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Abstract

BACKGROUND/OBJECTIVES—Poorer motor development is reported in infants with iron 

deficiency (ID). The role of timing, duration and severity is unclear. We assessed relations between 

ID timing, duration, and severity and gross motor scores, neurological integrity, and motor 

behavior quality at 9 months.

METHODS—Iron status was determined at birth and 9 months in otherwise healthy term Chinese 

infants. The 9-month motor evaluation included the Peabody Developmental Motor Scale 

(PDMS-2), Infant Neurological International Battery (INFANIB), and motor quality factor. Motor 

outcomes were analyzed by ID timing (fetal-neonatal, infancy), duration, and severity. For 

severity, we also considered maternal iron status.

RESULTS—Data were available for 1194 infants. Iron status was classified as fetal-neonatal and 

infancy ID (n=253), fetal-neonatal ID (n=256), infancy ID (n=288), and not ID (n=397). 

Compared with not ID, infants with fetal-neonatal or infancy ID had lower locomotion scores 

(effect size ds=0.19, 0.18) and those with ID in both periods (longer duration) had lower 

locomotion and overall PDMS-2 gross motor scores (ds=0.20, 0.18); ID groups did not differ. 

More severe ID in late pregnancy was associated with lower INFANIB Vestibular function 

(p=0.01), and total score (p=0.03). More severe ID in infancy was associated with lower scores for 

locomotion (p=0.03), overall gross motor (p=0.05).
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CONCLUSIONS—Fetal-neonatal and/or infancy ID was associated with lower overall gross 

motor development and locomotion test scores at 9 months. Associations with ID severity varied 

by ID timing: more severe ID in late pregnancy, poorer neurological integrity; more severe ID in 

infancy, poorer gross motor development.
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INTRODUCTION

Motor development plays an important role in children’s overall development, since motor 

skills and activity can also affect cognitive and social-emotional development.1–3 Iron 

deficiency (ID), which is common among infants and pregnant women,4 causes nutritional 

anemia and may also contribute to poor neuropsychomotor development.5 Relevant effects 

on brain areas and processes related to motor function are demonstrated in rodent models, 

especially striatum and hippocampus during the human equivalent of late pregnancy, frontal 

cortex and basal ganglia during the equivalent of infancy/toddlerhood, and myelination 

throughout.6

This study examined effects of timing and duration of ID (fetal-neonatal, infancy) and 

severity of ID on different aspects of motor development at 9 months in over 1100 Chinese 

infants. To our knowledge, no prior human study has jointly considered developmental 

effects of ID in the fetal-neonatal and infancy periods. We identified only three studies that 

assessed motor development impacts of ID during gestation. A randomized controlled trial 

(RCT) of iron supplementation during pregnancy found no effects on Bayley motor scores at 

3–24 months.7 However, one study found that anemia in late pregnancy was associated with 

lower Bayley motor scores at 6 months,8 and another found that more severe ID in late 

pregnancy was associated with poorer newborn neurobehavioral integrity.9 There has been 

more research on postnatal/infancy ID, especially ID anemia (IDA). Most studies report 

poorer motor functioning not only during infancy but also later on.10–12

This analysis used data from two linked RCTs of pregnancy and/or infancy iron 

supplementation. We previously reported supplementation effects on iron status, growth, and 

motor outcomes. 1,13 Here, we addressed a different question: how ID timing, duration, and 

severity relate to motor development, regardless of iron supplementation. We made the 

following predictions: 1) ID in infancy affects motor development more negatively than ID 

during gestation; 2) the poorest outcome is with ID in both late gestation and early infancy; 

and 3) more severe ID is associated with poorer motor outcome.

MATERIALS AND METHODS

Study setting and design

The study was conducted in Hebei Province, China. University of Michigan and Peking 

University First Hospital Institutional Review Boards approved the study, and all 

participants (mothers) signed informed consent. The analysis of ID timing, duration, and 
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severity regarding motor outcomes was observational in design. However, participants came 

from a combined RCT of iron supplementation (an RCT of infancy iron supplementation13 

connected to an RCT of pregnancy iron supplementation14), which was designed to support 

causal inferences regarding the developmental effects of reducing ID in the fetus, young 

infant, or during both periods (see Figure 1).

Participants (Figure 1)

Participants were infants born to women in the pregnancy RCT.14 The pregnancy RCT 

enrolled 2371 women with uncomplicated singleton pregnancies between June 2009 and 

December 2011. They were randomized to receive iron/folate or placebo/folate, specifically 

daily folate (0.40 mg) and either iron (300 mg ferrous sulfate) or placebo from enrollment to 

birth. Most attrition was due to mothers giving birth in a nonparticipating hospital. In the 

infancy RCT,13 1482 healthy term infants were enrolled between December 2009 and June 

2012. They were randomly assigned to receive placebo (carrier only) (n = 730) or 

supplemental iron (a single daily dose of ~1 mg/kg of elemental iron as an iron protein 

succinylate oral solution [Ferplex, Italfarmico, S.A., Madrid, Spain]) (n = 752) from 6 weeks 

to 9 months. At 9 months, 1194 infants provided motor outcome data (September 2010–

March 2013). Their iron status was classified as below, yielding four groups: 1) ID both 

periods (n=253), 2) fetal-neonatal ID only (n=256), 3) infancy ID only (n=288), and 4) not 

ID (n=397) (See Figure 1).

Measures

Iron status—Iron measures in maternal blood in mid- and late pregnancy, cord blood, and 

infant blood (finger stick) at 9 months included hemoglobin (Hb), mean corpuscular volume 

(MCV), serum ferritin (SF), zinc protoporphyrin/heme (ZPP/H), and serum transferrin 

receptor (sTfR). Fetal-neonatal ID was defined as cord SF <75 μg/L or ZPP/H > 118 μmol/

mol.14 At 9 months, infancy ID was defined as body iron (BI) <0 mg/kg, calculated using SF 

and sTfR15 and anemia as Hb <110 g/L.16 We characterized ID severity as a continuum 

using BI and a standardized iron status composite (IC). BI was calculated for all time points. 

IC was created based on a factor analysis of MCV, Hb, SF, and inverted ZPP and sTfR. Mid-

pregnancy and cord-blood iron measures did not yield a good composite – relations among 

measures were weak. Therefore, IC was created only for mothers in late pregnancy and 

infants at 9 months. Iron status definitions were determined prior to data analysis.

Infant motor development—Gross motor development was assessed by Peabody 

Developmental Motor Scale 2nd edition (PDMS-2),17 Chinese translation. Overall 9-month 

gross motor scores are derived from Reflexes, Stationary, and Locomotion subscales. 

Reflexes cover automatic reactions to environmental events (e.g., righting reflex). Stationary 

assesses postural control within the center of gravity and equilibrium (e.g., sitting while 

manipulating objects). Locomotion covers moving from one place to another (e.g., 

crawling). Passed items above ceiling were included for each subscale.18 Results are 

expressed as raw subscale and total gross motor scores.

Early neurological function—Early neurological function was evaluated by the Infant 

Neurological International Battery (INFANIB).19 This 20-item assessment yields a total 
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score based on five factors (Spasticity/muscle tone, Head and Trunk control, Vestibular 

function, Legs/lower limb function, and hip/joint angles). Results are expressed as raw 

scores for subscales and total (overall neurological integrity, also called neuromotor 

assessment).

Quality of motor behavior—The motor quality factor of the Bayley II Behavior Rating 

Scale (BRS)20 is based on 8 examiner ratings (gross and fine motor movement required by 

tasks, control of movement, hypotonicity, hypertonicity, tremulousness, slow/delayed 

movement, frenetic movement). Results are expressed as factor raw scores.

Developmental testing occurred at Maternity and Child Health Care Center (MCHC). Infants 

were accompanied by a parent/guardian and given frequent breaks. US and Chinese 

investigators trained Chinese supervisory personnel, who then trained examiners. Reliability 

for all motor tests was assessed before testing, along with weekly supervision by Chinese 

researchers. Examiners reached ≥90% reliability and were blind to children’s iron status.

Statistical analysis

Motor outcome variables were first checked for normality. The following motor outcomes 

were substantially left skewed and therefore required logarithmic transformation (x′ = log 

(k−x), where k = the constant, largest score +1): INFANIB spasticity/muscle tone score, 

INFANIB head and trunk score, INFANIB legs/lower limb function, and BRS motor quality 

factor. Logistic regression, χ2, and ANOVA in SAS were used to compare groups on infant 

and family characteristics. We used ANCOVA to compare groups on motor outcomes, with 

age at testing and RCT group as covariates. SAS PROC GLMSELECT with stepwise 

inclusion was used to consider other potential covariates, namely, sex, gestational age, birth 

weight, 9-month weight-for-age z-score, family income, parental education, lead levels at 

different time points, feeding pattern at 9 months, and maternal mood. None contributed 

significantly in final models and were therefore not included. We conducted post-hoc pair-

wise comparisons when iron status group was a significant predictor in the ANCOVA model. 

For effects of ID timing, group comparisons were a) fetal-neonatal ID vs. not ID, b) infancy 

ID vs. not ID, and c) fetal-neonatal ID vs. infancy ID. For effects of ID duration, contrasts 

were a) ID both periods vs. fetal-neonatal ID, b) ID both periods vs. infancy ID, and c) ID 

both periods vs. not ID. We used multiple regression to assess effects of ID severity (late-

pregnancy maternal IC and BI and 9-month infant IC and BI) on gross motor outcomes. In 

addition, we used a unified multiple regression model including all 4 time points (mid-

pregnancy, late-pregnancy, birth [cord blood], and infancy) to evaluate associations between 

ID severity at different time points and motor outcomes. This approach was possible only for 

BI, since IC was not applicable for mid-pregnancy or cord-blood iron measures. Statistical 

significance was set at p<0.05 (two-tailed).

RESULTS

Participant characteristics (Table 1)

The proportion of males was lowest in the Not ID group. The groups differed in gestational 

age (GA), but since all averaged >39 wk, the difference is unlikely to be clinically 
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meaningful. There were no differences in birth weight (~3,300g). Over 75% of infants were 

first-born.

Infants were relatively heavy for age: 9-month WAZ was close to 1.0 for ID both and 

Infancy ID groups and between 0.74–0.79 for Fetal-neonatal ID and Not ID groups. Most 

infants were breastfed at 9 months but more so for ID both and Infancy ID (96.3% and 

97.4%, respectively), compared to Fetal-neonatal ID or Not ID (65.6% and 74.0%, 

respectively).

Maternal age averaged 24–25y for all groups. About a third of mothers completed high 

school; the proportion was lower in the infancy ID group (26%). Most families (>80%) 

reported household incomes below the county threshold for public housing assistance.21 

Maternal depressive symptoms and family support for child development were similar 

across groups.

Iron status (Table 2)

As expected by definition, groups differed in iron status at each time point except mid-

pregnancy (enrollment). In late pregnancy, mothers of infants in ID both and Infancy ID 

groups had lower BI than the Not ID group; IC was lower for all ID groups compared to Not 

ID. At birth, ID both and Fetal-neonatal ID groups had higher cord Hb than the Not ID 

group but lower SF and higher ZPP/H and sTfR than infants in the other groups. At 9 

months, the ID both group had worse values for Hb, SF, ZPP/H, sTfR, MCV and iron status 

(BI, IC, and anemia) than the Infancy ID group; ID both and Infancy ID were worse than 

Fetal-Neonatal ID and Not ID. Anemia without ID (<2 abnormal iron measures) was 

observed in 23% of Not ID infants.

ID timing and duration (Table 3)

Iron status was a significant predictor for models of PDMS-2 Locomotion (F(3, 1183) = 3.20, 

p=0.02), and overall gross motor (F(3, 1154) = 2.95, p=0.04). Fetal-neonatal ID and Infancy 

ID groups did not differ; both had lower scores than Not ID (ds= 0.19, 0.18) for Locomotion 

skills. Fetal-neonatal ID and infancy ID had lower scores than Not ID (ds=0.19, 0.15) for 

overall gross motor. There were no significant differences for Reflexes or Stationary 

subscales. Regarding INFANIB results, iron status was a significant predictor only for 

Spasticity (F(3, 1170) = 2.79, p=0.04) with fetal-neonatal ID showing higher values than Not 

ID. No other INFANIB factor showed significant effects for ID timing or duration.

Regarding ID duration, ID both had lower scores than Not ID for PDMS-2 Locomotion 

(d=0.20) and overall gross motor (d=0.18); Fetal-neonatal ID and Infancy ID did not differ 

from ID both. There were no significant group differences that indicated effects of ID timing 

or duration on motor quality ratings.

ID severity (Table 4)

Maternal BI in mid-pregnancy (enrollment) did not predict any motor outcome. Severity of 

maternal ID in late pregnancy (BI or IC) did not predict PDMS-2 Reflexes, Stationary or 

overall gross motor score. However, there were suggestive trends that poorer maternal iron 
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status in late pregnancy was associated with lower Locomotion scores. For each unit 

increase in maternal IC, there was a 0.42-unit increase in Locomotion score (p=0.07); for 

each unit increase in maternal BI, there was a 0.10-unit increase in Locomotion score 

(p=0.09).

Maternal late pregnancy BI predicted 9-month neurological integrity for INFANIB 

Vestibular function (p=0.01) and total score (p=0.03). A one-unit increase in late pregnancy 

BI was associated with a 0.07-unit increase in Vestibular function and a 0.14-unit increase in 

total score. Maternal late pregnancy BI showed a suggestion of slight inverse association 

(estimate= −0.02, p=0.09) with tester observations of motor behavior quality. There were no 

significant associations with maternal IC.

For infancy ID severity, IC related to 9-month PDMS-2 Locomotion (p=0.03) and overall 

gross motor score (p=0.05). A unit increase in infancy IC was associated with a 0.46-unit 

increase in Locomotion score and a 0.54-unit increase in overall gross motor score.. Infancy 

BI and IC were not related to Reflexes or Stationary scores.

In the unified model including BI for mid- and late pregnancy, fetal-neonatal and infancy 

time points, the only time point at which ID severity related to 9-month neuromotor 

development was late pregnancy. Lower maternal BI in late pregnancy was associated with 

poorer neuromotor outcome at 9 months, specifically INFANIB vestibular function (p=0.04) 

and total score (suggestive trend, p=0.06) and poorer motor behavior quality by tester 

assessment (suggestive trend, p=0.06). There were no significant associations with PDMS 

scores. For other time points, there were no significant associations between BI and any 

motor outcomes.

DISCUSSION

This study examined ID timing, duration, and severity in relation to infant gross motor 

development, neurological integrity, and quality of motor behavior at 9 months. We 

considered ID in the fetus/neonate and infant separately and jointly in a single cohort. We 

predicted worse motor outcomes when ID occurred during infancy (timing), in both fetal and 

infancy periods (duration), and was more severe.

Our prediction regarding timing was not supported. Infants with ID in the fetal-neonatal or 

infancy period had similar locomotor and overall gross motor scores, which were lower than 

Not ID infants. Our results for ID in infancy are congruent with previous studies. However, 

no prior study allows comparisons regarding our finding of similar negative impacts with ID 

in either period. Our findings for fetal-neonatal ID are consistent with two observational 

studies,8,9 though direct comparisons are limited by differences in assessment age, tests, and 

maternal iron measures. The INFANIB neurological integrity results also suggested minimal 

differences between iron status groups, except for Spasticity in fetal-neonatal ID, and those 

results are difficult to interpret since they suggest more normal tone in fetal-neonatal ID.

Regarding duration, it seems logical that motor development would be poorest with ID in 

both fetal-neonatal and infancy periods. However, we found ID in only one period was as 
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detrimental as a longer duration of ID, i.e., in both periods. We were unable to identify any 

comparable studies and thus cannot relate this unexpected finding to prior research.

These results about ID timing and duration point to a different conclusion than our previous 

findings for timing and duration of iron supplementation. In the linked RCT analysis,1 we 

found that iron supplementation during infancy resulted in better gross motor scores, while 

iron supplementation during pregnancy had no impact. Yet in the present analysis, we found 

lower motor scores with indications of fetal-neonatal ID. This apparent contradiction may be 

explained by the fact that the groups were different in the two analyses. Despite a 

statistically significant reduction in risk for ID with iron supplementation in infancy, ID was 

common in all RCT groups at 9 months. Consequently, the groups in this ID timing, 

duration, and severity analysis were relatively independent of supplementation group. 

Another possible explanation for the differing results is the potential limited sensitivity of 

the assessments used to detect subtle motor differences.

Regarding severity, we attempted to utilize all available iron measures and avoid the 

arbitrariness inherent in cutoff approaches. We analyzed continuous measures, BI and IC, to 

index ID severity across the full spectrum. Neither is standard for pregnant women or 

infants, although BI is increasingly used. Both severity measures were related to functional 

motor outcomes but in different ways. Maternal IC in late gestation showed stronger 

associations with motor outcomes than maternal BI, yet only maternal BI was significantly 

associated with neurological integrity (INFANIB total score and vestibular function). In 

contrast, infant IC at 9 months showed stronger associations than BI to functional outcomes: 

it was associated with PDMS-2 Locomotion and overall motor scores. Thus, BI and IC 

showed different sensitivity to motor outcomes, depending on developmental period. It is 

possible that IC showed stronger associations than BI in infancy due to inclusion of more 

iron measures, whereas this was not the case in pregnancy when many iron measures are 

difficult to interpret. The results from the unified model with BI at all 4 time points agreed 

with those of individual BI regression models. This indicates the robustness of the findings 

about ID severity in late pregnancy and infant neurological integrity and motor quality.

Results of the ID severity analysis suggest differential effects of timing, even though the 

timing analysis did not. Severity of ID in pregnancy (maternal BI) was associated with 

neurological integrity (or neuromotor assessment) at 9 months, while ID severity in infancy 

(9-month IC) was associated with gross motor outcomes. The INFANIB has been shown to 

be a reliable and valid predictor of neurodevelopmental outcomes in Chinese infants at 10 

month age.22

We suggest that this pattern of findings can be interpreted with respect to neurodevelopment, 

especially myelination. ID severity in late pregnancy related to vestibular function, which 

develops early in humans;23 the structure and connectivity of the reflex and central 

vestibular pathways are in place at or around birth.24 Activation of the vestibular system, 

cerebellum, and reticular system are integrated through vestibulo-spinal pathways to provide 

balance and coordinate locomotion. Recently, Beraneck et al. found that exposure to 

hypergravity in a mouse model caused changes in the vestibulo-spinal track and/or muscle 

tone that, in turn, affected locomotion.25 They showed that such exposure prior to the onset 
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of locomotion produced later locomotor alterations. Neonatal-fetal ID may act similarly as a 

developmentally-altering factor impacting the vestibulo-spinal track. ID severity in infancy 

may relate more to the development and maturation of the cortico-spinal and cortico-striatal 

pathways, which are not completely myelinated at birth.26 Their progressive postnatal 

myelination directly impacts gross motor skills, which might make them particularly 

vulnerable to effects of ID severity in infancy. Myelination of efferent neural pathways in the 

cerebellum and basal ganglia is also necessary for the onset of directed locomotion.27

Our findings on locomotion may be relevant to other aspects of infant development. Pollitt 

and Gorman proposed that understanding associations between motor and cognitive 

development should focus on gross motor milestones that foster developmentally meaningful 

actions.28 Acquiring locomotor milestones facilitates further exploratory behaviors. 

Conversely, delays in the onset of locomotion skills may delay the acquisition of perceptual 

abilities, spatial orientation and memory, and socio-emotional behaviors.3,29,30 Thus, ID-

related effects on locomotion may contribute to poorer development in other areas.

Although the pattern of findings we observed is consistent with the time course of different 

motor-related neurodevelopmental processes, another potential explanation relates to 

caregiver-infant interaction.31 Maternal BI is an indirect index of fetal iron status but a direct 

measure of maternal iron status. Poor maternal iron status may interfere with maternal 

caregiving such that the mother provides less developmental support for the infant. There is 

some evidence of this effect, though not for motor outcomes.32 There is also evidence that 

mothers of ID children are less responsive to their children’s everyday activities than 

mothers of iron-sufficient infants,33 and children who had chronic ID in infancy are more 

likely to display lower levels of physical activity.34 It is possible that other ID-related 

alterations in infant behavior influence caregiver interaction in ways that are less 

developmentally supportive. This mechanism seems plausible as a factor in gross motor 

outcomes but less so for neurological integrity.

This study has important limitations. It cannot support causal inferences or isolate ID as the 

sole factor in our results. Although we considered numerous background characteristics and 

controlled for those that contributed to the models, ID often goes along with other biological 

and psychosocial risks. Nonetheless, the findings indicate that negative effects of inadequate 

iron to the fetus and neonate should not be ruled out, even though analysis by the RCT 

design did not show motor effects of iron supplementation in pregnancy.1 For the fetal-

neonatal period, we examined iron measures in cord blood and maternal blood in late 

pregnancy. One prior study suggested that ID earlier in pregnancy may also be important,9 

but we did not have maternal 1st trimester iron measures. However, maternal BI in mid-

pregnancy did not relate to motor development in our study, whereas BI in late pregnancy 

did. Pregnancy and fetal-neonatal are times when iron measures are hard to interpret. 

Perhaps reflecting this, IC components did not make strong factors at mid-pregnancy or in 

the fetus/neonate (cord-blood). Also, our results might not generalize to populations where 

ID is not as widespread or infants are not as healthy. As in other studies in the field, blood 

measures of iron status provide little information about the iron status of the brain and its 

pertinent regions. Therefore, interpretations regarding the central nervous system should be 

considered with caution.
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CONCLUSIONS

ID in the fetal-neonatal or infancy periods was associated with similar detrimental motor 

outcomes, which were not worse with ID in both periods. Not having ID in either time 

period was associated with the best motor development. It could be concluded that timing 

and duration of ID were not critically relevant regarding locomotor and motor scores. 

However, ID severity in late pregnancy was associated with neurological integrity at 9 

months, suggesting that adverse effects of inadequate iron during gestation should not be 

dismissed. More severe ID in infancy was associated with poorer overall gross motor 

development.
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Figure 1. 
Flowchart of study participants
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