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Abstract

Background: Rice can be fortified with the use of hot or cold extrusion or coating, but the nutritional qualities of the

resulting rice grains have never been directly compared.

Objective: Using fortified rice produced by coating or hot or cold extrusion, we compared 1) iron and zinc absorption with

the use of stable isotopes, 2) iron and zinc retention during cooking, and 3) starch microstructure.

Methods: We conducted 2 studies in young women: in study 1 [n = 19; mean 6 SD age: 26.2 6 3.4 y; body mass index

(BMI; in kg/m2): 21.3 6 1.6], we compared the fractional iron absorption (FAFe) from rice meals containing isotopically

labeled ferric prophosphate (57FePP), zinc oxide (ZnO), citric acid, andmicronutrients fortified through hot extrusion (HER1)

with rice meals fortified through cold extrusion containing 57FePP, ZnO, citric acid, and micronutrients (CER); in study

2 (n = 22; age: 246 4 y; BMI: 21.26 1.3), we compared FAFe and fractional zinc absorption (FAZn) from rice meals fortified

through hot extrusion (HER2) compared with rice meals fortified through coating containing 57FePP, ZnO, a citric acid and

trisodium cirate mixture (CA/TSC), and micronutrients (COR) relative to rice meals extrinsically fortified with ferrous sulfate

(reference). Rice types HER1 and CER contained citric acid, whereas types HER2 and COR contained CA/TSC.We assessed

retention during standardized cooking experiments and characterized the rice starch microstructure.

Results: FAFe (95% CI) was greater from CER [2.2% (1.4%, 3.4%)] than fromHER1 [1.2% (0.7%, 2.0%)] (P = 0.036). There

was no difference in FAFe between HER2 [5.1% (3.7%, 7.1%)] and COR [4.0% (2.9%, 5.4%)] (P = 0.14), but FAFe fromCOR

was lower than that from the referencemeal [6.6% (4.9%, 9.0%)] (P = 0.003), and the geometric mean FAZn (95%CI) did not

differ between HER2 [9.5% (7.9%, 11.6%)] and COR [9.6% (8.7%, 10.7%)] (P = 0.92). Cooking in a rice-to-water ratio of 1:2

resulted in iron and zinc retentions >80%, and cooking in excess water did not affect iron retention from hot-extruded rice but

caused iron losses of 25% from CER and COR. Distinct variations in starch microstructure were found in CER and HER1.

Conclusions: Iron absorption was 64% higher from CER than from hot-extruded rice, with no difference between COR

compared with hot-extruded rice. Lower extrusion temperatures may generate a more readily digestible starch structure,

allowing for greater iron release in vivo but lower mineral retention during cooking. This trial was registered at clinicaltrials.

gov as NCT02176759. J Nutr 2017;147:2319–25.
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Introduction

Iron and zinc deficiency remain major public health problems

(1), affecting many individuals in both developing and industri-

alized countries (2–4). Rice is a staple food for >3 billion people

(5), and its fortification could be an important strategy to combat

micronutrient deficiencies (6). However, iron fortification of rice is

challenging because rice is mainly consumed as intact grains, and

sensory properties, particularly its white color, are important for
its marketability and consumer acceptance (7, 8).

Extrusion and coating techniques are currently the 2 main
technologies available for large-scale fortification; they are typically
used to fortify a small fraction (1–2%) of the rice kernels (9, 10).
In coating, a suspension of nutrients with waxes and polymers
is applied to the surface of intact natural rice kernels (9, 10),
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maintaining the grain�s inner starch structure. In contrast, during
extrusion, artificial rice kernels are generated by forcing moist-
ened, fortified rice flour through a restricted opening, exposing
it to high shear and pressure (9). Cold extrusion is conducted at
30–40�C and results in marginal or no starch gelatinization (9, 10)
in contrast with hot extrusion, conducted at 80–110�C, where
starch is gelatinized (9, 11, 12). Starch consists of amylopectin and
amylose in a 3-dimensional network characterized by semicrystal-
line domains embedded into an amorphous glassy matrix, which is
composed of alternating crystalline and amorphous lamellae at a
fixed repeating distance. The microstructure of starch may predict
the release of minerals and bioavailability in hot-extruded rice and
cold-extruded rice.

Although both hot and cold extrusion have been shown to be
feasible (13) and efficacious (14–16), iron absorption from rice
produced with these 2 extrusion techniques has not been directly
compared. Moreover, there are few data on human mineral
bioavailability or efficacy from coated rice (17, 18) and no pub-
lished data on zinc absorption from rice fortified through ex-
trusion or coating (19).

To provide data for rice fortification programs on the choice of
fortification technique and mineral fortification amounts, our
study objectives were: 1) to measure and compare iron absorption
from hot-extruded compared with cold-extruded rice, 2) to
measure and compare iron and zinc absorption from hot-extruded
comparedwith coated rice, and 3) to assess iron and zinc retention
from rice produced with these different technologies after varying
pretreatments and cooking procedures. Our hypotheses were as
follows: there would be 1) no significant difference in iron absorp-
tion from hot-extruded compared with cold-extruded fortified
rice, and 2) no significant difference in iron or zinc absorption
from hot-extruded compared with coated fortified rice.

Methods

Subjects. We enrolled women from the student and staff population of

ETH Zurich and the University of Zurich. The inclusion criteria were as

follows: 1) women aged between 18 and 40 y, 2) BMI (in kg/m2) between
19 and 26 and body weight <69 kg, 3) apparently healthy with no

chronic diseases or intake of medication (except for oral contraceptives),

4) nonsmoker, 5) no blood donation or substantial blood loss within

4 mo before the study�s start, 6) not pregnant or lactating, 7) no intake of

mineral or vitamin supplements from $2 wk before or during the study,

and 8) no prior participation in a study where iron or zinc stable isotopes
were administered. Informed written consent was obtained from all

participants. The ethics committee of the canton of Zurich reviewed and

approved the studies (KEK-ZH-Nr. 2015–021); the trial was registered
at clinicaltrials.gov as NCT02176759.

Human absorption studies. We performed 2 studies using a single-

blind, randomized crossover design, where different rice meals were
administered with each woman serving as her own control. Different

participants were included in each study. Participants were allocated to the

different groups after enrollment, and they were assigned to a predefined

schedule of all possible test meal combinations (20). In study 1 (Figure 1),
each woman consumed 2 different isotopically labeled test meals con-

taining isotopically labeled ferric pyrophosphate (57FePP)-fortified rice

meals produced through 1) rice meals containing 57FePP, zinc oxide
(ZnO), citric acid, and micronutrients fortified through hot extrusion

(HER1) or 2) ricemeals fortified through cold extrusion containing 57FePP,

ZnO, citric acid, and micronutrients (CER). Meals were served with a

2-wk period between test meals. The total study duration was 28 d.
In study 2 (Figure 2), each woman consumed 3 different isotopically

labeled meals containing 57FePP and isotopically labeled zinc oxide

(67ZnO) cofortified rice, produced through 1) rice meals fortified

through hot extrusion containing 57FePP, 67ZnO, CA/TSC, and micro-
nutrients (HER2) or 2) rice meals fortified through coating containing
57FePP, 67ZnO, citric acid and trisodium citrate (CA/TSC), and micro-

nutrients (COR), and 3) 1 reference meal consisting of hot-extruded rice
fortified with an isotopically labeled ferrous sulfate (58FeSO4) solution

added before consumption (reference). There was a 4-wk period between

test meals to ensure washout of the stable zinc isotopes administered on

FIGURE 1 Schematic diagram of study 1. Two different study

meals were administered to healthy Swiss women (n = 19). Meals

were given with a 2-wk delay.
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day 2 (21). The reference meal was given 1 d before one of the test meals

(day 1 or 29). The total study duration was 44 d (Figure 2).
In both studies, body weight and height were measured during

screening (1–2 wk before administration of the first meal), and a pregnancy

test was conducted. All meals were administered in the morning after an

overnight fast. The participants completely consumed the meals under
direct supervision of the investigators. The empty bowls were then rinsed

twice with a total of 20mL of 18MU � cmwater, which was also consumed

by the participants. Participants were not allowed to eat or drink for $3 h
after complete test meal consumption.

Study 1. The study was conducted between August and September 2015

at the Institute of Food, Nutrition and Health. All participants
underwent baseline venipuncture for the measurement of hemoglobin,

plasma ferritin, and plasma C-reactive protein (CRP) on day 1 before

receiving their first test meal (CER or HER1). On day 15, participants

received their second test meal (CER or HER1) after undergoing
venipuncture for measurements of hemoglobin, plasma ferritin, plasma

CRP, and isotopic iron composition after the same procedure as on day 1.

On day 29, 14 d after the last test meal administration, whole blood
samples were collected to measure hemoglobin, plasma ferritin, plasma

CRP, and isotopic iron composition (Figure 1).

Study 2. The study was conducted between September and December
2015 at the Institute of Food, Nutrition and Health and the Clinical

Trials Center. Participants were divided into 3 cohorts, which only

differed in the study dates and the sequence for the reference meal

administrations. Depending on their assignment to a cohort, participants
received their reference meals on day 1 or 29 at the Institute of Food,

Nutrition and Health. On days 2 and 30 either COR or HER2 were

administered at the Clinical Trials Center, and the administration

sequence of the meals was randomized. Baseline spot urine samples were
collected in the morning of days 2 and 30 before each test meal

administration, enriched spot urine samples were collected on the

morning of days 6 and 34 after an overnight fast to determine the

fractional zinc absorption (FAZn) via the double isotopic tracer ratio

technique (22). Additionally, all participants underwent baseline veni-

puncture for the measurement of hemoglobin, plasma ferritin, plasma

CRP, and plasma zinc (PZn) before receiving the first test meal. After

complete consumption of their test meals on days 2 and 30, participants

received intravenous doses of isotopically labeled zinc oxide (70ZnO) as

previously described (21). On day 17, 15 d after the first test meal

administration, a blood sample was collected to measure hemoglobin,

plasma ferritin, plasma CRP, and isotopic iron composition in the blood.

On day 30, after a 4-wk washout period for zinc, participants received

their second test meal (COR or HER2) after undergoing venipuncture

for measurements of hemoglobin, plasma ferritin, plasma CRP, and

isotopic iron composition following a similar procedure as on days 1 or

2. On day 44, 14 d after the last test meal, whole blood samples were

collected to measure hemoglobin, plasma ferritin, plasma CRP, and

isotopic iron composition (Figure 2).

Preparation of isotopically labeled extruded rice grains and intra-

venous doses. Isotopically labeled extruded rice grains for all meals were

extruded on a Brabender single-screw extruder (DSE 20/24 Do-Corder).

Grains for meals HER1, HER2, and the reference were produced under hot

extrusion conditions as previously described (20). The only difference was

that regular ZnOwas used in study 1, whereas in study 2, 67ZnOwas used.

CER grains were of the same composition as those for the HER1 meal,

however, the barrel temperatures at extrusion differed (Table 1).
Coated rice was produced by Wright Enrichment, Inc., following a

down-scaled coating process comparable with their large-scale production

technique that uses the same premix ingredients and labeled compounds

of 57FePP and 67ZnO as for HER2. 57FePP was produced by Dr. Paul

Lohmann GmbH KG, mimicking ferric pyrophosphate (FePP) powder

(study 1: Fe-metal: 94.8% enriched; study 2: Fe-metal: 96.0% enriched).
67ZnO was obtained from Chemgas (Zn-metal: 90.6% enriched).

The HER1 and CER mixtures consisted of rice flour, 57FePP, ZnO

(Jungbunzlauer Suisse AG), citric acid (Sigma-Aldrich Chemie GmbH)

and a vitamin premix, which was similar to a recently described one (23).

The HER2 and COR mixtures contained rice flour, 57FePP, 67ZnO, a

vitamin premix, and CA/TSC (Sigma-Aldrich Chemie GmbH). The

reference mix contained rice flour, CA/TSC, and the same vitamin pre-

mix as HER2 and COR. Doses for intravenous administration were

prepared from 70ZnO (70ZnO-metal: 95.5% enriched, Chemgas) at the

Cantonal Pharmacy of the University Hospital Zurich according to

Good Manufacturing Practice guidelines as previously described (21).

Test meal preparation. All test meals and the reference meal consisted

of 48 g basmati rice and 30 g vegetable sauce and were administered with

300 mL 18 MU � cm water. To reach an iron fortification amount of

80 parts per million, 1.76 0.004 g isotopically labeled extruded rice was

added to CER and 1.7 6 0.006 g to HER1 test meals; 1.7 6 0.003 g

isotopically labeled extruded and 2.1 6 0.003 g isotopically labeled

coated rice was added to the HER2 and COR meals, respectively. The

reference meals contained 1.9 6 0.005 g extruded rice. Rice was served

with a standardized vegetable sauce as previously reported (23).
Before consumption, 4.0 6 0.038 mg Fe in the form of a 58FeSO4

solution, which was produced from enriched elemental iron (99.90%
58Fe enrichment, Chemgas) as previously described (24), was added to

the reference meal (study 2) only.

Test meal analysis. The iron and zinc contents in the basmati rice and

vegetable sauce were analyzed by atomic absorption spectrophotometry

after mineralization by microwave digestion (MLS TurboWave; MLS

GmbH) with the use of nitric acid. The iron and zinc contents and iso-

topic composition were determined by isotopic dilution inductively

coupled plasma mass spectrometry. Phytic acid (PA) content was de-

termined as described (25, 26). The ascorbic acid content in the vegetable

sauce was analyzed by HPLC (Acquity H-class UPLC system, 4824949;

Waters AG) after stabilization and extraction with metaphosphoric acid

and reduction by DTT (27). Iron solubility from HER1 and CER rice
was determined after a modification of the method of Miller et al. (28)

FIGURE 2 Schematic diagram of study 2. Two different study

meals were administered to healthy Swiss women (n = 22). Meals

were given with a 4-wk delay. One reference meal was administered

1 d before either of the test meals. 70Zn, isotopically labeled zinc.

Iron and zinc absorption from fortified rice 2321
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with digestive enzymes (amylase and pepsin) as recently described (20).

Relative solubility was expressed as the solubility of the compound
divided by the solubility of the reference sample [ferrous sulfate (FeSO4)]

as recently described (23).

Rice structure analysis. We investigated the starch microstructure of
HER and CER, determined the overall degree of starch crystallinity and

the type of starch polymorphism, and measured the lamellar distance in

the semicrystalline starch domain and the lattice parameter of the unit

cell of the starch helices. Small- and wide-angle X-ray scattering experi-
ments were performed, and data analysis and modeling are described

in Supplemental Methods.

Blood analysis. Plasma ferritin, plasma CRP, and hemoglobin were

measured on the day of collection as recently described (23); anemia was

defined as hemoglobin <12 g/dL (29). Iron deficiency (ID) was defined as

plasma ferritin <15 mg/L and ID anemia as hemoglobin <12 g/dL and
plasma ferritin <15 mg/L (29). Reference CRP concentrations for healthy

individuals were <5 mg/L (30). Plasma separation and subsequent PZn

determination as well as spot urine collection and analysis were

performed as previously described (26). The determination of iron and
zinc isotopic composition in blood, respective urine samples, and

subsequent calculation of fractional iron absorption (FAFe) and FAZn

were performed as previously described (19, 31, 32). Absorption values

from 2 participants in study 1 were below the detection limit of 0.4%
fractional absorption, and therefore, random positive numbers below

this threshold were generated in Microsoft Excel (Microsoft Corpora-

tion) and used for subsequent analysis. The corrected FAFe (FAFecorr)
was calculated from the FAFe and corrected to a plasma ferritin

concentration of 40 mg/L as described (33).

Micronutrient retention. Fortified rice samples, which differed in their
nutrient concentrations compared with those samples used in the iron

absorption studies, were tested regarding their mineral (iron and zinc)

contents after 6 different preparation procedures. The rice samples were 1)
medium whole-grain rice kernels coated with a mixture of nutrients and
waxes produced by Wright Enrichment, Inc., and 2) HER or CER both

produced at ETH Zurich and consisting of rice flour, water, and a mixture

of nutrients and additives. All samples had a nutrient profile and
production parameters similar to those described for the human absorption

studies. Fortified rice and unfortified basmati rice were weighed and mixed

at a 1:50 (wt:wt) ratio (hereafter referred to as rice meals).

Rice meals were cooked in separate glass bowls (20 min, 220�C)
with a 1:2 (wt:wt) or a 1:6 (wt:wt; excess water method) rice-to-water

ratio and were either rinsed or soaked before cooking or not. Each

preparation condition was applied to each rice meal, and all experiments

were conducted in triplicate. For rinsing, the rice meals were rinsed twice
with a total of 300 mL of 18MU � cm water, and the water was decanted

between the rinsing steps. For soaking, rice meals were soaked in their

bowls for 30min in 300mL of 18MU � cmwater, and then the water was
decanted and water for cooking was added (see above). Rice meals

prepared with the 1:2 or 1:6 rice-to-water ratio alone received no

previous treatment. After cooking, all meals were cooled (30 min, 8�C),
and excess water, if present, was decanted.

For the determination of mineral retention, cooled rice meals

were dried in an oven (110�C). Then, meals were weighed again and

homogenized in a rotor mill (Retsch ZM1 GmbH & Co.KG) with a
titanium sieve (sieve openings: 250 mm). Milled samples were stored in

Ziploc bags under ambient temperature until further analysis by atomic

absorption spectrophotometry (GTA 120 or AA240FS; both Agilent

Technologies AG). The mineral contents retrieved in the dried rice meals
were expressed as a fraction of the amounts present in the uncooked

meals. The results obtained from meals prepared with the 1:2 rice-to-

water ratio were defined as 100% retention, and the results from other
methods were expressed as a fraction thereof (relative retention).

Sample size calculation and statistical analysis. Data were analyzed

with SPSS software (version 22.0, 2013; SPSS Inc) and Microsoft Excel
(2013; Microsoft Corporation). The power calculation was performed

with GraphPad StatMate software for Windows (version 2; GraphPad

Software) with the anticipation that analyses would be performed on log-

transformed data, because iron absorption data are typically highly
skewed. Based on previous data from iron absorption studies from FePP-

fortified rice conducted in our laboratory (20), we expected an SD of log10
FAFe of 0.23, and a correlation coefficient of fractional absorption from

different fortified rice test meals within the same subjects of r = 0.73. We
expected a FAFe (not log transformed) from FePP-fortified rice to be 3%of

the administered dose. A 30% change in iron absorption would result in an

increase in fractional absorption to 3.9%, which in a log10 scale would
translate to an effect size of 0.11. To achieve this, a sample size of 16

participants was estimated to be necessary with the use of paired Student�s t
tests with a power of 0.8 and an a coefficient of 0.05. We anticipated

dropout rates of 20% and 35% in studies 1 and 2, respectively, and aimed
at recruiting 20 subjects for study 1 and 24 subjects for study 2. Subjects

who discontinued participation on the first study day were replaced.

The FAFe from the different meals for the same participant was

compared by paired-samples Student�s t test (study 1) or repeated-measures
ANOVA followed by Bonferroni-corrected pairwise comparisons (study

2). The FAZn was compared by paired-samples Student�s t test. The results
for iron solubility were compared by unpaired Student�s t test. The results
for age and anthropometric features, hemoglobin, plasma ferritin, plasma

CRP, and PZn are presented as means 6 SDs, if normally distributed,

otherwise they are presented as geometric means with a 95% CI.

Calculations for iron, zinc, and PA concentrations of composite meals
were based on the means from the analysis of single components (regular

basmati rice, extruded rice, and vegetable sauce; n = 5 or 3), and SDs were

adapted by calculating the square root of the squared and summed SDs

from each single component. The results for iron and zinc retention were
compared with the univariate general linear model with ‘‘preparation

method’’ and ‘‘rice fortification technique’’ and their interaction as fixed

factors and the ‘‘relative mineral retention’’ as the dependent variable. We
used multiple comparisons to distinguish specific effects between individual

TABLE 1 Test meal mineral composition and mineral absorption by healthy young women from various rice meals in studies 1 and 21

Study Meal
Barrel

temperature, �C
Total Fe,
mg/meal

Total Zn,
mg/meal FAFe, % RBV iron, % FAFecorr, %

Total absorbed
Fe, mg/meal FAZn, %

Total absorbed
Zn, mg/meal

1 CER 30–40 4.4 6 0.12 4.0 6 0.70 2.17a (1.39, 3.40) NA 1.81 (1.36, 2.41) 0.08 (0.03, 0.12) NA NA

HER1 80–92 4.4 6 0.73 4.0 6 0.37 1.19b (0.71, 2.00) NA 1.07 (0.68, 1.69) 0.05 (0.02, 0.08) NA NA

2 Reference NA 4.5 6 0.01 1.2 6 0.03 6.62a (4.86, 9.01) 100a 4.58 (3.47, 6.05) 0.26 (0.15, 0.37) NA NA

HER2 80–92 4.4 6 0.21 6.9 6 0.27 5.14a,b (3.70, 7.13) 79a,b (57.7, 108.0) 3.64 (2.50, 5.31) 0.17 (0.11, 0.24) 9.54 (7.87, 11.57) 0.49 (0.38, 0.60)

COR NA 4.4 6 0.11 7.1 6 0.18 3.95b (2.89, 5.42) 61b (46.9, 78.9) 2.82 (2.08, 3.81) 0.12 (0.06, 0.18) 9.63 (8.70, 10.66) 0.59 (0.53, 0.66)

1 Values are means 6 SDs (n = 3) or geometric means (95% CIs) [n = 19 (study 1) or n = 22 (study 2)]. Within a study, labeled values in a column without a common superscript

letter differ, P , 0.05, paired samples Student�s t test (study 1) or repeated measures ANOVA with Bonferroni-corrected multiple comparisons (study 2). CER, rice meals fortified

through cold extrusion containing isotopically labeled ferric pyrophosphate, ZnO, citric acid, and micronutrients; COR, rice meals fortified through coating containing isotopically

labeled ferric pyrophosphate, isotopically labeled zinc oxide, citric acid and trisodium citrate mixture, and micronutrients; FAFe, fractional iron absorption; FAFecorr, corrected

fractional iron absorption; FAZn, fractional zinc absorption; HER1, rice meals containing isotopically labeled ferric pyrophosphate, ZnO, citric acid, and micronutrients fortified

through hot extrusion; HER2, rice meals fortified through hot extrusion containing isotopically labeled ferric pyrophosphate, isotopically labeled zinc oxide, citric acid and trisodium

citrate mixture, and micronutrients; NA, not applicable; RBV, relative bioavailability.
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preparation methods, and P values were Bonferroni corrected. Differences

were considered as significant at P < 0.05. Non-normally distributed data

were logarithmically converted for statistical analysis and reconverted
for reporting. FAFecorr (corrected to a plasma ferritin concentration of

40 mg/L) was calculated from FAFe as described earlier (33).

Results

Study 1. Twenty-three women were recruited and started the
study. Four discontinued participation because they could not
comply with the study protocol, and thus 19 participants com-
pleted the study and were included in the analysis (Table 2).
At baseline (day 1), 2 participants were iron deficient (ID), 1
participant was ID anemic, and 1 participant had an elevated
plasma CRP concentration (6.4 mg/L).

Iron and zinc concentrations in the isotopically labeled
extruded rice grains in the CER andHER1meals were 2296 6.8
and 2346 4.2 mg/100 g and 1666 3.5 and 1636 0.9 mg/100 g,
respectively. The native iron and PA concentrations in the
composite meals were 0.5 6 0.13 mg and 0.1 6 0.01 g, respec-
tively, and the sauce given with each meal contained 0.8 6
0.0 mg ascorbic acid/100 g.

The FAFe from CER was greater than that from HER1
(P = 0.036) (Table 1). In the in vitro–simulated digestion
experiments, CER had a greater relative iron solubility than
HER1 (19.4% compared with 13.6%; P = 0.026). The starch
structure differed between CER and HER1; both CER and
basmati rice were characterized by A-type starch polymorphism
(parallel packing of double helices). In contrast, HER1 showed
a V-type polymorphism (anti–parallel packing of single helices;
Supplemental Figures 1 and 2, Supplemental Tables 1 and 2).

Study 2. Thirty-two women were recruited for the study. Eight
women were excluded on study day 1 because they could not
comply with the study protocol, and 24 women started the study
(Table 2). Two women were excluded during the study because
they received heparin treatment, which may influence hepcidin
and iron metabolism (34). Therefore, 22 participants completed
the study. At baseline (day 1 or 2), 4 participants were ID, and
none suffered from ID anemia or had elevated plasma CRP
concentrations. Two participants had elevated CRP concentra-
tions (5–10 mg/L) during 1 study visit apart from baseline.

Iron and zinc concentrations in HER2 were 237 6 12.3 and
344 6 16.1 mg/100 g, respectively, COR contained 194 6
5.4 mg Fe/100 g and 291 6 8.6 mg Zn/100 g, and the extruded
reference rice contained 7 6 0.4 mg Fe/100 g and 3 6 0.2 mg

Zn/100 g. The native iron, PA, and ascorbic acid concentrations
were comparable with study 1 (see above).

The FAFe from COR did not differ significantly from HER2
(4.0% compared with 5.1%; P = 0.14), but was lower than that of
the referencemeal (6.6%; P = 0.03, Table 2). The FAZnwas 9.7%
from both HER2 and COR and did not differ (P = 0.91). Relative
bioavailability fromHER2 (79%) did not differ fromCOR (61%)
(P = 0.45) or the reference (P = 0.41). However, relative
bioavailability from COR differed from the reference (P = 0.003).

Mineral retention. Iron and zinc concentrations (per 100 g
fortified kernels) were 5116 43.8 mg and 7306 24.7 mg, 3926
7.1 mg and 6196 6.0 mg, and 3896 5.4 mg and 5916 3.0 mg in
the coated rice, hot-extruded, and cold-extruded rice respectively.
Both the preparation method and the rice fortification technique
affected iron and zinc retention in cooked rice (Table 3). We
found a significant interaction between rice fortification technique
and preparation method for iron retention (P < 0.001), but not for
zinc retention (P = 0.052). Retention on the use of the 1:2 rice-to-
water ratio was 90%, 88%, and 87% for iron and 82%, 108%,
and 109% for zinc in the coated rice, the hot-extruded, and the
cold-extruded rice, respectively (Table 3). Cooking the rice at a 1:2
rice-to-water ratio, regardless of pretreatment, showed overall
relative iron and zinc retentions >80% for all different types,
except for coated rice with previous soaking (;60% relative zinc
retention). Cooking in excess water without pretreatment did not
affect relative iron retention from the hot-extruded rice; however,
the coated rice and the cold-extruded rice retained approximately
three-quarters of iron, and all types retained approximately four-
fifths of zinc. Excess water cooking with previous rinsing resulted
in 87%, 72%, and 48% iron retention in hot-extruded, cold-
extruded, and coated rice, respectively, whereas for zinc, retention
from all 3 types of rice ranged from 60% to 75%. Cooking in
excess water with previous soaking showed a similar pattern.

Discussion

Our results from study 1 show a higher iron absorption from CER
than HER1. The in vitro digestion experiments suggest this may be
due to higher iron solubility fromCERmeals. The higher solubility
fromCERmay be explained by differences in starchmicrostructure
and amorphous content: the V-type polymorphism found in HER1
restricts swelling and stabilizes the rice kernel structure similar to
parboiled rice (35–37). These findings are in agreement with
observed differences in differential scanning calorimetry (Supple-
mental Figure 3 and Supplemental Table 3) and mechanical prop-
erties (Supplemental Figure 4 and Supplemental Table 4). Thus,
comparedwith hot extrusion, lower extrusion temperatures appear
to generate a more readily digestible starch structure, allowing for
greater iron release in the proximal gut for absorption (38). Further
investigations should focus on identifying ideal extrusion condi-
tions for duodenal mineral delivery from extruded rice, regarding
kernel starch and nonstarch structure, porosity, and integrity after
cooking and during in vitro and in vivo digestion.

In study 2, we found no significant differences in iron and
zinc absorption from fortified rice produced with coating or hot
extrusion. Although iron bioavailability from extruded fortified
rice has been extensively investigated (14, 20, 23), no evidence
on mineral absorption from coated rice in humans existed so far.
Our findings suggest that coating is a viable rice fortification
technique, allowing a widening of the technological portfolio
for the implementation of rice fortification, because coating
technology may provide advantages in settings where extrusion
cannot be readily implemented. However, although we did

TABLE 2 Baseline characteristics of the women in study 1,
assessing the differences between iron-fortified rice produced
with hot and cold extrusion, and study 2, comparing iron and zinc
absorption from rice produced with coating or hot extrusion1

Study 1 (n = 19) Study 2 (n = 22)

Age, y 26 6 3 24 6 4

Weight, kg 59.4 6 4.8 59.0 6 4.6

Height, m 1.65 6 0.06 1.66 6 0.05

BMI, kg/m2 21.3 6 1.6 21.2 6 1.3

Hemoglobin, g/L 134.7 6 9.7 134.2 6 9.4

Plasma C-reactive protein, mg/L 0.7 (0.4, 1.2) 1.1 6 1.0

Plasma ferritin, μg/L 46.2 6 30.5 41.2 6 31.3

Plasma zinc, μg/dL NA2 85.5 (79.06, 92.42)

1 Values are means 6 SDs or geometric means (95% CIs).
2 NA, not assessed.
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not detect a statistically significant difference in iron and zinc
absorption between the techniques, we cannot exclude a
smaller impact on iron absorption from CER, which may not be
captured by the power of this study. This study further suggests
that 200 g of raw fortified rice containing either HER2 or COR
could meet the daily requirements of ;2–3 mg absorbed zinc in
adults (39). With regard to iron, 200 g raw fortified rice would
cover half or two-thirds of the daily iron requirements (40) of
women of reproductive age with sufficient iron stores (serum
ferritin: 40 mg/L). However, our study did not account for higher
PA amounts in more diverse diets, whose inhibitory effect on FAZn
may be higher (41).

Iron absorption from fortified HER depends on the presence of
other ingredients in the fortified kernel. The difference in FAFecorr
from HER2 (3.6%) compared with HER1 (1.1%) may be attrib-
uted to 2 factors as follows: 1) the presence of the CA/TSC buffering
system, because the relative bioavailability of HER2 was ;80%
(NS compared with FeSO4), which is consistent with our previous
findings (20), and 2) the slightly higher ZnO amount present in
HER1 than in HER2. We have recently shown that ZnO per se
can reduce FePP absorption from rice (23), but whether an incre-
mental increase of ZnO would affect human iron absorption is
unclear. Thus, although the difference in iron absorption from
HER1 and HER2 is very likely due to the presence of CA/TSC,
we cannot exclude an effect of ZnO. Whether CA/TSC addition
improves iron absorption from CER should be investigated.

Relative iron and zinc retention in coated and both extruded
rice meals cooked with the 1:2 rice-to-water ratio regardless of
pretreatment was >80%, with the exception of coated rice,
which was soaked before cooking. After cooking in excess water,
regardless of pretreatment, iron retention was highest in hot-
extruded meals (>80%), followed by cold-extruded (69–76%
retention) and coated rice meals (44–75% retention). Previous
rinsing or soaking had the most detrimental effect on mineral
retention in all meals. After excess water cooking, zinc retention
in all 3 types of meals was lowest when meals were rinsed or
soaked before cooking with retention values ranging from 54%
(coated rice) to 65% (cold-extruded rice). In extrusion, minerals
are embedded in the rice kernel matrix, protecting the kernel
from micronutrient losses caused by precooking treatments,
whereas in coated rice, micronutrients are located on the grain

surface (9). This likely explains the comparatively low retention
from coated rice after excess water cooking, regardless of pre-
treatment. Because of the higher kernel solubility on cooking with
the A-type starch polymorphism in cold-extruded rice, we ex-
pected higher nutrient losses in cold extruded than in hot extruded
rice. Thus, hot-extruded rice seems advantageous over cold-
extruded and coated rice regarding iron and zinc retention.
Nevertheless, the chosen fortification technology should account
for the prevailing local preparation method.

A strength of these studies is the precise measurement of human
iron absorption with the use of isotopically labeled rice that closely
matches commercially fortified rice; both in the manufacture of the
labeled fortification compounds and the rice kernels, produced by
down-scaled versions of the large-scale process. However, our
studies also have limitations. The standardized meals consisting
mostly of white rice contained negligible amounts of PA, which
can inhibit iron (42) and zinc (41) absorption and may not be fully
generalizable to settings where legumes and whole grains are
consumed along with rice. Further, we tested the rice meals in
generally iron- and zinc-replete subjects and cannot exclude a
different absorption rate in a depleted population, which would be
targeted for a mass fortification program. We considered visual
differences between fortified and unfortified rice after cooking as
being minimal, however, we did not scrutinize the sensory prop-
erties of the different rice types. Due to the expected unavoidable
losses of iron and zinc stable isotopes during the down-scaled
production, the kernels were manufactured for a 1:25 fortified-to-
unfortified rice blending ratio, whereas typical fortification pro-
grams use ratios of 1:100–200.

In summary, both coating and extrusion, utilizing the pro-
cesses that were used to produce the fortified kernels used in this
study, appear to be viable rice fortification techniques. In both
processes, we recommend the use of FePP combined with
CA/TSC. Our data suggest that the structure of the rice-kernel
matrix affects nutrient release and bioavailability, and therefore,
further experiments to optimize the kernel microstructure are
needed. Although coating is generally less expensive than ex-
trusion (10), large-scale fortification renders the cost per metric
ton of fortified rice for both techniques comparable (9), and
regardless of the technology used, fortified grains contribute to
<1% of the wholesale price for fortified rice (43).

TABLE 3 Relative in vitro retention (percentage) with different cooking methods for iron and zinc from fortified rice produced with 3
distinct rice fortification techniques undergoing 6 different cooking and preparation methods1

Mineral and rice
fortification
technique

Cooked in 1:2
rice-to-water ratio (wt:wt)

Cooked in 1:6
rice-to-water ratio (wt:wt) P2

No
pretreatment Rinsing Soaking

No
pretreatment Rinsing Soaking

Preparation
method3

Rice
fortification Interaction

Iron retention ,0.001 ,0.001 ,0.001

Hot extrusion 100.0b 6 3.1 102.0b,+ 6 4.0 109.5a,+ 6 1.5 99.8b,* 6 2.3 87.5c,+ 6 3.5 81.3c,* 6 1.8

Cold extrusion 100.0a 6 2.3 97.8a,+ 6 2.2 95.6a,*,+ 6 1.3 76.4b,+ 6 3.0 72.3b,+ 6 9.0 68.7b,* 6 3.7

Coating 100.0a 6 2.4 101.7a,* 6 6.2 80.6b,* 6 1.0 75.4b,+ 6 13.1 47.5c,* 6 9.7 44.3c,+ 6 5.3

Zinc retention ,0.001 0.001 0.052

Hot extrusion 100.0a 6 2.4 95.3a 6 1.9 81.6b,+ 6 1.9 81.3b 6 6.8 63.7c 6 10.3 58.7d 6 2.1

Cold extrusion 100.0a 6 2.1 97.1a 6 2.8 82.2c,+ 6 1.7 78.8c 6 2.7 64.6d 6 6.2 61.1d 6 4.0

Coating 100.0a 6 1.8 82.9a 6 2.0 59.6b,* 6 2.1 81.3a 6 19.9 59.1b 6 4.8 53.6b 6 4.4

1 Values are means 6 SDs, n = 3. Univariate general linear model and multiple comparisons (Bonferroni corrected, P , 0.05) for each micronutrient. Different superscript letters

within a row and symbols within a column indicate significant differences.
2 Models were calculated for each micronutrient separately.
3 Effects of cooking and pretreatment methods on mineral retention in rice meals. Relative retention was calculated as the fraction of mineral retention after preparation with the

1:2 rice-to-water ratio (column 2). Retention on cooking with a 1:2 rice-to-water ratio was 88%, 87%, and 90% for iron and 108%, 109%, and 82% for zinc from the hot-extruded,

the cold-extruded, and the coated rice, respectively.
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