studies examining the effect of different
dose sizes on the RDR found the following: 1) a smaller dose
is too low to elicit a response, whereas a larger dose produces
results (29); 2) a larger dose elicits a larger response, which
could potentially require a different cutoff, but otherwise
does not affect the test (42, 113, 114); and 3) no difference in
response among dose sizes (115). The conclusion stemming
from these data is to use the standard dose (large enough
to elicit a response) for the age group under investigation,
and to use the same dose in follow-up tests or in further
studies to maintain generalizability. The recommendation for
the MRDR test is 3.5, 5.3, 7.0, and 8.8 umol DRAc based
on age (<2y, 2-6 y, 6-12 y, and adults, respectively) in all
population health studies. For the RDR test, 3.5 ;umol was
recommended (1, 29, 116).

RBP-RDR

Using the change in serum RBP instead of R concentration
was not representative of the RDR test in most studies (16, 43,
73, 117); however, it may have been responding to a change
in VA status due to bronchopulmonary dysplasia (BPD) (20)
and was 82% reproducible when retested 7 d after the first
test, similar to the RDR (79). The discrepancy between serum
RBP and R concentrations was noted previously to be due
to apo-RBP in circulation (118), as well as measurement
error. In some cases, RBP concentrations have been reported
to be lower than R concentrations [e.g., (119)]; however,
circulating unbound R would indicate pathology if valid
(120), rather than representing analytic variation.

Intramuscular-RDR

Intramuscular-RDR tests have been used in patients with
impaired VA absorption due to CLD (22, 43) and preterm
infants (15, 16, 121), and appropriately represented TLR
by biopsy (22). It was used in 2 children with cholestatic
CLD who did not have a positive oral RDR (likely due to
biliary atresia) but did have a positive intramuscular-RDR
(43). The progression to the MRDR from the RDR test
followed a desire to decrease the number of blood draws
(122); therefore, intramuscular-RDR should be used only
when malabsorption or other difficulties in oral dosing are
present.

Breast milk-MRDR

Preliminary evidence in VA-sufficient and VA-deficient
lactating sows, and VA-sufficient US women, has suggested
that measuring DR:R in breast milk is correlated with that
in serum (112, 123, 124), and responded to an intervention
in VA-deficient Indonesian women, albeit with a smaller

difference among intervention groups for milk MRDR
(P = 0.045) (65) compared with serum MRDR (P = 0.003)
(125). The impetus to decrease invasiveness from 2 blood
collections to 1 in the MRDR could further use milk
during lactation, which may be advantageous for some
investigators.

Systematic review methodology

Justification.

This review informs potential adopters of RDRs of the scien-
tific evidence supporting its use in population surveys, deter-
mined predominantly from animal models. Furthermore, the
impacts of physiological, developmental, and pathological
conditions are discussed to describe the challenges that might
arise when using RDR in diverse populations. Included
literature was sorted into 3 separate arms for this systematic
review: 1) a sensitivity/specificity analysis of diagnostic
ability of RDR tests to qualitatively determine VA deficiency
[TLR <0.1 umol VA/g; (1)], 2) sensitivity of RDR tests to
interventions to improve VA status, and 3) changes in RDR
values in response to disease or inflammatory, nutritional,
developmental, or physiological influences.

Protocol.

The protocol was registered with PROSPERO (registration
#CRD42019124180). The article search was conducted in
consultation with a research librarian at University of
Wisconsin-Madison to include animal and human studies
without date or language restrictions. Literature searches
were conducted using PubMed (Primary), Web of Science,
CINAHL, and Agricola using the following search terms:
(“relative-dose-response” OR “relative dose response”) AND
(“retinol” or “vitamin A”). The last complete search was
18 February 2019. Additional searches were conducted using
reference lists from identified articles and reviews and
bibliographies of book chapters.

Eligibility criteria.

Included articles had to describe primary research and must
have been described by >1 of 3 categories using the following
criteria—category 1: animal or human studies that included
measurement of both liver VA concentration and RDR
and/or MRDR values; category 2: studies that performed
RDRs in human subjects before and after interventions or
compared 2 groups receiving different VA interventions;
category 3: human and animal studies that investigated the
impact on RDRs of conditions such as lactation or normal
childhood development and/or pathology, including but not
limited to, infection, inflammation, or nutrient deficiency.
Studies that did not fit into the previous 3 categories but
described cross-sectional surveys and governmental mi-
cronutrient surveys associated with DHSs were summarized
to provide an aggregate of these data.

Data collection.
The first author compiled data independently. For sen-
sitivity and specificity, data collected were species, liver
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VA concentration, and RDR or MRDR values for each
subject/animal (if available). Some studies were included as
group means with measures of variation as noted if individual
data were not available; others were estimated using axes in
Photoshop (Adobe, Inc.) from figures where data were not
listed. Unpublished data were included where available. For
systematic review (all categories), the primary data of interest
were RDR or MRDR values and changes, interventions
performed, any physiological/pathological considerations,
and species or human region of origin. VA interventions
using provitamin A carotenoids were quantified as retinol
activity equivalents (RAE), with conversion factors (ug
equivalent:1 g retinol) of 2:1 supplemental S-carotene,
12:1 B-carotene, or 24:1 a-carotene and f-cryptoxanthin
in a food matrix (103). Other data collected were length
of time between dose administration and blood draw, age,
and number of subjects/animals. Risk of bias is discussed
below.

Meta-analysis.

Sensitivity and specificity were calculated for the meta-
analysis in category 1 on available data. These calculations
use cutoffs of <0.10 pwmol VA/g liver and >20% RDR or
>0.060 MRDR value. Sensitivity is the percentage of gold-
standard (liver biopsy or RID)-identified VAD cases that
were correctly identified by RDR or MRDR (true positives)
and specificity is the percentage of gold-standard-identified
non-VAD cases correctly identified as non-VAD by RDR
or MRDR (true negatives). All available data were plotted
without assessing consistency or bias.

Results

The flowchart of study search, selection, and data collection
is shown in Figure 1. The search yielded 423 records (190
excluding duplicates): 22 articles (21 studies) were assigned
to category 1, including 7 human studies, 6 rat studies,
2 calf studies, and 6 swine studies; 44 human VA intervention
articles (39 studies) were assigned to category 2, including
15 studies in children; and 56 articles (51 studies) were
assigned to category 3, including studies covering CLD,
protein and other nutrient malnutrition, lactation, pregnancy
and parity, infection, anorexia, oral contraceptive use, and
RBP mutations. Finally, 41 articles (39 studies) describing
observational studies and 6 micronutrient surveys associated
with DHSs were reported.

Category 1

The RDR tests qualitatively predict VA status (TLR <0.10
or >0.10 umol VA/g) because the amount of challenge dose
(either R or DR) released into blood is dependent on the
amount of accumulated RBP that, in turn, is dependent on
VA liver content. We examined studies that reported hepatic
VA by biopsy or at necropsy, mostly in rats, pigs, and cattle,
or biopsy and estimation by RID in humans, and RDR or
MRDR values (Table 1). These studies were plotted together
as RDR (Figure 2A) and MRDR (Figure 2B) values against
TLR.
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405 records identified from:
Pubmed: 124
Agricola: 82

18 records identified
CINAHL: 34 from reference lists
Web of Science: 165 and other sources

190 records screened after duplicates removed |

| Identification |

57 records excluded:
Did not use RDRs: 7
Conference abstract: 16
HPLC method: 1

Letter or commentary: 8
Review articles: 22

No data included: 3

Screening

133 full text articles assessed for eligibility

10 articles excluded:
— Non-human intervention: 6
Test reproducibility only: 4

Eligibility

114 studies described in 123 articles included
in qualitative synthesis

Category 1 (Gold-standard comparison): 21
Category 2 (Intervention studies): 39

Category 3 (Physiology/pathology): 51
Observational studies: 39

Micronutrient surveys: 6

Included

21 studies included in quantitative synthesis
(sensitivity/specificity meta-analysis)

RDR versus TLR: 11

MRDR versus TLR: 10

FIGURE 1 PRISMA flow chart describing identification, screening,
eligibility, and inclusion of studies. MRDR, modified relative
dose-response; PRISMA, Preferred Reporting Items for Systematic
Reviews and Meta-Analyses; RDR, relative dose-response; TLR, total
liver reserves.

The RDR had a sensitivity of 68% (82/121) and specificity
of 85% (108/127) using all subjects/animals (n = 248) from
10 studies, excluding an 11th study in hepatitis C patients
(126) because free retinol was reported rather than TLR
(which includes free retinol and retinyl esters). Alternatively,
if all subjects are assumed VA-sufficient because the lowest
free retinol concentration was 0.067 mol/g and free retinol
accounts for 3-9% of TLRs in humans (127), specificity
improves to 89% (149/168) because no subject had a positive
RDR.

By the same method, the MRDR had a sensitivity
of 80% (111/139) and specificity of 69% (24/35) in 174
subjects/animals in 10 studies. These numbers exclude
1 MRDR study performed in humans, which had a 5-
mo VA intervention between RID and MRDR (24), so
only the control group was used to avoid changes in
status due to the intervention, but the time period likely
introduced inaccuracy. Because all 19 individuals were VA-
adequate by RID and 2 positive MRDR subjects were not
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FIGURE 2 Comparison of the RDR tests with vitamin A TLR, the
gold standard for vitamin A status. See Table 1 for more details
about individual studies. (A) RDR test value versus TLR. (B) MRDR
test value versus TLR. In both panels, accepted cutoffs for
deficiency are plotted as dashed lines at an RDR value of 20%, an
MRDR value of 0.060, and TLR of 0.1 wmol vitamin A/g (1). The
symbols represent individual or group values, where triangles
represent rats, squares represent calves, diamonds represent swine,
and circles represent humans. For studies where only a group value
was available (see Table 1), the SD is plotted with flat end-caps,
range is plotted with round end-caps, and an arrow is used for

1 study (126) with unknown group RDR where all points were
reported to have an RDR value <20% (i.e,, normal). MRDR, modified
relative dose-response; RDR, relative dose-response; TLR, total liver
reserves.

in the final group, including this study improves specificity
to 80% (43/54). With the exclusion of 2 MRDR studies
using 7 and 5 lactating sows (TLR = 0.23 £ 0.05 and
0.73 £ 0.21 pumol VA/g, respectively) given 35 umol DRAc
(123, 124), specificity increases to 83% (35/42). Four lactating
sows with a mean TLR of 0.21 & 0.03 ;xmol VA/g had positive
MRDR values, which may indicate a difference in response to
VA demands during lactation.

Category 2

Studies that examined RDR values before and after an
intervention or compared RDR among different intervention
groups are described in Table 2. Due to logistics, human
studies with gold-standard VA status hepatic measurements
and RDR are few; therefore, intervention changes were
considered secondary evidence. Lack of change in RDR
values can result from either no change in VA status or
insensitivity (135).

Category 3

Fifty-one studies that investigated interactions of RDR tests
with various physiological and pathological states and their
major findings are described in Table 3.
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Observational studies

Thirty-nine observational (cross-sectional, case/control, and
cohort) studies and 6 micronutrient surveys associated with
DHSs that used the MRDR are reported in Table 4.

Discussion

Liver biopsy and RID demonstrate that RDRs are useful
biomarkers of group VAD

When analyzing the totality of reported RDR values and
gold-standard VA status comparisons in reference to TLRs
or RID, both RDR tests demonstrate a clear relation between
VA status and response. In the MRDR plot, no subject/animal
with a TLR >0.3 umol VA/g liver indicated a false positive,
although little is known about the response of MRDR during
hypervitaminosis or toxicity. Furthermore, most false posi-
tives and false negatives are in a small region of TLR (~0.05-
0.15 pwmol VA/g liver), which lends support to the use of
MRDR as a population indicator. To illustrate this point, if a
country’s survey reports an area with 20-50% positive MRDR
tests, even if most of the tests happened to be false positives
between 0.10 and 0.15 (unlikely), one could assume that
the population VA status is deficient because the “optimal”
range is 0.4-0.7 pumol/g liver (1), and interventions to raise
VA status are needed. Conversely, if only a small proportion
(<5%) had elevated MRDR values, it could be determined
with some certainty (given the exclusion of other factors that
may interfere with the test) that the population is mostly
composed of VA-adequate individuals and VA interventions
are working or not needed. The sensitivity and specificity
values reported above were calculated using the cutoff for
deficiency at TLR <0.10 umol/g recommended by experts in
2016 (1). The Institute of Medicine’s 2001 minimally accept-
able cutoff of 0.07 umol/g improves sensitivity for RDR to
74% (78/106) and MRDR to 87% (97/112) with specificities
of 85% (120/142) and 60% (37/62). The higher sensitivity
is because of the region of uncertainty between 0.05 and
0.15 pmol/g, which is likely affected by individual variation
in requirements and response. Finally, it is important to
note that the individual response is not absolutely correlated
with VA status except for extreme responses during severe
VAD and lack of response in predominantly adequate groups;
therefore, RDRs are generally not appropriate for clinical
diagnosis resolved at the individual level in areas with a high
level of VAD.

Interventions with large VA intakes provide evidence
for the usefulness of RDR tests

Biomarkers are useful for defining the true VA status of
a group, eliminating the need for invasive procedures like
biopsy, but this strength means that most human studies
using the RDRs assume accuracy. In order to evaluate the evi-
dence for the MRDR beyond the gold-standard studies above,
we included intervention studies and evaluated whether a
change in VA status distribution should be expected based on
the daily VA intake, and determined if this was reflected by
the test. In the absence of a highly controlled or monitored
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diet with precisely known VA content in the majority of
studies, we calculated the supplemental VA given, either as
daily intake or the total amount of VA given divided by
the period between RDR tests, and compared it with the
Estimated Average Requirement for the study group. This
approach is limited by the contribution of diet; however, by
comparing whether a change was seen in the control group
during the same period, it is possible to evaluate the test given
these other factors.

Two conclusions emerge from these results. First, no
change was observed among studies in subjects who start
with alow prevalence of VAD [0-10% (4, 27,71, 74, 137)] and
children who had recently received a high-dose supplement
(36) unless the study was long enough to allow low-/zero-VA
intake groups to become deficient if the intervention replaces
rather than augments a normal diet (142). The inability to
affect low prevalence even with very high doses of VA likely
indicates these few tests are false positives as seen in category
1 or reflect some other issue like tracer malabsorption or RBP
deficiency. Second, VA interventions in the remaining studies
almost categorically resulted in a decrease in the prevalence
of positive RDR tests (4-8,11, 12,22, 25,28-31, 33, 34, 36-38,
63, 64,73,99, 125, 138, 141). Note that Rahman et al. (5) and
Stephensen et al. (34) saw trending large decreases in RDR in
intervention versus placebo (P = 0.06 and 0.08, respectively).
Among the groups that did not see a change, one repeated the
test only 4-10 d after the first test (32) and other tests were
performed in low-birth-weight infants in their first few weeks
of life (discussed in more detail below) (9, 15). In both cases,
this may not have been long enough for RBP to differentially
accumulate among groups. Furthermore, Stephensen et al.
(34) performed RDR 2-5 d following administration of
a large VA dose, which should have depleted RBP, and
the prevalence of deficiency was greatly decreased in the
treatment group. This result is ambiguous because it is
possible that they depleted accumulated hepatic RBP in this
group and prevented a response. It has been recommended
to wait 2-4 wk following a test or large VA dose before
performing another test (29) and to avoid the test in the
neonatal period (113, 114).

Another study did not see changes in MRDR with VA
supplementation unless iron was supplemented (discussed
below) (70). Similarly, Dougherty et al. (39) did not see an
improvement in RDR in children with sickle cell anemia,
which may indicate an iron component. Two more studies
with no improvement used provitamin A carotenoids (6,
10), which have variable bioefficacy based on genetic and
dietary factors as well as VA status (171, 172). Rice et al. (6)
observed a change at a later time point and other studies
using provitamin A carotenoids did see changes [e.g., (30,
64)]. Finally, a single study did not observe improvement
in MRDR with supplementation (35): only 1 of 13 children
dropped below the threshold for deficiency following a
dose equivalent to 1540 ug RAE/d over 39 days. Likely,
these children were extremely VA deficient and not able
to build stores during the intervention. In summary, in
studies that started with a significant prevalence of VAD,
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nearly all demonstrated an improvement in dose-response
when supplemented with VA, lending support to RDRs as
biomarkers of VA status.

RDRs are useful throughout most life stages and
pathologies but may be affected by CLD and iron and
protein nutrition

Disease and inflammation affect VA metabolism, which
may affect RDRs. Several explanations exist for an increase,
decrease, or lack of change. In the absence of gold-standard
TLR, reliable determinations of the effect of infection or
nutritional deficiency (other than VA) on RDRs must have
examined a change in values before and after correction of a
disease or deficiency while monitoring VA intake, or examine
the interaction of physiological/pathological conditions with
the response of the tests to VA intervention.

Chronic liver disease.

CLD has been theorized to affect RDR tests by impacting RBP
synthesis and affecting fat absorption and fat-soluble retinoid
uptake in the intestine (affecting both underlying VA status
and dose-response tests) (101). An appropriate decrease in
RDR to interventions was seen in RDR-positive subjects
with CLD (99), meaning that RBP synthesis is not prevented
during CLD. Among 3 studies, RDR was not sensitive to
deficient TLR (101), intramuscular-RDR was sensitive to
deficient TLR (22), and in the third study subjects were
not deficient (126), limiting information about sensitivity.
Oral dose-response tests are not well supported during
CLD, but intramuscular-RDR will bypass malabsorption
in choleostatic CLD (22, 43). Furthermore, 1 issue in the
Russell et al. study (101) was false positives—that is, more
RBP released than expected, which would indicate that
insufficient RBP is not the issue and VA metabolism is
impacted.

Protein-energy malnutrition and anorexia.

Large oral or intramuscular R doses yielded smaller RBP
releases in low-protein diets compared with control in rats
(173), and in human protein malnutrition, with or without
energy malnutrition, than in energy malnutrition alone
(174), indicating decreased RBP production or accumu-
lation. This decreased RBP, however, was shown both in
circulating and postdose RBP (174), and the percentage
change in the RDR value was ~250% in all groups, indicating
that the RDRs could still be functional. Interestingly, the rat
studies demonstrated a difference in peak RBP concentration
postdose not only by protein content but also protein quality
(amino acid makeup) when comparing soybean or rice pro-
tein. A similar rat study comparing rice with or without VA
fortification and VA-free casein as dietary protein confirmed
that, even when incomplete protein causes decreased growth
and lowers the absolute rise in retinol following an oral VA
dose, the RDR can discriminate between the VA-fortified
group and controls (128). It should be noted that the VA-
supplemented group had a mean RDR value of 33% despite



no deficiency, which could mean that the absolute RDR cutoft
might be affected in protein malnutrition.

VA interventions in subjects with low weight-for-age (i.e.,
energy malnutrition leading to stunting) led to reductions
in positive RDR tests (25, 29); however, instances of non-
response to intervention (32) or poor correlation between
RDR and MRDR (29, 41) have also occurred, potentially
with a dose-size interaction (29) or the time since last test
or large VA dose (29, 41). Protein malnutrition may lengthen
the time required to regenerate RBP or the amount of retinyl
ester required to stimulate a response, in addition to limiting
its concentration. Additional care is needed when applying
RDR tests to malnourished individuals by using larger doses
and avoiding situations where RBP might have been recently
depleted by another test or VA dose.

Body weight and obesity.

Other than undernutrition, the influence of body weight on
the RDRs has not been rigorously explored, especially in
overweight and obese individuals. Santana et al. (126) com-
pared RDR with liver biopsy in CLD with a group of whom
49% were overweight or obese, but there were no deficient
patients or positive RDR tests. Large adipose stores could
interact with the tracer as a sink or storage site (175, 176),
produce apo-RBP (118), or signal for increased hepatic RBP
production (177). Some research in large (~300 kg) lactating
sows indicated that their serum DR kinetics are similar to
lactating humans, although the exact TLR that correlated
with positive MRDR may not be identical. Therefore, further
human research in overweight/obese populations is needed
to characterize parameters of response during obesity given
the continued worldwide increase in prevalence.

Zinc and iron deficiency.

Iron and zinc interact bidirectionally with VA status through
multiple pathways, including VA and mineral absorption,
RBP synthesis, cellular differentiation, signaling pathways,
and the immune system (178-180). In several studies,
however, RDRs were unchanged by zinc supplementation
(10, 39). There does appear to be an iron component: VA
alone did not improve MRDR status in pregnant women but
a combination of VA and iron did (70). Another study did
not demonstrate an effect of VA on MRDR in mostly anemic
pregnant women, but the initial prevalence of positive MRDR
tests was low (<5%) (71). Similarly, S-carotene did not
improve MRDR but iron did (10). The RDR test was also
used to investigate sickle cell disease response to VA and
zinc interventions in children (39). RDR was low before and
after the intervention, which could either mean that VA status
was adequate or that sickle cell anemia, potentially through
disrupted iron status, impairs the function of the RDR test.

Age

Neonates.

Work performed in calves demonstrated that the RDR test
administered shortly after birth reflects recent VA intake but
not TLR (113, 114); however, by 28 d the RDR reflected

TLR. RBP may not accumulate quickly in the livers of
neonates according to VA status. Multiple intramuscular-
VA intervention and case/control studies in low-birth-weight
preterm infants (variably defined as infants born weighing
<1000, 1200, 1300, or 1500 g), tested in the first month
of life by intramuscular-RDR or intramuscular-RBP-RDR
have been performed, with varying results. The use of
intramuscular technique, with variable RDR times (2-5 h)
is because these infants are typically fed parenterally, and
intramuscular-RDR may peak earlier (3 h) (174) because
it avoids the lag associated with intestinal uptake and
secretion. Furthermore, preterm birth is often associated
with complex health issues. VA status was investigated with
oral- and intramuscular-RDR and intramuscular-RBP-RDR
tests during BPD, which is treated with intramuscular VA.
These studies compared RDR the day after birth with that
at 28 d. Data in calves suggested that the initial RDR was
not accurate; therefore, later time points might be more
appropriate, representing a gap in validation in infants to
determine the usefulness of early RDR tests. Regardless, the
RDR test has demonstrated differences in infants with and
without BPD or various methods of feeding or management
(17,19-21). These used the same quantity of VA in all groups,
so results should be interpreted with caution. A cutoff value
of 10% derived from control groups in 2 studies (7, 19) has
been maintained consistently in the RDR in low-birth-weight
infant literature [e.g., (9, 15)]. Tyson et al. (7) provided dif-
fering amounts of VA and demonstrated that the RDR value
as well as the prevalence of neonates with intramuscular-
RDR >10% responded appropriately to VA intervention
by day 28. Ambalavanan et al. (9) performed a similar
study with different VA dosing regimens but did not see a
difference in intramuscular-RDR value or positive prevalence
between the high-dose group and standard regimen by
day 28. Finally, Mactier et al. (15) performed a large VA
intervention in neonates and did not see a response between
intervention and control. Unfortunately, among the studies
available with the RDR test, some supplemented different
quantities of VA while others examined BPD against non-
BPD controls, but no study utilized a2 x 2 factorial approach.
In summary, these studies did not maintain consistent
methodology.

Infants and children.

Studies in infants tend to focus on milk transfer of VA and are
covered below. Many of the studies in categories 1 and 2 and
their respective tables were performed in children because
they are vulnerable to VAD (181); therefore, the utility of the
RDR tests in children is well documented.

Elderly.

In 2 VA interventions in older adults, the RDR test re-
sponded to intervention in VA-deficient subjects (73), but
not when the population was VA sufficient (mean RDR of
—16.9% =+ 10.1%) (74). In that study, comparison with TLR
determined by RID demonstrated that all were VA sufficient
so the 1 positive RDR value (of 26 subjects) was likely false.
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Maternal/infant concerns

Pregnancy.

Pregnant women are assumed to have a slightly higher
Estimated Average Requirement (50 ©g RAE/d) to contribute
VA to the fetus but otherwise have requirements similar to
nonpregnant women (103); however, this does not mean that
VA (or DR) metabolism, other than utilization, is not im-
pacted. Two studies used MRDR to assess VA interventions
in pregnancy and demonstrated an interaction with iron
status (70, 71), which is known to worsen during pregnancy
but is difficult to measure because of hemodilution (182).
Alongside iron supplementation, however, VA did cause
MRDR to improve and in the other study, VAD was low, so
iron may be a relevant effector in pregnancy.

Lactation.
VA metabolism during lactation, evaluated in genetic knock-
outs (183) and tracer studies (124, 184), appears to be a
complex and dynamic balance of chylomicron- and RBP-
delivered VA secretion into milk. The loss of R or DR dose
to milk, which is estimated to be anywhere from 10% to
40% (185), and potentially altered RBP secretion, must be
considered along with the potential for lactation to cause true
positives due to sacrificing maternal VA for the infant.
Repeated MRDR tests did not change appreciably over
0.5-3.25 mo in Indonesian lactating women (106), although
the MRDR value was higher in lactating women from
lower socioeconomic status compared with higher-educated
nonlactating women over a time-course study (106). Sim-
ilarly, among lactating women with low initial prevalence
of positive RDRs (<10%), there was little change over 3 or
6 mo regardless of whether or not VA was supplemented (4).
Lactating women with significant amounts of deficiency at
baseline had decreases in positive RDR or MRDR prevalence
with VA or B-carotene supplementation but not placebo (6,
64, 138) or increases in positive MRDR with placebo and no
change in VA intervention (125), which is strong evidence
that the RDRs remain effective in lactation. Two studies in
lactating sows consuming VA-deficient feed demonstrated
that 3 parities with low VA intake led to positive MRDR
values; however, these sows had a low mean TLR of
0.2 umol/g (123, 124). Whether the issue was that lactation
leads to a different TLR cutoff for deficiency to provide VA to
milk, that lactation caused false positives, or that swine have
a different TLR cutoff in general, remains unclear.

Breastfeeding.

Infants are born with low VA stores and must receive VA
from milk or formula (186). Currently, WHO guidance sug-
gests that maternal postpartum VA supplementation is not
recommended to improve infant mortality (187); however,
prior RDR studies have included VA supplementation to the
mother, the infant, or both. Most studies do not quantify the
exact amount of VA transferred to the child, which is not
easy without using a tracer. Agne-Djigo et al. (13) used a
deuterated water technique called “dose-to-mother,” which
measures milk volume consumption (143), and multiplied
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consumption by a static milk VA concentration to estimate
VA delivered from milk from mothers given 400,000 IU VA
or placebo. By this technique, infant VA intake was similar
(389 £ 151 g RAE/d in the maternal placebo group and 365
=+ 125 ug RAE/d in the intervention group) but MRDR value
and prevalence of positives was significantly decreased in the
infants (95% positive in the placebo group, 54% positive in
the intervention group), indicating that milk VA transfer is a
dynamic system. In swine with litters of 7-12 piglets, 22% of
a 35-pumol «e-retinol dose (a tracer representing chylomicron
delivery of VA because it cannot bind RBP) was distributed
to offspring, ~2% per piglet (184). Translated to the infant
study, and given the 400,000 IU (120,000 1g) dose, a mean
infant body weight of 7.3 kg, and an assumed liver fraction
of body weight of 4%, 2% of the dose transferred would add
a minimum of 8 pmol, or 0.03 umol VA/g liver if all dose
was stored, which is significant but still an underestimation
since this does not include secondary transfer of the dose to
milk by RBP in the mother, or account for the single child
compared with a litter of piglets.

In studies that did not quantify dose transfer to the infant,
response to maternal VA supplementation was mixed, with
some studies showing an effect (4, 6), others showing only
infant supplementation was effective (11), and some did not
separate the 2 in a multifactorial approach (8, 12). However,
the data, especially when evaluating infant supplementation
where effects on VA status are more likely, indicate that RDR
and MRDR are properly responding to changes in VA status.

Inflammation, infection, and the acute phase response
RBP is a negative acute phase protein, decreasing in times
of infection and inflammation (188). Infection can deplete
VA stores, and VA-deficient individuals are more susceptible
to infection than individuals with optimal status (189).
The MRDR test, which is a ratio of DR to R bound to
circulating RBP, would be affected by the same factor in both
the numerator and denominator, theoretically remaining
unchanged, whereas the RDR test has a higher likelihood of
an inflammation effect given 2 different sampling times.

To interpret studies examining inflammation, infection,
and acute phase response markers, we must define what
is expected if the test is affected or unaffected by these
conditions. In the absence of TLR measurements, the best
study design evaluates the same subjects in a short time
period with and without infection, either by curing the
infection or having measurements before it was contracted;
if the RDRs are the same with and without the disease, it
could be said to be robust to infection. If the time period
is too long, however, VA stores may change in response
to the infection. There were 4 studies with this general
design. First, Tanumihardjo et al. specifically designed a
study to answer this question in children diagnosed with
Ascaris lumbricoides infections with a short intervention
and intertest period (3-4 wk, long enough to re-accumulate
RBP). The study used different combinations and timings of
VA intervention and albendazole, a deworming agent, and
demonstrated no difference in MRDR due to deworming, but



showed the expected decrease in MRDR values following VA
supplementation (31, 36).

Stephensen et al. (34) performed the RDR test in children
discharged from the hospital after pneumonia treatment
given either VA intervention or placebo. The test was
only performed 3 d after the VA dose so there is some
concern about RBP accumulation time, especially because
supplementation would differentially deplete accumulated
RBP among dosed subjects. The investigators determined
that the RDR value responded to the VA intervention in
children with low C-reactive protein (CRP), a marker of
acute phase response, but not in children with high CRP.
They concluded that acute phase response caused ~20% of
false positives in the VA-supplemented group who should
theoretically all be VA sufficient given their recent high
dose, as was seen in the CRP-negative, VA-supplemented
subjects (16/17 subjects RDR-negative); however, it could
also be an effect of inflammation on the retention of the high-
dose supplement. Furthermore, among placebo subjects
who did not have RBP depleted by the supplement, the
high-CRP group had fewer positive RDR subjects than the
low-CRP group, which could indicate false negatives due
to inflammation (or VA sufficiency, but inflammation is
normally expected to lead to decreased VA stores). Overall,
this study could indicate that the RDR test is less sensitive to
VAD during the acute phase response but requires a longer
time before RDR testing after a large dose to allow RBP
accumulation.

Campos et al. (136) unexpectedly encountered chicken-
pox 120 d into a study with periodic RDR tests following a
large VA dose. There was a large increase in positive tests at
180 d in infected (74%) versus uninfected children (10%).
This change could be attributed either to a chickenpox-
mediated decrease in TLR, which is possible because the
infection and increase in RDR occurred over 60 d between
120 and 180 d, or to an acute phase-induced increase in false
positives. Similarly, Astiazaran-Garcia et al. (44) performed
the MRDR test in children infected with Giardia lamblia
before and 6 mo after pharmacological treatment. They
noted a decrease in both MRDR values and Giardia at
6 mo, which again could be due to a recovery in VA stores
following infection, or a decrease in acute phase-induced
false positives; however, Tanumihardjo et al. (31) indicated
that, in the short-term, false positives were not an issue
because the MRDR does not change simply by removing the
infection.

Other studies, which were otherwise excluded from this
review because they were observational, have not shown an
association of RDRs with acute phase proteins, such as CRP
and o -glycoprotein (AGP) (37, 165, 142, 144, 146, 163, 167).

Other factors

Amatayakul et al. (137) used the RDR test to investigate
interactions and the effect of oral contraceptives on VA status.
Only 1 individual was RDR positive, which was negative
after VA intervention, indicating that the RDR is responsive
despite oral contraceptive use.

Mutations in RBP made the RDR test ineffective in
humans (145), because RBP could not carry incoming R
into the blood. Based on RBP-null mice (190), these subjects
likely had elevated liver VA and would be healthy through
chylomicron-delivered VA with regular consumption. The
exception to this, observed in knockout mice and reproduced
in these humans, are ocular symptoms such as night
blindness, because the eye is partially reliant on STRA6
(stimulated by retinoic acid 6)-mediated uptake of retinol
from RBP for vision (191, 192).

Conclusions and Future Directions

The RDRs, used in a variety of studies, are recognized as
reliable measures of population VA status, which is reflected
in WHO guidelines suggesting the use of the MRDR (116).
The MRDR is a more accessible test than the RDR and is
less prone to analysis error. For this reason, the number
of micronutrient surveys associated with DHSs using the
MRDR in a subset of individuals also being measured for
serum R or RBP is increasing, with surveys in Burkina Faso,
Guatemala, and Uganda underway. This review provides a
valuable reference for investigators seeking to improve their
VAD prevalence estimates in surveys. Future studies on the
MRDR test should perform the RID test to provide human
gold-standard evidence for the MRDR in addition to the large
body of liver biopsy and RID evidence already supporting
RDRs. Other modifications to the test, such as measuring an
early-time-point stable-isotope RDR during the first 5 h of
the 14-d RID (193), could provide feedback about population
VAD before full results are available. The breast-milk MRDR
also provides a promising noninvasive method of VA status
assessment in women vulnerable to VAD (65, 112, 125).
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