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Retinol-to-Fat Ratio and Retinol Concentration in
Human Milk Show Similar Time Trends and
Associations with Maternal Factors at the
Population Level: A Systematic Review and
Meta-Analysis

Daphna K Dror and Lindsay H Allen
US Department of Agriculture, Agricultural Research Service, Western Human Nutrition Research Center, Davis, CA

Vitamin A in human milk is critical for meeting infant requirements and building liver stores needed after weaning. A number of studies have mea-
sured milk retinol, but only a subset have corrected for fat, which serves as the retinol carrier in breast milk. The purpose of the present work was
to review and analyze studies in which human-milk retinol concentrations were reported in relation to milk fat and to compare these results with
unadjusted breast-milk retinol concentrations in terms of time trends over the course of lactation, influences of maternal nutritional and constitu-
tional factors, and effects of maternal vitamin A supplementation. A systematic approach was used to search the available literature by using the US
National Library of Medicine’s MEDLINE/PubMed bibliographic search engine. Observational and intervention studies were included if the research
was original and the retinol-to-fat ratio (retinol:fat) in human milk was measured at >1 time point during the first 12 mo of lactation. Retinol:fat and
retinol were highest in colostrum, declined rapidly in early lactation, and achieved statistical stability by 2 and 4 wk lactation, respectively. In mature
milk, retinol concentration was positively correlated with milk fat (r = 0.61, P = 0.008). Breast-milk retinol:fat and retinol were positively associated
with maternal vitamin A intake but were associated with plasma retinol only when dietary intake was inadequate. Postpartum supplementation
with high-dose vitamin A (200,000-400,000 IU) resulted in significantly higher breast-milk retinol:fat for 3 mo and retinol for 6 mo (P < 0.05). In
populations, the 2 indexes show similar trends and associations with maternal factors. Future studies should monitor how the uptake of retinol into
the mammary gland affects maternal vitamin reserves, particularly in women who are at risk of vitamin A deficiency. Adv Nutr 2018;9:3325-346S.
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Introduction
Adequate vitamin A status is critical for normal gene ex-
pression, reproduction, growth and physical development,

erythropoiesis, immune function, and vision (1). Infants are
born with meager retinol reserves (~5 pmol), even if their
mothers were well nourished during pregnancy (2). During
the first 6 mo of life, exclusively breastfed infants of moth-
ers with adequate intake and stores accumulate ~310 pmol
vitamin A. Thus, human-milk vitamin A is critical both for
meeting the requirements of the infants and for the accumu-
lation of liver stores needed after weaning (2). In cases in
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which vitamin A in weaning foods is low, milk retinol can
be the most important predictor of vitamin A status in in-
fants through the second year of life, when human milk can
still supply almost two-thirds of the recommended intake
(3). Breastfeeding from vitamin A-depleted mothers predis-
poses infants to the consequences of deficiency, including xe-
rophthalmia, anemia and impaired iron metabolism, growth
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retardation, increased infectious morbidity, depressed im-
mune response, diarrheal disease, respiratory tract infec-
tions, and increased risk of mortality (4).

In contrast to blood, which contains 95% of vitamin A
in the retinol-binding protein (RBP) retinol form, human-
milk vitamin A is present almost exclusively as retinyl esters,
mainly retinyl palmitate, in the lipid fraction of the milk (2,
5). Although some vitamin A in milk is derived from serum
retinol, which is esterified in the mammary gland, newly ab-
sorbed dietary retinol converted to retinyl esters passes di-
rectly into milk via chylomicrons, bypassing regulation by the
liver (2, 6, 7). In regions where vitamin A intake is high, ma-
ternal dietary retinol can saturate milk concentrations (8). In
contrast, low milk vitamin A concentration suggests insuffi-
cient maternal reserves in addition to inadequate intake (9).

Because vitamin A in human milk is associated with the
milk-fat globule, retinol concentration measured in a sample
of milk is highly dependent on the fat content of the sample.
There are wide intraindividual variations in milk fat, with an
estimated CV of 47% over 24 h in mature human milk (10).
Milk fat in a sample is related to the storage capacity of each
breast and the fullness of the breast at the point of sampling,
with peak fat occurring 30 min after a feeding (10, 11). Con-
trolling for milk fat has been suggested to be an efficient way
to standardize vitamin A measurements across studies the
use different breast-milk collection methodologies (2). How-
ever, human-milk retinol is corrected for fat in only a fraction
of the literature. The purpose of the present work is to sys-
tematically review and analyze studies in which human-milk
retinol concentrations were reported in the context of milk
fat and to compare these results with data on direct human-
milk retinol concentrations in terms of time trends over the
course of lactation, influences of maternal nutrition and con-
stitutional factors, and effects of maternal vitamin A supple-
mentation.

Methods

A systematic approach was used to search the available lit-
erature from 1 January 1966 through 31 May 2017 by using
the US National Library of Medicine’s MEDLINE/PubMed
bibliographic search engine. Multiple PubMed searches were
conducted by using various combinations of MeSH (Med-
ical Subject Heading) and title/abstract keywords. MeSH
keywords included “Milk, Human,” “Lactation,” “Breast
Feeding,” and “Colostrum” as well as “vitamin A,” “beta-
carotene,” and “carotenoids.” Title/abstract keywords in-
cluded “lactation,” “breastfeeding,” “breast feeding,” “breast-
feeding,” “breastmilk,” breast milk,” “breast-milk,” “human
milk,” “colostrum,” “vitamin A,” “retinol,” “retinyl,” “pro-
vitamin A,” “beta-carotene,” and “carotenoids.” Filters lim-
ited search results to human studies published in English,
French, German, Portuguese, Spanish, Hebrew, Danish, Nor-
wegian, or Swedish. Two individuals independently screened
unique article titles and abstracts to identify a list of rel-
evant studies for full-text review. When opinions differed,
a third individual reviewed the abstracts to resolve the
discrepancy by two-thirds majority. Review and original
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research articles were examined for references to other rel-
evant studies not identified by the initial search. Studies were
included if the research was original and the retinol-to-fat
ratio (retinol:fat; micromoles per gram) in human milk was
measured at one or more time points during the first 12 mo
of lactation. Exclusion criteria were animal studies and stud-
ies failing to express human-milk retinol in relation to fat
at any time point within the first year of lactation. By us-
ing this strategy, 24 original research studies were identi-
fied and included in the systematic review and meta-analysis
(Figure 1). Risk of bias was assessed at the individual study
level through review of methods, data analysis, and report-
ing (Table 1). The principal summary measures were human-
milk retinol:fat (micromoles per gram) and retinol concen-
tration (micromoles per gram) at various stages of lactation
and in intervention and control groups.

Data were analyzed by using SAS 9.4 (SAS Institute). With
the use of the SAS MIXED procedure, random-effects mod-
els weighted by the inverse of the square of the SE or sam-
ple size were constructed to examine the time trajectory of
human-milk retinol:fat and retinol with the use of post hoc
contrasts to identify when retinol:fat and retinol stabilized.
Comparisons between retinol and retinol:fat in colostrum
and mature milk were generated by including a fixed effect
for colostrum (sample collection at <7 d lactation). Pearson
correlation coefficients were used to evaluate the correlation
between retinol and milk fat. Polynomial models were fitted
to investigate the effect of supplementation over time, con-
trolling for fixed and random effects.

Results

Description of studies included in the systematic review
and meta-analysis

Seven of the 24 included studies were conducted in South or
Southeast Asia (Bangladesh, India, Indonesia, and Sri Lanka)
(13, 22, 29, 34, 40, 42, 43), 8 in Central or South America
(Mexico, Honduras, Brazil, and Peru) (13, 14, 18, 20, 21, 30,
33, 39), 7 in Africa (Cameroon, Ghana, Kenya, Zambia, and
The Gambia) (12, 13, 24, 44), 2 in the United States (16, 17),
1 in Cuba (31), and 1 in Iceland (8). One multicenter trial
included 3 sites in India, Peru, and Ghana (13). Both human-
milk retinol:fat and retinol were reported in 22 of the 24
included studies. Seven studies were conducted in rural pop-
ulations with poor socioeconomic status (12, 22, 34, 40, 42—
44), whereas 2 were conducted in middle- or upper-middle
class populations (16, 17). The remaining studies included
women of mixed socioeconomic backgrounds. One study in-
cluded only adolescent mothers (21).

Nine of the 24 studies were longitudinal in design, mea-
suring human-milk vitamin A at 2-8 time points from
colostrum through 9 mo postpartum (12-14, 22, 31, 34, 40,
42, 44). Of the longitudinal trials, 5 included intervention
groups who received high-dose vitamin A supplementation
(200,000-400,000 IU) at delivery or in the early postpar-
tum period (12-14, 40, 42), 3 included intervention groups
supplemented with B-carotene or vitamin A daily or weekly
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FIGURE 1 Flow diagram.

during the second half of gestation (22, 34, 44), and 1 did not
involve an intervention (31). Five additional studies involved
short-term supplementation protocols in which human-milk
retinol was measured before and after a single- or multidose
intervention with f-carotene supplements, vitamin A sup-
plements, or food sources of B-carotene (16-18, 38, 43). In
the remaining 10 studies, milk was collected at one point dur-
ing lactation (8, 20, 21, 24, 27-30, 33, 39).

Methods for milk collection varied widely. In 9 studies,
milk collection protocols involved full manual or pumped ex-
pression of a breast not suckled for >1 h or not suckled in the
previous feeding (16, 17, 21, 22, 33, 34, 38, 42, 43). In other
studies, 1-3 mL colostrum (14, 20, 39) or 2-40 mL transi-
tional or mature milk was collected from one breast either
with or without regard to time elapsed since last feeding. Milk
was collected in the morning in the protocols of 7 studies (13,
18, 21, 30, 34, 42, 44).

The fat content of milk was measured by using the cream-
atocrit method, which is based on centrifugation of samples
in hematocrit capillary tubes (47), in all but 3 studies (8, 34,
44). The remaining studies measured fat by using the Roese-
Gottlieb (35), Zollner and Kirsch (36), or Bucolo and David
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(45) methods. The CV for fat was reported in 5 studies and
ranged from 1.3% to <10% (8, 22, 24, 27, 28).

Milk retinol concentration was measured by HPLC in all
but one study, in which retinol was quantified fluoromet-
rically (44). The techniques used for human-milk sample
preparation varied (15, 19, 23, 25, 26, 32, 48), but most in-
volved alkaline saponification with potassium hydroxide in
ethanol or methanol to hydrolyze retinyl esters to retinol, fol-
lowed by hexane extraction. In 3 studies, human-milk sam-
ples were pretreated with bile salts, protease, and lipase by
using the method of Liu et al. (18, 19, 21, 33). Reported CVs
for retinol were <10% in all but 3 studies, in which interassay
CVs were <12%, 13.3%, and 13.4% (27, 33, 43).

Potential sources of bias in individual studies are de-
scribed in Table 1. These include a small sample size, method
and timing of milk collection, and selection bias based on
known conditions.

Retinol:fat and retinol concentration in human milk

Both mean retinol:fat and retinol concentration were sig-
nificantly higher in colostrum or early milk samples (<7 d
lactation) than in mature milk (>21 d lactation; mean
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retinol:fat: 0.161 & 0.082 compared with 0.038 + 0.016
pmol/g; P < 0.0001; mean retinol: 3.49 £ 0.70 compared
with 1.34 £ 0.75 pmol/L; P < 0.0001). After an initial sharp
decline, human-milk retinol:fat reached statistical stability
(nonsignificant variation between subsequent time points)
after 2 wk of lactation, whereas human-milk retinol stabilized
after 4 wk of lactation.

Bahl et al. (13) found a slight upward trend in retinol:fat
from 6 to 9 mo at all 3 study sites. The same trend was not
apparent in the only other longitudinal study that contin-
ued through 9 mo (40), nor was it corroborated through the
present statistical analysis that included cross-sectional data.
In mature milk, retinol was positively correlated with milk fat
(r=10.61, P =0.008).

Factors affecting human-milk vitamin A concentration
Human-milk retinol:fat and retinol were positively associ-
ated with plasma RBP among Cameroonian women in the
lower 2 vitamin A intake tertiles (8 = 0.81-0.84, P < 0.01),
but not among women in the highest intake tertile (24). In
the study by Muslimatun et al. (34) in a vitamin A-deficient
population in Indonesia, milk retinol:fat and retinol were sig-
nificantly correlated with serum retinol only in subjects who
were not receiving vitamin A supplements (r = 0.487 and
0.304, P < 0.01). No association was found between milk
retinol:fat or retinol and plasma or serum retinol in 3 stud-
ies in which mothers were well nourished per the author de-
scriptions (21, 33, 44).

Engle-Stone et al. (24) found a positive association be-
tween vitamin A intake the previous day and both human-
milk retinol:fat and retinol in Cameroon (R* = 0.13 and 0.07,
respectively; P < 0.001 for both). Olafsdottir et al. (8) also
found a significant correlation between dietary vitamin A in-
take and retinyl palmitate:fat in milk (r = 0.23, P < 0.05).
The investigators concluded that the concentration of retinyl
palmitate reflected the esterification of dietary retinol. Ha-
bitual vitamin A intake and human-milk retinol were not
significantly associated in healthy, well-nourished Brazilian
women (33). However, the proportion of women with vita-
min A intakes below the Estimated Average Requirement was
consistent with the proportion whose milk retinol concentra-
tions were below the cutoff of 1.05 wmol/L.

Colostrum retinol was not associated with serum
C-reactive protein (CRP) in the study by da Silva Ribeiro
et al. (20) in Brazil, nor was human-milk retinol:fat or retinol
associated with plasma o -acid glycoprotein in the study
by Engle-Stone et al. (24) in Cameroon. In the Cameroo-
nian study, both human-milk retinol:fat and retinol were
inversely associated with plasma CRP only after controlling
for maternal BMI, milk-fat content, time postpartum, time
of day, and time since last breastfeeding (8 = — 0.03 + 0.01,
P < 0.02). However, when plasma RBP was added as a term
in the simple linear regression for retinol:fat, plasma CRP
was no longer a significant predictor. There was no evidence
of confounding or effect modification by baseline CRP in the
study by Palmer et al. (38) in Zambia.
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Sri Lankan women living in urban environments had sig-
nificantly lower milk-fat content and higher retinol:fat than
did women living in rural areas (P = 0.03) (29); however,
the opposite was found between rural and urban communi-
ties in Cameroon (P < 0.05) (24) and in Mexico (P = 0.03)
(30). Retinol:fat was positively correlated with the weight
(r = 0.274, P = 0.01) and height (r = 0.328, P < 0.001)
of the participants in the Sri Lankan study (29), and both
human-milk retinol:fat and retinol were predicted by BMI in
Cameroon [ =0.74 £ 0.29 (P=0.012) and 8 = 0.75 + 0.29
(P=0.011), respectively, for log-transformed variables] (24).
However, human-milk retinol was not correlated with BMI
in 2 Brazilian studies in healthy, well-nourished adolescents
and women (21, 33), nor in a study in urban and rural Mex-
ican women (30). Parity and gravidity have been associated
with human-milk retinol:fat or retinol in some studies (21,
33) but not in others (14, 42). Low maternal socioeconomic
status and education were associated with lower human-milk
retinol concentration in one study (24).

Effect of supplementation

Postpartum supplementation with high-dose vitamin A
(200,000-400,000 IU) in 5 studies increased human-milk
retinol:fat and retinol significantly compared with controls
through 12 and 24 wk of lactation, respectively (P < 0.05)
(12-14, 40, 42). The difference between retinol:fat in the in-
tervention and control groups was linearly and inversely cor-
related with time (r = 0.74, P = 0.002), with an x-intercept of
28.6 wk, which suggested no further effect of high-dose sup-
plementation on human-milk retinol:fat beyond this time.
The difference in human-milk retinol between supplemen-
tation and control groups also diminished as lactation pro-
gressed, although the correlation with time was not signifi-
cant.

Maternal supplementation with §-carotene or carotenoid-
rich food rapidly increased human-milk carotenoid concen-
trations. Human-milk retinol was unchanged in studies that
supplemented pregnant or lactating women of varying vita-
min A status with cumulative doses of 60-900 mg §-carotene
(16-18, 22). Bangladeshi mothers who received 7.8 mg
B-carotene/d from delivery through 9 mo (cumulative dose
>2000 mg) had higher human-milk retinol concentrations
than did a placebo group at 9 mo postpartum (P < 0.05), but
not at 3 or 6 mo (40).

Discussion
Because human infants are born with meager vitamin A
reserves regardless of maternal nutritional status, adequate
retinol in milk is critical for ensuring healthy infant growth
and development. The present analysis considered 2 indexes
of human-milk vitamin A: I) retinol adjusted for milk fat and
2) direct retinol concentration. Despite their different inter-
pretations, human-milk retinol:fat and retinol behaved sim-
ilarly in terms of time trends, association with maternal fac-
tors, and response to supplementation.

Both retinol:fat and retinol peaked in colostrum
and reached statistical equilibrium in mature milk,
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corroborating data from earlier longitudinal studies of
human-milk retinol in unsupplemented women (49-53)
(Figure 2). Because colostrum is low in milk fat, adjust-
ing colostrum retinol for milk fat amplifies its peak. High
concentrations of retinol in colostrum rapidly replete tissue

stores in the newborn after limited placental transfer during

gestation (5).

In the present analysis, human-milk retinol was directly
correlated with fat in mature milk. It should be noted that
this correlation was based on study means of human-milk
retinol and fat rather than individual values and should be in-
terpreted with caution given the known heterogeneity within

and between studies. However, the result is supported by 2
studies that found significant correlations between human-
milk retinol or retinol equivalents and milk fat with the use
of individual data points (8, 24).

Retinol, mainly as retinyl palmitate, is found primarily
in milk-fat globules. A large part of the fluctuation in milk-
fat concentration within an individual can be accounted for
by breast fullness at the point of sampling, which is related
to time of day, interfeeding interval, and point of sampling
during a feeding (56). Diurnal variations in milk fat are
mimicked by human-milk retinol (24). As a result, retinol
concentration in casual milk samples of lactating women may
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be used as a population indicator of vitamin A status or as a
marker of response to an intervention, provided that the sam-
ples are collected at random or expressed relative to milk fat
(2,57).

In addition to diurnal variation, the fat content of human
milk is affected by the general nutritional status of the mother,
as well as recent dietary fat intake (29, 58). Human-milk vi-
tamin A is inconsistently correlated with maternal anthro-
pometric measurements; this relation may be confounded by
maternal nutritional status and milk fat.

The biological sources of human-milk retinol depend on
maternal intake and vitamin A status. On the basis of models
in lactating rats, when maternal status is adequate, circulating
RBP-retinol contributes a relatively constant amount of vita-
min A to the lactating mammary gland, whereas the contri-
bution of chylomicron vitamin A varies directly with recent
intake (59). Because of this relation, a correlation between
human-milk and circulating retinol concentrations is more
likely when vitamin A intake is low, as shown in the present
review. Circulating RBP-retinol is under homeostatic regula-
tion by the liver and draws upon liver retinol stores, main-
taining milk retinol concentration at the expense of maternal
reserves.

Possibly because of the buffer of dietary retinol, there is
some indication that human-milk retinol is less sensitive to
acute infection than circulating retinol, which is depressed
in response to inflammation (60, 61). In general agreement
with the results of the present review, a previous study found
no association between human-milk retinol and plasma CRP
or o1 -acid glycoprotein at 2 wk postpartum in HIV-negative
Malawian women (62).

Maternal supplementation with high-dose oral vitamin A
in the first weeks postpartum results in an increase in human-
milk retinol:fat and retinol that diminishes over time. On the
basis of our statistical models, supplementation significantly
increases human-milk retinol:fat and retinol compared with
controls through 3-6 mo of lactation and continues to have
a nonsignificant but measurable effect through 7.5 mo. In
poorly nourished populations, the effect of high-dose vita-
min A supplementation on human milk concentrations may
be sustained for a longer period (49, 55). More research is
needed to understand the mechanism by which human-milk
retinol is repleted over the long term.

There are mixed results with regard to the effect of ma-
ternal B-carotene consumption on human-milk retinol con-
centration. Although a number of studies found no effect of
increased dietary intake or supplementation with §-carotene
(16, 18, 22, 38, 63), others found a modest but significant in-
crease in human-milk retinol after a §-carotene intervention
(40, 64). The discrepancy may be related to the underlying vi-
tamin A status of the population and to the cumulative dose
received through the intervention.

A previous review found that despite increases in human-
milk retinol, maternal supplementation with high-dose vi-
tamin A failed to affect infant vitamin A status, morbidity,
and mortality (65). The WHO rescinded its recommenda-
tion for postpartum high-dose vitamin A supplementation of
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at-risk populations after these findings (66). However, a ben-
efit of supplementation may be that of offsetting maternal de-
pletion, as shown with the modified relative dose-response
method in the study of Rice et al. (40) in Bangladesh.

A minimum acceptable concentration of 1.05 pmol
retinol/L in human milk has been suggested on the basis of
empirical calculations of accumulated liver reserves neces-
sary to sustain physiologic needs in the latter half of infancy
(67) as well as on data from an Indonesian cohort in whom
milk retinol concentrations <1.05 pumol/L and low infant
liver reserves measured by modified relative dose-response
at 6 mo were equally prevalent (42). The standard cutoff for
retinol:fat is 0.028 wmol/g fat (57), likely derived from the
value for human-milk retinol and the average fat content of
human milk. Additional research is needed to verify the va-
lidity of these cutoffs for defining maternal and infant ade-
quacy.

The present analysis has several limitations. Of the stud-
ies that measured retinol in human milk, only approximately
one-third reported retinol:fat and were included in the data
set. Because baseline maternal vitamin A status was not avail-
able in the majority of studies, it could not be controlled
for in analysis. Furthermore, it was not possible to ascertain
how variability in sample collection, milk volume, feeding
duration, and analytical methods may have contributed to
observed differences. Because the National Institute of
Standards and Technology offers no standard for human milk
micronutrient analysis, established methods for retinol assay
in human milk have not been validated using a standard-
ized reference material, and the accuracy and precision of
published results depends on internal method validation and
standardization.

In conclusion, accurate measurement and interpretation
of human-milk vitamin A are imperative to understanding
how lactation interfaces with maternal and infant vitamin
A status. Vitamin A adequacy is critical for maternal well-
being and reproductive success as well as for optimal infant
immune function, growth, and development. In a human-
milk sample, adjusting retinol for fat is a means of dissoci-
ating temporal variations in milk fat from its substrate of in-
terest. At the population level, direct retinol concentrations
of human milk in samples with variable fat concentrations
can function as a general indicator of maternal vitamin A
status and, in concert with milk volume, provide a measure
of maternal-infant transfer of the vitamin. The present re-
view and analysis confirm that human-milk retinol:fat and
retinol showed similar trends over the course of lactation and
respond in parallel fashion to maternal intake, status, and
supplementation. Both indexes decrease from colostrum to
mature milk and increase temporarily with high-dose post-
partum maternal supplementation. To better define retinol
adequacy in human milk as a component of overall vita-
min A nutrition, additional research is needed to verify the
validity of established cutoffs for defining maternal and in-
fant adequacy. It would also be prudent to investigate the
relative contribution of circulating and dietary retinol to
human-milk retinol in the presence and absence of acute



infection. Furthermore, maternal vitamin status should be
monitored to determine how uptake of retinol into the mam-
mary gland affects maternal vitamin reserves, particularly in
women who are at high risk or who are known to be vitamin
A deficient.
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