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Abstract

BACKGROUND/OBJECTIVES—The contribution of iron status at birth to iron status in
infancy is not known. We used a physiologic framework to evaluate how iron status at birth related
to iron status at 9 months, taking iron needs and sources into account.

SUBJECTS/METHODS—In a longitudinal birth cohort in China, iron status measures in cord
blood and venous blood in infancy (9 months) and clinical data were prospectively collected in
545 healthy term maternal—infant dyads. We used structural equation modeling (SEM) to create a
9-month iron composite and to assess direct and indirect contributions of multiple influences on 9-
month iron status. Logistic regression was used to calculate odds ratios (OR) for iron deficiency
(ID), iron deficiency anemia (IDA), and anemia.

RESULTS—Approximately 15% (78/523) of infants were born with cord SF<75 pg/l, suggesting
fetal-neonatal ID. At 9 months, 34.8% (186/535) and 19.6% (105/535) of infants had ID and IDA,
respectively. The following factors were independently associated with poorer 9-month iron status:
higher cord zinc protoporphyrin/heme (ZPP/H) (adjusted estimate —0.18, A< 0.001) and serum
transferrin receptor (STfR) (-0.11, £=0.004), lower cord hemoglobin (Hb) (0.13, £=0.004), lower
birth weight (0.15, A< 0.001), male sex (0.10, £=0.013), older age at testing (-0.26, A<0.001),
higher 9-month weight (-0.12, £=0.006) and breastfeeding (0.38, A<0.001). Breastfeeding at 9

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

Corresponding author: Jie Shao, MD, Children’s Hospital Zhejiang University School of Medicine, Hangzhou, 310052, China. No
reprints. Tel: 86-571-88873304. Fax: 86-571-87033296, shaojie@zju.edu.cn.

AUTHOR CONTRIBUTIONS

JS was a co-investigator in the Brain and Behavior in Early Iron Deficiency study and principal investigator (PI) in the grant from
NSFC; BL was the overall PI of the study; BL and JS were responsible for designing and conducting the research, writing and
interpreting results; NK conducted methodology and formal analysis; BR conducted data extraction and analysis; BZ was responsible
for investigation and data collection. KMC contributed to writing, review and editing. All authors read and approved the final
manuscript.

CONFLICT OF INTEREST
There are no conflicts of interest for the authors or acknowledged individuals.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shao et al. Page 2

months showed the strongest association, adjusting for all other factors. Compared to formula-fed
infants, the odds of IDA were 19.1 (95%Cl: 6.92, 52.49, A< 0.001) and 3.6 (95%CI: 1.04, 12.50,
P=0.043) times higher in breastfed and mixed-fed infants, respectively.

CONCLUSIONS—Indicators of iron status at birth, postnatal iron needs, and iron sources
independently related to iron status at 9 months. Sex was an additional factor. Public health
policies to identify and protect infants at increased risk of 1D should be prioritized.

INTRODUCTION

Adverse effects on neurodevelopment are worrisome concerns about iron deficiency (ID)
and iron deficiency anemia (IDA) in infancy.? Although routine iron supplementation is
often recommended,? 43% of the world’s children < 5 years were anemic in 2011, about half
due to 1D.3 In rural regions of China where our study was conducted, 49.5% of 6- to 23-
month-olds were anemic in 2010.4 1D also remains a concern in higher income countries.
For example, the National Health and Nutritional Examination Survey 2003-2010 found ID
in 15.1% of all US 12- to 23-month toddlers;> prevalence was higher among poor and/or
minority toddlers.6 Screening for anemia is often recommended late in the 15t year, but
brain development may already have been affected. However, there is recent debate about
the value of screening,® making it even more important to identify early-life factors that put
infants at risk for ID.

A physiologic framework indicates that infant iron status will be determined by iron status at
birth and postnatal iron needs, availability, and losses.? This framework is implicit or explicit
in previous studies of predictors of iron status in infancy. In our previous study in Chile,®
risk factors varied depending on iron supplementation, but lower hemoglobin (Hb) at 6
months was the strongest predictor of ID/IDA at 12 months. We postulated that 6-month Hb
largely reflected iron status at birth, but, like most other studies, did not directly assess it.?

Few studies have explored multiple potential determinants in a single cohort. Some of those
studies were limited by small samples or single indicators.19-13 Two studies considered cord
transferrin receptor (STfR, a measure of erythropoiesis) and serum ferritin (SF, a measure of
iron stores) in larger samples*15 but did not include multiple factors related to iron status in
infancy. For instance, they did not consider feeding, although associations between feeding
type and iron status of infants in the first year of life have been reported in cross-sectional
studies.16:17 Therefore, the aim of the present study was to consider multiple measures of
iron status at birth and other factors that affect iron status at 9 months in an extensively
characterized sample of healthy term infants from a prospective, longitudinal maternal-infant
birth cohort. We expected that lower cord SF would predict poorer iron status later in
infancy.

MATERIALS AND METHODS

Study design and subjects

Infants were part of the Brain and Behavior in Early Iron Deficiency study to evaluate the
impact of the timing of early ID on neurodevelopment.18 Pregnant women receiving prenatal
care at Fuyang Maternal and Children’s Health Care Hospital in southeastern China were
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randomly recruited at routine visits at 36-37 weeks gestation between December 2008 and
November 2011. Those with uncomplicated singleton pregnancies were invited to
participate. Using chart review and maternal interview after delivery, entrance criteria were
confirmed as previously reported:18 singleton birth with gestational age =37 weeks, birth
weight 225009, 5-minute Apgar score >7. Exclusion criteria were /in vitro fertilization,
chronic disease, pregnancy complications (maternal severe hypertention, diabetes mellitus),
antibiotics use (an indirect measure of infection), placental abruption/uterine rupture, birth
injury or congenital deficits, and hemolytic or metabolic diseases. A total of 1196 newborns
had cord blood collected with parental signed consent. Based on cord-blood iron measures
(see Figure 1), 436 infants were invited to participate in the developmental study, with a
venous blood sample at 9 months to assess iron status in infancy. The remaining 760 infants
received usual health care at community clinics (routine visits at 6 weeks and 3, 6, and 9
months) with anemia screening by capillary blood test at 9 months. Those found to be
anemic were invited to have a venipuncture for iron measures. The study was approved by
the Institutional Review Boards of the University of Michigan and the Children’s Hospital
Zhejiang University.

Data collection

Information regarding basic family background, maternal medical history, cigarette and
alcohol use, maternal anthropometric (height and weight) and clinical measurements (blood
pressure, Hb), mode of delivery, infant birth weight, sex and gestational age were collected
after delivery. The time of cord clamping was not individually recorded but, per local
clinical practice, occurred “immediately” after vaginal birth and within about 60 seconds of
birth by caesarian section. Information on family socioeconomic status, occupation,
education, infant anthropometric data to index iron needs for growth, and iron sources such
as breast/bottle feeding and nutritional supplement use were recorded by trained project
personnel at 6-weekand/or 9-month developmental assessments. This information was not
available for most infants receiving community care, except for anthropometric data.

Iron status measures and iron supplementation

Measures of maternal iron status consisted of Hb in mid- and late pregnancy and at delivery,
obtained by chart review. Samples of 15 ml umbilical cord blood at birth and 2 ml venous
blood at 9 months were collected for study infants. In Fuyang, whole cord blood for zinc
protoporphyrin /heme (ZPP/H) was stored at 4°C and protected from light; serum for other
iron measures was stored at-20°C. Samples were transferred twice a week to the central
laboratory of the Children’s Hospital, Zhejiang University, where iron status included Hb,
SF, sTfR, ZPP/H and serum C-reactive protein were measured. At 9 months, mean
corpuscular volume (MCV) and red cell distribution width (RDW) were included.
Laboratory methods were previously specified:18 SF by electro-chemiluminescent
immunoassay (Cobas 6000-601, Roche Diagnostics Corp., Basel, Switzerland), sTfR by
Chemiluminescent immunoassay (IMMULITE, Diagnostic Products Corporation, DPC, Los
Angeles, California), ZPP/H by ZP Hematofluorometer (model 206D; AVIV Associates,
Lakewood, New Jersey), and Hb, MCV and RDW by autoanalyzer (Sysmex SE-9000 Auto
Hematology Analyzer, Kobe, Japan).The laboratory maintained standard quality control
procedures.
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Drawing on review data for term infants,19 the study considered cord Hb< 130 g/L as low
(corresponding to about < 2 SD), 130 — 140 g/L as marginally low, and 150-175 g/L as
normal (0.75 SD to 1.25 SD). For cord SF, we initially considered < 60 pg/L as low and
150-250 pg/L as normal. This cutoff for low SF corresponded to <5t percentile and the
normal range to about the mean + 0.5 SD in our previous study in the same province.20
Since most iron in a neonate’s body is in red cells, we reasoned that low Hb at birth might
increase risk of ID in later infancy. Consequently, infants with low cord blood Hb were
considered to have low birth iron status and provided with iron supplements (~1 mg/kg per
day iron as oral iron proteinsuccynilate [Lee’s Pharmaceutical Holdings Limited, Hong
Kong]), beginning at 6 weeks. Infants with cord blood Hb 130-140 g/L or cord SF< 60 pg/L
were considered to have marginal iron status and were randomly assigned in a 1:2 ratio to
the same supplement or placebo (Figure 1). Our rationale for a small randomized controlled
trial (RCT) (www.Clinicaltrials.gov.NCT.00642863) was uncertainty about whether such
infants were at increased ID risk or would benefit from early iron supplementation. Infants
with normal cord blood Hb and SF received placebo to avoid giving iron to iron-sufficient
infants. Iron supplements and placebo were prepared in identical bottles with identical
packaging except for a unique supplement number for each child. Parents and project staff
were unaware of which supplement infants received. An automated program utilizing cord
blood Hb and SF, created by the project’s statistician in the US, assigned the supplement
numbers.

For data analysis, we defined fetal-neonatal ID as in previous developmental studies,20-24
specifically cord SF < 75 pg/l. At 9 months, anemia was defined per WHO guidelines as
Hb< 110 g/1.2> ID was defined as 2 or more abnormal measures using the following cutoffs
for 4 measures: MCV < 74 1,26 RDW > 14.5%,27 SF< 12.0 ug/1,28 and ZPP/H > 69 pmol/
molheme.29 IDA was defined as ID plus anemia. We did not use sTfR to classify iron status,
since methods differ and norms were not standardized for infants. However, we analyzed
STfR and body iron (BI) as continuous variables. Bl was calculated as our previous study®
(body iron (mg/kg) = 2[log10(sTfR*1000/ferritin) 2.8229]/0.1207).30-32 Missing ZPP/H
data were imputed using IVEware (version 0.2), as equipment for ZPP/H was not available
at the start of the study. Infants with IDA at 9 months were treated with oral iron therapy per
local clinical practice.

Statistical analysis

Analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC). 7-tests were used to
determine if infants with or without 9-month iron status data differed with respect to cord
blood iron measures and sample characteristics and to assess sex differences.

Since several factors influence iron status in infancy, our primary statistical approach was
multivariate. However, in an initial step focusing solely on iron status at birth, we examined
Pearson correlations between cord-blood and 9-month iron measures to identify significant
relations that warranted further multivariate analysis. To assess how different potential
influences on iron status in infancy affected each other and 9-month iron status, we applied
structural equation modeling (SEM). SEM is a powerful statistical technique that combines
measurement of latent variables via factor analysis and path analysis. This statistical
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technique is designed to examine complex relations among variables and produce visual
representations of those relations. The path modeling aspect of SEM assesses main effects,
confounders, and mediators simultaneously. Resulting path modeling can display direct and
indirect effects that are simultaneously adjusted for multiple confounders. Thus, the
independent effects of each variable can be determined, as well as the path by which that
variable relates to the outcome. In this study, 9-month iron status was the outcome. We used
SEM to derive a 9-month iron status composite via factor analysis of all 9-month iron
measures (Hb, MCV, RDW, ZPP/H, SF, and sTfR) with their respective factor loading
coefficients. We also performed similar SEM with 9-month Bl as the outcome.

In our SEM application, variables considered potentially related to iron status at birth were
maternal Hb (mid- and late pregnancy, delivery); delivery type (vaginal vs. C-section); cord
Hb, SF, sTfR, and ZPP/H; gestational age and birth weight. Weight at 9 months and age at
testing were used to capture iron needs. The iron available from external sources was
captured by type of milk feeding at 9 months (breastfeeding only [BF], mixed breast and
formula [MF], or formula only [FF]),16 age at introduction of other foods, and iron
supplementation between 6 weeks and 9 months (assigned by design based on cord-blood
Hb and SF). We considered other potential factors (e.g., infant sex, socioeconomic status,
and maternal age). To relate to clinical practice, we used logistic regression (Mplus
[www.StatModel.com]) to calculate adjusted odds of IDA, 1D without anemia, 1D total, and
anemia at 9 months based on significant paths in SEM models.

Sample characteristics

Of 2315 women screened, 2144 (92.6%) were eligible. Almost all considered participation
(2128/2144, 99.3%). Cord blood measures were available for 1196 neonates, 436 of whom
were recruited to the initial developmental study and 760 received usual community care.
Missing cord blood data was generally due to birth in another health care facility or the
obstetrical unit being too busy to collect cord blood. Venous samples for measures of 9-
month iron status were obtained for 283 of the infants initially recruited to the
developmental study and 262 of those who received anemia screening at the community
level. Thus, a total of 545 infants had iron status data at both birth and 9 months (Figure 1).
Infants with or without 9-month iron status data had similar characteristics (data not shown),
with the exception of iron status at birth. As expected by design, infants with 9-month
hematology data had slightly worse iron status at birth than those without (cord Hb: 150.0 =
18.7 g/l vs. 153.2 £ 16.7 g/l, P=0.002; cord SF: 171.6 + 87.0 g/l vs. 188.7 £ 89.8 g/l, P=
0.001; cord BI: 11.1 £ 3.1 mg/kg vs.11.7 £ 2.8 mg/kg, A< 0.001).

Characteristics of participants with data at 9 months are shown in Table 1. Mothers were in
their mid- to late-twenties, most of whom (7=176/308) had completed middle school.
Households almost uniformly included the father and at least one grandparent. Infants were
born at term, weighing 3.4 kg on average. Males and females were represented roughly
equally. Infants averaged 9.3 months at 9-month testing, range 8.0 to 10.6 months. At 9
months, mean weight-for-age and height-for-age z-scores were 0.63 and 0.53, respectively.33
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On average, males weighed 100 (SD399) g more than females at birth (2= 0.008) and gained
580 (SD 987) g more between birth and 9 months (£<0.001).

Hematology profiles

Approximately15% (78/523) of infants were born with cord SF<75 pg/l, indicating fetal-
neonatal ID. At 9 months, 34.8% (186/535) of infants had I1D: 19.6% (105/535) had IDA,
and 15.1% (81/535) had ID without anemia. An additional 13.8% (74/535) were anemic but
not ID. Iron status for 10 infants could not be classified. Table 2 describes iron measures
depending on iron status at 9 months.30-32

Correlations between iron measures at birth and 9 months

Table 3 shows correlations between individual cord-blood and 9-month iron measures. Cord-
blood measures commonly used in previous studies, such as Hb and SF, showed no
correlation with most indicators of iron status at 9 months. Cord sTfR and Bl showed
statistically significant low-order correlations with several indicators. In contrast, all
correlations between cord ZPP/H and 9-month iron measures were statistically significant
and generally higher, although still modest.

Factors contributing to poorer 9-month iron status in structural equation models (SEM)

All statistical indices showed a good fit for both iron composite and Bl models: Bentler’s
Comparative Index = 0.99/0.98, Chi-Square = 0.23/0.21, and standardized root mean-square
residual=0.039/0.038. The latent variable of 9-month iron status was based on factor
analysis with the following loading coefficients for the individual iron measures: Hb 0.63,
MCV 0.77, RDW -0.69, ZPP/H -0.57, SF 0.48, and sTfR 0.40.

There were direct paths to iron status at 9 months for indicators of relevant components of
our physiologic framework. Figure 2 shows direct and indirect paths for the iron composite
model. Results for the Bl model were generally similar but not as strong (data not shown).
Regarding indicators of iron status at birth (shown in yellow in Figure 2), higher values for
cord ZPP/H and sTfR were directly related to poorer 9-month iron composite (A< 0.001 and
0.004, respectively). Lower cord Hb and birth weight also had direct relations with poorer 9-
month iron status (P= 0.004 and < 0.001, respectively). ZPP/H was the strongest among the
indicators of iron status at birth. These indicators were in turn influenced by other factors.
Cord Hb was positively affected by maternal Hb at delivery (P=0.001) and negatively
affected by delivery type (P= 0.023) (lower Hb with caesarian section). Birth weight
increased with gestational age (A< 0.001) and maternal BMI in early pregnancy (A< 0.001)
and was lower in females (P< 0.001). Cord SF did not show any relation to 9-month iron
status, although it was associated with iron supplementation, as expected by design (/<
0.001).

Regarding indicators of iron needs (shown in blue in Figure 2), older infant age, even within
the relatively narrow age range of 8.0 to 10.6 months, was directly associated with poorer
iron status in both models(P-values<0.001). Higher weight at 9 months was also directly
associated with concurrent iron status (P= 0.006). Indirect paths to higher 9-month weight
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included higher birth weight (£<0.001), male sex (< 0.001), later age at starting solids (P=
0.007), and older age at testing (P= 0.002).

Regarding iron sources (shown in green in Figure 2), type of milk feeding at 9 months
related to 9-month iron status — more breastfeeding at 9 months was associated with poorer
iron status (P-value< 0.001). In fact, type of feeding was the strongest single contributor to
9-month iron status, independent of all other factors. Iron supplementation in the small RCT
showed better iron status at 9 months (~= 0.024).

Infant sex was a significant predictor (2= 0.013). Most of the effect was through growth
(birth weight and 9-month weight, both ~values <0.001), but males had poorer 9-month
iron status than females after taking these growth parameters into account.

To indicate the contribution of cord-blood iron measures relative to other factors, we
estimated their proportion of the variance explained. Cord Hb, ZPP/H, and sTfR combined
accounted for 20.5% of the explained variance in the iron composite model. Thus, other
factors accounted for 79-86% of the explained variance.

Risk factors contributing to anemia and ID in later infancy

Table 4 shows the odds for risk factors related to clinical diagnoses, i.e., anemia, IDA, ID
without anemia, and ID overall at 9 months. Breastfeeding was the only factor that increased
the odds of all 4 clinical outcomes, with highest odds for IDA. Compared to formula-fed
infants, the odds of IDA were 19.1 and 3.6 times higher in breast- and mixed-fed infants,
respectively. For age at testing, the odds of IDA and ID overall increased 8.4 and 6.5 times,
respectively, with each added month in age (odds for testing age in weeks X 4.33 weeks/
month). Regarding sex differences, the odds of 1D without anemia or 1D overall were about
2 times higher in males than females. Statistically significant but smaller odds of one or
more clinical outcome were also observed for lower cord Hb, higher cord sTfR and ZPP/H,
and lower birth weight.

DISCUSSION

This study simultaneously considered pre- and postnatal factors that might influence iron
status in later infancy in a prospective maternal-infant birth cohort. We found that indicators
of iron status at birth, postnatal iron needs for growth, and external iron sources
independently predicted iron status at 9 months in this sample of term Chinese infants. Our
results also confirmed male-female differences in iron status in infancy,3* taking growth-
related sex differences into account. The strongest individual factors related to poorer iron
status were breastfeeding at 9 months, older age at assessment, and higher cord-blood
ZPP/H.

Although specific relations between contributing factors and infant iron status are likely to
vary depending on context, our main findings have implications for pediatric practice. Our
results show that fetal-neonatal iron status contributed to iron status in later infancy but not
through cord SF. In SEM, cord SF, which has been used in several previous studies, did not
contribute significantly by itself. Rather, cord ZPP/H, sTfR, and Hb were each significant
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indicators of the 9-month iron composite. ZPP/H and sTfR are not commonly used in
clinical practice, but ZPP/H is promising as a clinical tool. It reflects the bone marrow iron
available for erythrocyte production,3® is the first measurable biochemical change in
erythrocytes after a decline in iron status,36:37- and is more sensitive than SF or Hb in
detecting pre-anemic 1D in children.38 It can be done at low cost requiring only a drop of
blood or even non-invasively.3® Our finding that cord ZPP/H showed the strongest
association to iron status at 9 months among iron measures at birth points to a possible
screening measure to identify neonates at increased risk for poor iron status in later infancy.

While our results document and quantify the contribution of iron status at birth, the findings
emphasize the importance of postnatal factors. Breastfeeding and older infant age were the
strongest influences on infant iron status in this sample. We previously summarized 13
studies and reported the relations between breastfeeding> 6 months and infant iron status in
this cohort and another larger cohort in northern China.1® That paper and recent study of
Chinese infants? show that, across a range of settings and measures of iron status, infants
breast fed > 6 months are at increased risk of ID/IDA. The current analysis extends these
observations by simultaneously considering other potential influences on iron status in later
infancy, including iron status at birth. Our findings should not be interpreted to detract from
breast feeding, the advantages of which are well recognized. Rather, the clinical implication
is that strategies for preventing ID in breast-fed infants still need improvement. Additional
strategies might include screening for ID at birth, more sensitive and/or more frequent
screening in infancy, especially in breast-fed infants, iron-rich complementary foods, and
iron supplements. Recommended strategies should ideally be tailored to specific contexts,
since the prevalence of ID and the duration and intensity of breast feeding varying greatly
from country to country and region to region. In China, a public health campaign for iron
supplement with a full fat soy powder mixed multiple micronutrient powders (Ying Yang
Bao), which was mostly rolled out after our study, has been effective in reducing the
prevalence of anemia in children.* However, more needs to be done to protect infants from
ID, especially those who are breast-fed.

Our finding that older infant age, even within the relatively narrow range of 8.0 to 10.6
months, related to poorer iron status also has clinical implications. It points to how rapidly
infant iron needs for growth can outpace external sources of iron later in the first year of life.
The implication is that more sensitive and timely ID screening is warranted in populations
like those in our study. We found that ID with and without anemia was common by 9-10
months, suggesting that anemia screening at 12 months may be later than optimal in China.
In fact, a recent study in Taiwan found that ID and IDA were common in breast-fed infants
as young as 4-6 months.1” Taken together, these findings suggest a need for research
specifically designed to inform recommendations on the optimal age and method of ID
screening under current conditions in Chinese infants.

This study has several limitations. Although our indicators of fetal-neonatal iron status were
more comprehensive than previous studies, maternal Hb was the only measure of iron status
in pregnancy, and cord ZPP/H was unavailable for infants born early in the study period.
Quantitative data on formula intake or consumption of juice and solid foods were not
obtained. The study’s limited age range and sample size and its design mean that the study
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cannot determine an optimal age for screening for ID. The results may not generalize to
contexts where there is less breastfeeding, different iron supplementation practices, or
poorer growth. Furthermore, relations between potential predictors and infant iron status
may vary depending on such contextual factors as the prevalence of maternal and infant ID
and infant feeding practices.

CONCLUSIONS

Concerns about long-term developmental deficits after transient early ID emphasize the
importance of identifying children who are at risk for ID in infancy and preventing its
occurrence. In this prospective maternal-infant cohort, we found that indicators of iron status
at birth, postnatal iron needs, and external iron sources independently contributed to iron
status at 9 months, as did sex, with breastfeeding being the single strongest risk factor.
Public health policies to identify, monitor, and protect those infants at increased risk for poor
iron status in later infancy are potential strategies.
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Figurel.

Flow chart of participants.
The Community Care cohort was not part of the randomized controlled trial (RCT), and
individual reasons for drop out were not tracked. 13 infants who qualified for the

Developmental Study but were not enrolled at 6 weeks provided hematology data at 9
months. They are shown as joining Community Care. Abbreviations: heme hematology.
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Figure 2.
Structural equation model of iron status at 9 months in healthy term Chinese infants.

Variables indexing iron status at birth are shown in yellow. Variables indexing iron needs are
shown in blue. Variables indexing external sources of iron are shown in green. Statistically
significant (P < 0.05) standardized parameter estimates are shown for the 9-month iron
composite model; standardized parameter estimates are similar to standardized beta
coefficients in multiple regression. Exact Pvalues for all direct and most proximal indirect
effects are provided in the text. Abbreviations: BF, breast feeding; BMI, body mass index; c-
section, caesarean-section; deliv, delivery; Fe, iron; FF, formula feeding; gest, gestational;
Hb, hemoglobin; LP, late pregnancy; MF, mixed feeding; mo, months; MP, mid-pregnancy;
SF, serum ferritin; sSTfR, serum transferrin receptor; supp, supplementation; vag, vaginal; wt,
weight; wk, weeks; ZPP/H, zinc protoporphyrin/heme ratio.
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Table 1.
Sample characteristics”
Basic family and infant characteristics (/7= 545 unless indicated)
Maternal age (years) 27.2 (3.6)
First trimester BMI (kg/m?) 21.0 (2.86)
Birth by caesarean-section, % (n/N) 71.9 (392/545)
Firstborn, % (n/N) 74.6 (407/545)
Male, % (//N) 48.4 (264/545)
Gestational age (weeks) 39.5 (1.0)
Birth weight (grams) 3398.9 (400.8)
Age at testing (months) 9.3(0.4)
Weight gain to 9 months (grams) 5914.5 (1028.4)
Weight-for-age at 9 months (zscore)2 0.63 (0.95)
Length-for-age at 9 months (zscore)z 0.53 (0.95)
Detailed family characteristics (/7= 356 unless indicated)
Number people/household 5.2 (1.3)
Parental education < middle school, % (7/\) 49.2 (175/356)
Net family income < 50,000 yuan/year, % 3(/7//\0 46.7 (163/349)
Feeding at 9months (7= 222)
Breastfed, % (1/N) 42.8 (95/222)
Mixed-fed, % (n/N) 18.9 (42/222)
Formula-fed, % (n/N) 38.3 (85/222)

Received iron outside study from 6 weeks to 9 months, % (/7/N) 13.5 (31/229)

1 . . . .
Values are means (SD) for continuous variables, % (1/N) for categorical variables.

Zz—scores based on WHO growth curves.33

3The income cut off of 50,000 yuan per year was based on the Fuyang County Housing Assistance Policy for Low Income Families, 2012.
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Table 2.

Hematology profiles by 9-month iron status classification’

IDA 1D without anemia 1S
N =461 105 81 275
Newborn
Hb (g/L) 148.6 (21.6) 153.2 (15.4) 150.7 (18.6)
ZPP/H (umol/mol)2 114.4 (35.7) 102.9 (24.9) 103.2 (28.6)
SF‘?(pg/L) 160.6 (83.2) 179.8 (91.1) 174.1 (86.9)
STfR (mg/L) 5.3(2.8) 5.6 (2.5) 4.8 (2.4)
Blg(mg/kg) 10.6 (3.0) 10.8 (2.7) 11.3(3.2)
Infant at 9 months
Hb (g/L) 101.6 (6.5) 116.5 (5.8) 118.4 (5.8)
ZPPIH (umol/mol)2 160.0 (96.6) 115.7 (38.7) 95.8 (32.2)
SF (ug/L) 21.0 (24.7) 34.0 (28.0) 55.7 (42.0)
sTfR (mg/L) 6.3 (3.3) 4.6(2.2) 4.0 (1.8)
BI (mg/kg) 1.69 (3.96) 4.9(3.8) 7.6 (2.9)
MCV (fl) 71.3 (6.0) 75.5 (4.1) 79.8 (3.1)
RDW (%) 15.3 (1.73) 14.8 (1.3) 13.0 (0.9)

Page 15

JVaIues are means (SD). 84 infants were not included in the table, as they did not fit any iron status category at 9 months: 74 were anemic but not
ID, and 10 could not be classified due to one or more missing iron measures. Abbreviations: Bl, body iron; Hb, hemoglobin; IDA, iron deficiency
anemia; ID, iron deficiency; IS, iron sufficiency; MCV, mean cell volume; RDW, red blood cell distribution width; SF, serum ferritin; sTfR, serum
transferrin receptor; ZPP/H, zinc protoporphyrin/heme.

2 . . . .
Actual or imputed ZPP/H. ZPP/H was directly measured for 335 infants at birth and 291 at 9 months.

3Seven newborns with cord blood SF > 370pg/L (indicating possible infection) were not included in the cord blood SF or Bl analyses.

Eur J Clin Nutr. Author manuscript; available in PMC 2021 February 19.



Page 16

Shao et al.

paluiogsuel) Boj 10U 21043133 puB PLINGLISIP A][BULIOU Sem 4S EooN

“away/unAydiodolold ouIzZ ‘H/ddZ ‘101da08) ULLIBJSURIY WNIBS 'Yy 1S ‘UNLUSY WNISS '4S ‘YIPIM UOHNGLISIP |19 POOIq Pal ‘AMAY ‘dWNjoA 1132 ueaw ‘ADIAl ‘uiqojBowsy
‘gqH ‘uoJi Apog ‘|9 :SUOIBIABIGQY / 01 13U $asayualed Ul UMOYS SI UOIIR|91109 Loea Joj ¢/ ‘SYIuoW 6 pue (Poojq pJod) Yuig Je SaInsealu Uodl Usamiag (/) 1Ualol4a09 UOIR[a1I00 U0SIead aY) Je SanfeA

Author Manuscript

N
8000 8000 2IT0 9800 26T0 9900 vr00 anjen-4
(Tog) zT0  (809) ZT°0- (z19) L00  (#19) 60°0- (2z8) 900-  (2z8) 800  (229) 6070 r'8
9200 6Y€0 0900 £00°0 2000 2600 2150 anjen-4
. . . . . . . diLs Bo

(zeg)oto-  (0e9) 00  (e€5)800-  (S€9) €T0 (wr9)eT0  (r9)60°0- (evS) €00- T
2500 2000 S8%°0 6290 0v50 6670 #500 anjen-o
(z05) 600 (609)¥T°0- (e19) €00 (g19)200-  (€z9) €00 (€29) 900  (€29) 800 e
2000 8000 8100 100°0> £000 G600 6000 anjen-d
Bo
Q1e) 110~ e sT0  (see)sTo-  (828)2z0 (Gee) 9T (sge) ro-  (seg) yro- rH/ddZMl
980 980 2610 5¥5°0 8/I0 0520 zroo anjen-4
(ez9) 100-  (1€9) vO'O-  (vES) €00- (989) €00-  (GvS) 900  (SvS)S00  (vvS) TTO riH
poojq p10D
] dilsbo 4560  H/ddzbo| Mayd AOW aH
syuow 6

SUIUOW 6 PUE YLIIg 18 SaINSeall UOJI U3SMIa SUOIR|81I00 UoSIead

‘€ 9lqeL

Author Manuscript Author Manuscript Author Manuscript

Eur J Clin Nutr. Author manuscript; available in PMC 2021 February 19.



Page 17

Shao et al.

“(paiyisse|d 10U QT pue @J 10U dIWaUE ¢/ Buipnjoxs) 9 = Jojeuliousp
‘| 12101 404 “(paiyIsseoun QT pue ‘dj Jou dlwsue &/ “Ydl SOT BuIpnjoxa) 9Ge = Joyeulliousp ‘uosiiedwod eiwaue INoYNM dj 3y 104 “(panisse|oun T pue ‘@j 10U dIWaUE ¢/ ‘elwaue Inoyum di T8
Buipn|oxa) 0E = Joreuwousp ‘UosLedWod Al 8Y) 104 “F¥G = JOTRUILLOUSP ‘BOUBY ‘JUBJUI BUO ING |[€ 10} 3]qR|IeAR SeM (H ‘UosLIedWOD BIWSUY 8y} 04 “uostiedwod ay) uo Buipusdap Atea s _g“.,c_Eocmﬁ_NV

‘spuaJy Aejdsip 01 papnjoul a1am (QT 0>¢/) Sauo Juedliubis Ajjeulblely ‘sjapowl ay) WoJs papn|oxa alam siojoipald Jued _cm_m.cozm

“JUBIOLYNS UOJT "SA JUBIONSP UOJI :[e10) ] "JUSIOLNS UOI "SA JUSIDLBP UOJI J1LISUB-UOU BILUBUR INOYIM (| JUBIOLYNS UOII *SA BIWIBUER AQUSIDLBP UOII (/| "BILBUR OU ‘SA BILUSUR ‘BIWaUY ”mcom:manoN

“away ulAydiodoloid ouiz ‘H/ddz ‘101dadal
uLBSURI) WINJSS ‘Yy1 s ‘uigojBoway ‘gH ‘uodi Apoq ‘|g :SuonRIABIGOY "SI Yoea Jaye sisayualed ul umoys aBbueyd 3un sy 193141 03 PaleInNd[ed 81aM SJUaIoLB09 UoIssalBal o1isiBo) 1oy soljes sppo mchw

T97/98T 9G€E/18 08€/S0T ¥¥5/08T p* IPIOVIBLLIOUGE J3GUNN
(T00'0>) 5€°0 (9000) 220 (1000>) 050 (T00'0>) ¥2'0 (enren-d) arenbs-y |eieno
0T00  (S8'8'GET)SFE  T900 (€2'6'56°0) v0'E ev00 (02T ¥OT)T9E 6900  (92'S '¥6°0) 2C'T (einwuoy "sA paxiw) Buipas
1000> (2522'9SY) ¥T'OT  +000  (S6'€T'SOT) €LY  TO00> (6Y°2G'26'9)90'6T T000> (TISTT'287T)SL'S (eInwioy "sn Isealq) Buipaa
1000 (Ge'T'S0T) 6T'T (8seasout %0T) H/ddZ piod
1000  (PTT'€0T)60T  TOOO (B8TTVOT)TTT 500 (#T'T'00T) 20T (osealoul %0T) 4LS p10D
v200  (8ZTTOT)¥VTI'T (9sea109p 1/6 0T) AH p10D
1000 (LTT'€0T) 60T 200 (8T'T'T0T) 60°T (asea10ap B 00T) 1BIam yuIg
T000>  (82T'82T)IST 1000> (erz'SST)E6T  T000> (69°T'Z2T)y'T  (9seaiouraam T) Bunse yiuow-6 Je by
2000 (Te'e'1€'T) 80T Y000 (zov‘1€1) B62°C So[ewWa). ‘SA Sa[RIN
P (un) J0joey Xs1y
d L1 al g ZFweueinomal g Zval g SeuBuy

HQmeE_ BJUBPIJU0D 96G6) SO SPPO

SUIUOW 6 18 SIUBJUI 8S3UIYD Ul SNJeIs uoJi 10od 10 SI0108) YSiy

‘v alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Eur J Clin Nutr. Author manuscript; available in PMC 2021 February 19.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Study design and subjects
	Data collection
	Iron status measures and iron supplementation
	Statistical analysis

	RESULTS
	Sample characteristics
	Hematology profiles
	Correlations between iron measures at birth and 9 months
	Factors contributing to poorer 9-month iron status in structural equation models (SEM)
	Risk factors contributing to anemia and ID in later infancy

	DISCUSSION
	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.
	Table 3.
	Table 4.

