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ABSTRACT

Background: The WHO estimates that 190 million preschool chil-
dren have vitamin A deficiency (VAD). Serum retinol (SR) concen-
tration is a common indicator of vitamin A (VA) status, but SR is
homeostatically controlled and suppressed during inflammation,
which may lead to misdiagnosis.

Objective: The sensitivity and specificity of SR compared with VA
total liver reserves (TLRs) were evaluated for VAD in children from
Thailand (n = 37) and Zambia (n = 128). SR was adjusted for
inflammation in the Zambian children.

Design: Each child was classified as VA-deficient or not based on
cutoffs of <0.1 wmol VA/g liver with the use of retinol isotope
dilution and <0.7 wmol/L for SR concentrations. Four categories
of infection status in the Zambian children were based on elevated
C-reactive protein (CRP) and «,-acid glycoprotein (AGP). Sensitiv-
ity and specificity were calculated with the use of unadjusted and
inflammation marker—adjusted SR cutoffs.

Results: VAD was 65% and 0% according to TLRs and SR, respec-
tively, in Thai children and 0% and 17%, respectively, in Zambian
children. No true positive VAD cases occurred; thus, sensitivity was
0% and indeterminable, respectively; specificity was 100% and 82.8%,
respectively. CRP was elevated in 26.6% of Zambian children, whereas
97.7% had elevated AGP, categorizing them as having no infection
(2.3%) or in early (26.6%) or late (58.6%) convalescence. With the use
of marker-adjusted SR cutoffs of 0.6 wmol/L for late convalescence
and 0.5 wmol/L for early convalescence, the adjusted prevalence of SR
deficiency was 2.3%, increasing specificity to 97.3%.

Conclusions: No cases of VAD were identified by both TLRs and SR
(true positives) in Thai or Zambian children. Specificity of SR to
evaluate VAD was high, but additional research is needed to investigate
sensitivity. Adjusting SR cutoffs for inflammation improved specificity
by reducing false positives. SR as a VAD indicator may depend on
infection rates, which should be taken into consideration. These studies
were registered at clinicaltrials.gov as NCT01061307 (for Thailand)
and NCTO01814891 (for Zambia). Am J Clin Nutr 2015;102:1259—
65.
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INTRODUCTION

Vitamin A (VA)? is a fat-soluble vitamin that supports growth,
reproduction, vision, and immune function. The WHO estimates
that 190 million preschool children have VA deficiency (VAD),
which is implicated in childhood morbidity, mortality, and
blindness (1). Accurate indicators of VA status are needed to
determine population prevalence of VAD and evaluate the effi-
cacy and effectiveness of interventions aimed at reducing VAD.
Serum retinol (SR) concentration is a common indicator of VA
status and is recommended by the WHO when used with other
indicators (2). The WHO defines the population prevalence
of VAD as =20% of children with an SR concentration of
<0.7 umol/L as a severe public health problem (2). However,
correction for inflammation or infection status has not been
evaluated as part of WHO recommendations.
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Studies in which children are supplemented with VA have
found that SR does not always respond to the intervention
because SR concentration is homeostatically controlled and
therefore not always associated with changes in liver VA reserves
(3). Furthermore, SR is suppressed by 25-69% during infection,
independent of liver VA stores (3-7). A study in Ghanaian
children found that elevated concentrations of the acute-phase
protein «aj-acid glycoprotein (AGP) were associated with a
24% decrease in mean SR (4), whereas a study in Zambia found
that SR decreased by 20-30% during early convalescence (7).
Nevertheless, the cutoff for SR concentration to define VAD was
selected irrespective of infection prevalence of a population,
with the justification that populations with high infection rates
are more likely to be affected by VAD (8). However, this may
lead to overdiagnosed VAD, wasted resources, and even po-
tential risk that oversupplementation or excessive fortification
may lead to hypervitaminosis A (3).

Thurnham and McCabe (9) proposed correction factors that
can be applied to SR cutoffs to account for the suppression of SR
concentrations during infection, inflammation, or trauma. The
SR-adjusted cutoffs are applied based on measurement of 2
acute-phase proteins, C-reactive protein (CRP) and AGP, which
can be used to identify stages of infection: incubation (elevated
CRP only), early convalescence (elevated CRP and AGP), and
late convalescence (elevated AGP only) (9).

Recently, 2 VA intervention studies were undertaken in Thai
and Zambian children (10, 11). These studies uniquely included
measures of SR concentrations and VA total body stores (TBSs)
to estimate VA total liver reserves (TLRs) with the use of stable
retinol isotope dilution (RID) technology (12). This article is
novel in that it compares SR with TLRs in a large number of
children with and without adjustment for inflammation markers.
Sensitivity and specificity evaluate the utility of clinical tests to
determine the presence of a disease (13). Sensitivity is the ability
of a test to correctly identify whether someone has the disease,
whereas specificity is the ability of a test to correctly identify
whether someone does not have the disease (Supplemental
Table 1). The first objective was to compare VAD prevalence
according to the 2 indicators and calculate sensitivity and
specificity of SR concentrations to determine VAD in children
from Thailand and Zambia; the second objective was to examine
the effect of inflammation by correcting for infection status on
the sensitivity and specificity of SR to determine VAD in the
Zambian children.

METHODS

We used preintervention data from 2 studies conducted in
groups of children from Thailand in 2010 (10) and Zambia in
2012 (11) to determine specificity and sensitivity. Children
needed to be free from febrile illness and in general good health at
the time of enrollment. The Thai study enrolled children from one
elementary school (n = 50), and the Zambian study recruited
children from 4 rural village sites (n = 143). The current analysis
included only children who had both SR and TLR measurements
available. The study protocol in Thailand was approved by the
ethics committees of ETH Zurich, Switzerland, and Mahidol
University, Thailand (NCT01061307). All procedures in Zambia
were approved by Tropical Diseases Research Centre’s Ethics
Review Committee and University of Wisconsin-Madison’s
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Health Sciences Human Subjects Institutional Review Board
(NCTO01814891). Informed consent procedures were followed
and written forms were obtained from all parents or care-
givers. No adverse events were reported in either study from
the interventions.

TLRs were used as the reference standard, estimated with
the use of TBSs, which were determined similarly in both studies
by a master’s-level technician who remained blinded during
the integration of sample outputs, with the use of the '*C-RID
test and applying the mass balance equation with specific as-
sumptions for each group regarding inflammation and dose
absorption, storage, and metabolism (10-12). Briefly, 1 umol
13C,-retinyl acetate dissolved in soybean oil was delivered
orally to each child with the use of a positive displacement
pipette and immediately followed with a fat-containing snack to
facilitate absorption. After a 14 d mixing period, a blood sample
was taken and the '*C:total C ratio in SR was determined by gas
chromatography/combustion/isotope ratio mass spectrometry.
Together with the baseline natural abundance '*C:total C ratio of
SR from a group mean of nonintervened children to minimize
blood draws per child (Thailand) or each child (Zambia), TBSs
were calculated and TLRs were estimated.

Mean TLR and SR concentrations in each group were com-
pared with the use of ¢ tests, with P < 0.05 indicating signifi-
cance. Each child was determined to be VA-deficient or not
deficient based on the cutoffs of <0.1 wmol/g liver for estimated
TLR (3) and <0.7 wmol/L for SR concentration (2). Compari-
sons were made between presence of VAD in each child as
defined by TLRs and SR to calculate the rate of true positives,
false positives, true negatives, and false negatives (Supplemental
Table 1) (13).

Correlations between the indicators of inflammation, i.e., AGP
and CRP, and SR and estimated TLRs were then examined with
the use of Pearson’s correlation. Infection status in the Zambian
children was calculated based on the categories proposed
by Thurnham and McCabe (9) with the use of cutoffs of CRP
>5 mg/L and AGP >1 g/L: children with neither acute-phase
protein elevated were considered to be the healthy reference
group, those with only elevated CRP were in the incubation
stage, those with elevated CRP and AGP were in the early
convalescent stage, and children with only raised AGP were in
the late convalescent stage.

Thurnham and McCabe (9) proposed an infection correction
factor applied to the 0.7-pwmol/L SR concentration cutoff used to
define deficiency rather than correcting individual results. For
incubation or late convalescence (elevated CRP or AGP), the
adjusted SR cutoff for VAD would be 0.6 wmol/L, and for early
convalescence (elevated CRP and AGP), it would be 0.5 wmol/L.
These correction factors were used to calculate adjusted VAD
rates based on infection status, and sensitivity and specificity of
SR concentrations to determine VAD were again calculated in
the Zambian children after correction for presence of inflam-
mation. Statistical analysis and calculations were performed in
Stata/SE 13.1 (StataCorp).

RESULTS

Out of the original study sample sizes, 37 had both SR and
TLRs in the Thai study and 128 children had both SR and TLRs in
the Zambian study. Baseline characteristics are shown in Table 1.
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Baseline anthropometric characteristics, vitamin A indicators, and markers of infection in the Thai and Zambian study
participants with both SR concentrations and TLR values, as well as infection stage in the Zambian study participants'

Thai children Zambian children

(n=37) (n =128)

Population characteristics of children with both SR and TLR values

Age, y 9.1 £ 13 59 £ 057

Weight, kg 244 £52 173 £ 2.0

Height, m 1.26 = 0.09 1.08 = 0.06

BMI-for-age z score —0.67 = 0.97 —0.34 = 0.73
Vitamin A indicators

Vitamin A TLR, wmol/g 0.09 = 0.05* 1.14 = 041

SR, wmol/L 1.19 = 0.22% 0.97 = 0.27
Markers of infection

CRP >5 mg/L 4 (10.8) 34 (26.6) (16 missing)

AGP >1 g/L No data 125 (97.7)
Infection stage”

No infection (neither CRP nor AGP elevated) 3(2.3)

Incubation (only CRP elevated) 0 (0)

Early convalescence (both CRP and AGP elevated) 34 (26.6)

Late convalescence (only AGP elevated) 75 (58.6)

Cannot be determined (missing CRP) 16 (12.5)

"Values are means * SDs or 1 (%). *P < 0.001 for difference between Thai and Zambian mean values with the use of
t tests. AGP, a-acid glycoprotein; CRP, C-reactive protein; SR, serum retinol; TLR, total liver reserve.
2Could not be determined for Thai participants because of lack of AGP data.

Whereas mean SR concentrations were higher in the Thai
children, their TLRs were much lower than those of the Zam-
bian children; TLR distribution was very different between the
populations in comparison with SR (Figure 1). The mean = SD
values of estimated TLRs were 0.09 = 0.05 wmol/g in the Thai
children and 1.14 = 0.41 umol/g in the Zambian children (Table
1); the mean and variance of these distributions were both sig-
nificantly different between the countries (P < 0.001). Mean SR
values were 1.19 £ 0.22 umol/L and 0.97 = 0.27 wmol/L in the
Thai and Zambian children, respectively; mean SR concentrations
between the countries were significantly different (P < 0.001), but
variance was not. In the Thai children, 10.8% had elevated CRP;
AGP was not measured in this group, so infection status could
not be determined. Among the Zambian children, elevated CRP
(>5 mg/L) was present in 34 children (26.6%), and AGP was
elevated (>1 g/L) in 125 (97.7%) of the children, which catego-
rized them as having no infection (2.3%), or in either early (26.6%)
or late (58.6%) convalescence, with no children in the incubation
stage. Sixteen Zambian children were missing CRP values, and
therefore their infection status could not be determined.

Overall, SR concentrations and TLRs were poorly correlated
in both populations. The Pearson correlation and * between
calculated TLRs and SR were 0.08 and 0.01, respectively (P =
0.63), in the Thai data, and 0.15 and 0.02, respectively (P =
0.09), in the Zambian data (Figure 2). In the Thai children, the
correlation between SR and CRP was —0.04 (P = 0.81), and the
correlation between TLRs and CRP was —0.13 (P = 0.46). In
the Zambian children, SR concentrations were negatively cor-
related with AGP (—0.30, P = 0.001) and CRP (—0.30, P =
0.001). The correlation between TLRs and CRP was —0.15 (P =
0.11), and that between TLRs and AGP was —0.12 (P = 0.20),
but neither was significant.

The prevalence of VAD as determined by TLR or SR con-
centrations between the 2 populations was opposite: the Thai

children had no cases of VAD according to SR concentrations, but
there was a 65% prevalence of VAD according to TLR; in
contrast, in Zambia, there were no children found deficient with
the use of TLR, whereas 17.2% were found deficient with the use
of SR (Table 2). It is also of note that 74 (57.8%) of the Zambian
children had calculated TLR >1 umol/g, which is considered to
be hypervitaminosis A (3).

In the Thai population, there were 24 false negative and 13 true
negative cases, with no true positive or false positive cases.
Sensitivity was thus 0% [0/(0 + 24)], meaning that of the “true”
VAD cases identified by TLRs, none were detected by SR (false
negatives). Specificity was 100% [13/(13 + 0)], meaning that all
Thai children without VAD according to TLRs were correctly
identified by SR (true negatives). In the Zambian population,
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[ Total liver vitamin A reserves (umolig)[____] Serum retinol (umol/L)

FIGURE 1 Comparison of total liver vitamin A reserves and serum
retinol concentration between the Thai (n = 37) and Zambian (n = 128)
study populations. Lines within boxes represent medians, boxes represent
IQRs, and lines outside boxes represent upper and lower adjacent values with
circles indicating outside values.
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black line represents the cutoff for VAD defined by serum retinol concen-
tration at 0.7 umol/L; the vertical dashed black line represents the cutoff for
VAD defined by TLRs at 0.1 wmol/g. TLR, total liver reserve; VAD, vitamin
A deficiency.

there were 22 false positive and 106 true negative cases of VAD,
with no true positives or false negatives; accordingly, sensitivity
could not be calculated [0/(0 + 0)]. Specificity was 82.8% [106/
(106 + 22)], meaning that although all children were negative for
VAD according to TLRs, 82.8% were also found to be negative
by SR (true negatives), and 17% were found to have VAD by SR
(false positives).

The kernel density estimate of SR concentration in the
Zambian children by infection stage is illustrated in Figure 3.
The estimated smoothed distribution of SR concentration in
the late convalescent infection stage is shifted to the left of
“healthy” children with no inflammation, whereas the distribu-
tion of SR concentrations in children in the early convalescent
stage is shifted further left, projecting an overall decrease in
concentration. In the Zambian children, with the use of the
marker-adjusted SR cutoffs of 0.6 wmol/L for late convales-

TABLE 2
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cence and 0.5 wmol/L for early convalescence, the adjusted
prevalence of SR deficiency was 2.3%, which decreased false
positive cases from 22 to 3, thus increasing specificity to 97.3%
(Table 2). A scatterplot of TLR vs. SR concentrations for
Zambian children shows how the lowered marker-adjusted SR
cutoffs decreased the number of false positive cases of VAD
(Figure 4).

DISCUSSION

The specificity and sensitivity of SR concentration to de-
termine VAD was examined between 2 groups of children in
Thailand and Zambia and found to be divergent. The Thai and
Zambian children had very different TLRs (in both magnitude
and variance) determined in the same laboratory. Among the Thai
children, specificity of SR was 100%, indicating that all children
without VAD (as determined by estimated TLRs) were correctly
identified as not having VAD. Sensitivity was 0%, meaning that
no cases of VAD were determined by SR, despite high VAD
having been determined by TLR, resulting in a high number of
false negatives. In Zambian children, specificity was 82.8%,
indicating that in this context, SR concentration was able to
correctly identify 82.8% of the population without VAD, but 17%
were found to have VAD when they did not by SR (i.e., false
positives), which the WHO would consider to be a moderate
public health problem (2). By adjusting the SR cutoffs for de-
fining VAD based on infection status in the Zambian children,
false positives were reduced, increasing specificity to 97.3%. In
the case of Zambia, there were no cases of VAD because of
relatively high TLRs, and sensitivity was indeterminable (divided
by zero). There were no cases of VAD identified by both SR and
TLRs (i.e., true positives) in either the Thai or Zambian groups,
an interesting but limiting finding of our study.

The finding of higher SR in the Thai children despite very low
TLRs could be explained by the low prevalence of elevated CRP,
which likely keeps SR concentrations “healthy” even in light of
deficient TLRs. Animal studies consistently show that TLRs can

Prevalence of VA deficiency calculated with the use of VA TLR and SR concentrations and specificity of SR as an
indicator of VA deficiency in Thai and Zambian children, as well as in Zambian children adjusted for infection status’

Thai children

Zambian children Zambian children,

(n=37) (n =128) adjusted for infection (n = 128)

Prevalence of VA deficiency, by indicator

VA TLR 24 (65) 0 0

Serum retinol 0 22 (17.2) 3(2.3)

Cannot be determined 0 0 16 (12.5)*
True positives (TLR+, SR+) 0 0 0
False positives (TLR—, SR+) 0 22 (17.2) 3(2.3)
False negatives (TLR+, SR—) 24 (65) 0 0
True negatives (TLR—, SR—) 13 (35) 106 (82.8) 109 (85.2)
Cannot be determined 0 0 16 (12.5)
Sensitivity® 0 NC NC
Specificity* 100 82.8 97.3

'"Values are percentages or n (%). Both TLR+ and SR+: positive for VAD according to that indicator. Both TLR— and

SR—: negative for VAD according to that indicator. CRP, C-reactive protein; NC, not calculable (divided by zero); SR,
serum retinol; TLR, total liver reserve; VA, vitamin A; VAD, vitamin A deficiency.

2Could not be adjusted for infection because of missing CRP values.

3Calculated as true positives/(true positives + false negatives).

“Calculated as true negatives/(true negatives + false positives).
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be exhausted even when SR concentrations are still maintained
at >1 umol/L. (reviewed in reference 14). Furthermore, the
contrasting magnitude of TLR and SR concentrations in these
children may indicate that the Thai population was recycling
more of the retinol-retinol binding protein complex because of
low liver stores (15), resulting in normal SR concentrations,
whereas the Zambian population was sequestering VA in the
liver because this group was replete and on the verge of hy-
pervitaminosis A (16). Although the degree to which prior food
insecurity in humans affects VA metabolism is not known, there
are possible epigenetic factors at play that may result in extra

1263

storage of VA because of risk of long-term VA deficits in this
population (17, 18), before the introduction of widespread for-
tification (11, 14). Other studies have shown that different
groups within a population have very different distributions of
SR concentrations (19). A study in Nicaragua found a greater
improvement in TLRs among 21 children with the use of an RID
method than in SR concentrations 1 y after sugar fortification
with VA was initiated; in fact, some children actually had de-
creased plasma retinol concentrations even with simultaneous
increases in hepatic VA (20).

Our results from Zambia are similar to a 2010 study in
Zambian children in which the effect of infection stage on in-
dicators of micronutrient status, including SR concentrations,
was evaluated (7). Lower SR concentrations were found in
children with inflammation than in healthy children, indicating
higher rates of VAD with SR than liver reserves measured
qualitatively with the modified relative dose response in children
with active infection or recovering from infection. In addition,
a high prevalence of elevated AGP was found, which resulted in
few children being in the incubation stage of infection (elevated
CRP only). We found no children in the incubation stage. A high
prevalence of elevated AGP with a lower prevalence of high CRP,
which were positively correlated (11), may indicate chronic
inflammation that children in this environment experience daily,
perhaps in part because of a mild subclinical environmental
enteropathy (21). Chronic inflammation and the acute-phase
response on nutrient biomarkers need further investigation (22).

There is a cyclical nature to nutrition and infection, with poor
nutrition leading to increased risk of infection and infection
negatively affecting nutritional status (23). Given the high rates of
elevated acute-phase proteins in children in these and other
similar studies in developing countries (5, 24), and given that
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FIGURE 4 Comparison of the association between liver VA and serum retinol concentration by infection status in Zambian children. The standard cutoff
for VAD defined by serum retinol concentration is 0.7 wmol/L. Gray shaded markers below that line indicate false positives; black shaded markers are the false
positives identified after adjustment of the SR cutoffs to 0.6 umol/L for children in the late convalescent infection stage (square markers) and 0.5 wmol/L for
children in the early convalescent stage (triangle markers). n = 3 (no infection), n = 0 (incubation), n = 34 (early convalescence), n = 75 (late convalescence),
and n = 16 (infection status unknown because of missing CRP data). CRP, C-reactive protein; SR, serum retinol; VA, vitamin A; VAD, vitamin A deficiency.
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infection affects micronutrient status (8, 9, 25, 26), it may be
necessary to take infection into account when measuring VA and
other micronutrient statuses. The shift in SR concentration dis-
tribution that we found in Zambian children by infection stage
illustrates the suppression of SR in a dose response with stage of
infection. This follows Thurnham and McCabe’s adjusted SR
cutoffs (9), which are more suppressed during the stage of in-
fection in which both CRP and AGP are elevated, during early
convalescence, which corresponds to the SR distribution that
was shifted furthest to the left. Applying the adjusted SR cutoffs
to children in the identified stages of infection was a relatively
simple addition to the data analysis methods and could be added
to studies that use SR concentrations to identify VAD with the
availability of CRP and AGP measurements. In the Thai study,
we were not able to adjust for infection stage, because AGP
measurements were not available, but if we could have, it would
not have changed our specificity or sensitivity results, because
there were no children found to have VAD by SR (false positives
or true positives). The Thai children were slightly older than the
Zambian children, and SR concentrations tend to increase with
age. Some researchers have advocated for deficiency to be de-
fined as 1 wmol/L (8). This may be considered for some pop-
ulation groups, but infection status should be included.

We used enrollment data, but there were 3 additional time
points of SR data in the Zambian study. SR was affected by time
(11), whereas 22 children (16.5%) had an SR <0.7 wmol/L at
baseline, 44 children (33%) had a low SR value at any sampled
time point. This reiterates the fluctuations of SR in children who
are exposed to different infections over the course of several
months, which is supported by the sustained high concentrations
of AGP in this community (7, 11, 27).

Calculation of TLR with the use of the '*C-RID test is based
on the assumption that in populations with low VA status, 50%
of TBSs are stored in the liver, whereas in replete populations,
80% is stored in liver (12). In the Thai study, the figure of 50%
was used to calculate TLRs, whereas in Zambia 80% was used,
which was based on the large difference in TBSs. To support the
current sensitivity and specificity calculations, we applied the
50% value to the Zambian TLR calculation. This yields a mean
of 0.72 = 0.25 wmol/g, with still no values <0.1 umol/g (the
cutoff used for VAD in this study); therefore, this difference in
recommended assumptions (12) between studies does not change
our conclusions based on VAD defined by TLRs.

Inflammation and infection may affect isotope tests through
mechanisms of altered dose absorption, storage, and metabolism.
Although these relations have not been fully investigated, clinical
data indicate that infections reduce VA dose absorption in
children (28). In the Zambian study (11), the factor for absorption
of the dose was reduced from 0.9 to 0.8 if a subject had elevated
CRP >10 mg/L at the time of dosing, indicating subclinical
inflammation. The mathematical consequence is that for sub-
jects with elevated CRP, their estimated TBSs and TLRs would
be reduced by ~11.1% [1 — (0.8/0.9)] as a result of this reduced
factor for absorption (12). In the original analysis (11), 15.8%
of values were adjusted at baseline because of elevated CRP.
Therefore, the group means for TBSs and TLRs were reduced
by ~1.8% because of this correction. The Thai data were not
corrected (10), but because of much lower TBSs and TLRs,
the absolute change resulting from this correction would be
minimal.
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Specificity of SR concentration to determine VAD was 100%
and 82.8% in Thai and Zambian children, respectively. Sensi-
tivity was 0% in the Thai data, but it could not be calculated from
Zambian data, meriting further investigation. Lack of true pos-
itive cases in either group restricted interpretation of results, and
additional data are needed. The utility of SR as an indicator of
actual VA status is questionable, considering that 65% of the Thai
children had VAD, which was not captured by SR. On the other
hand, the Zambian children’s SR values were not elevated even
though estimated TLRs were quite high. This reiterates the
homeostatic nature of SR, which is one of the reasons why the
WHO advocates that it not be used alone as a biomarker (2, 29).
Adjusting SR cutoffs with the use of Thurnham and McCabe’s
correction factors for infection status improved specificity to
97.3% in the Zambian children by reducing false positives.
Using SR as an indicator of VAD may result in a different ac-
curacy in different populations, depending on TLRs and in-
fection rate, which should be taken into consideration when SR
is used as a biomarker.
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