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Abstract

Purpose—To examine whether prenatal iron deficiency delays auditory brainstem response 

(ABR) maturation in infancy.
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Methods—One hundred and fifteen full-term healthy Chinese infants with maternal and cord 

blood haemoglobin and serum ferritin determinations were recruited into this study. Forty-eight 

infants received ABR testing at 3 months, and 45 infants were tested at 10 months. Comparison of 

the ABR variables were made between infants with and those without evidence of prenatal iron 

deficiency (maternal 3rd trimester haemoglobin <110 g/L, cord blood ferritin <75 μg/L); or 

anaemia at 10 months (haemoglobin <110 g/L).

Results—Latencies for wave V and wave III–V and I–V intervals were prolonged at 3 months in 

infants of anaemic mothers (effect sizes 1.02–1.19 SD). At 10 months, infants with low cord blood 

serum ferritin (indicating low iron stores at birth) showed longer wave I latency and possibly wave 

V latency also, besides demonstrating a smaller wave V amplitude (effect sizes 0.58–0.62 SD). 

Infants with low ferritin at birth and anemia at 10 months had longer wave III–V latency than 

other groups.

Conclusion—In full-term healthy infants, prenatal iron deficiency appears to have adverse 

effects on the developing central nervous system and auditory system as assessed by ABRs at 3 

and/or 10 months.
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Introduction

The developing brain during late fetal and early postnatal life may be particularly vulnerable 

to nutritional insults due to the rapid trajectory of several processes, such as neuronal 

growth, differentiation, synapse formation, and myelination.1 Iron is an essential nutrient 

and both iron excess and deficiency have adverse health effects.2 Iron deficiency has peak 

prevalence in late pregnancy and infancy, when the brain is undergoing rapid development. 

Iron is involved in neuronal oxidative metabolism, myelin synthesis, and neurotransmitter 

metabolism.3,4 Animal studies show that iron intake and accumulation during critical 

temporal and spatial phases of brain maturation affects brain development.3,5 Histochemical 

and behavioural studies demonstrate long-lasting abnormalities in early iron deficiency.3,6,7 

In human infants, iron-deficiency anaemia is associated with short- and long-term sensory, 

motor, cognitive, social-emotional, and neuroregulatory alterations despite iron therapy.3,4

Some of the most direct evidence of iron deficiency effects on human brain development 

comes from studies of auditory brainstem responses (ABRs).8–12 ABRs, which provide a 

noninvasive means to delineate the rapid development and maturation of the central nervous 

system (CNS), represent the progressive activation of different levels of the auditory 

pathway from the cochlear nerve (wave I and II) to the cochlear nuclear complex (wave III) 

and the lateral lemniscus (wave V). During late fetal and early postnatal life, there is a rapid 

maturation of the ABR that parallels an important period of brainstem myelination, neuronal 

development, and axonal growth.13 With increasing gestational age, ABR maturation is 

characterised by shorter absolute and interpeak latencies.14 The decrease in interpeak 

latencies reflects increased nerve conduction velocity. Both absolute and interpeak latencies 

are influenced by degree of myelination, axonal growth, and synaptic function.15,16
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Findings of several studies of ABRs and iron-deficiency anaemia have been considered 

consistent with impaired myelination, especially such results as longer I–V interval and 

higher central-to-peripheral ratio (wave III–V interval divided by wave I–III interval).8,9,11 

However, iron-deficiency anaemia was identified at 6 months of age or later, and prenatal 

iron status was unknown. To our knowledge, only two previous studies addressed the issue 

of prenatal iron deficiency and auditory system development.17,18 and both involved risk 

groups. ABRs were compared in infants with or without low cord-blood ferritin who were 

preterm17 or ≽35 weeks gestational age with intrauterine growth restriction or both to 

mothers with gestational diabetes or hypertension. Those with low cord blood ferritin, 

indicating low iron stores at birth, had prolonged latencies for waves I, III, and V, and 

decreased frequency of mature ABR waveforms,17 or prolonged interpeak latencies.18 These 

results point to effects of prenatal iron deficiency, but follow-up data were not presented and 

it is thus unknown whether effects are transient or long-lasting.

This pilot study was conducted to examine the effects of prenatal iron deficiency on 

maturation of the auditory pathway in the first year of life in healthy full-term infants. In 

keeping with iron’s role in myelination, we predicted that prenatal iron deficiency would be 

associated with prolonged absolute and interpeak latencies later in infancy. Due to the lack 

of previous research, we did not predict what specific latencies would be affected.

Methods

Subjects

The study was conducted in China, where generalised undernutrition is no longer a major 

problem, but iron deficiency in pregnant women and infants remains common (e.g., the 

prevalence of iron-deficiency anaemia and iron deficiency overall was 21% and 65%, 

respectively, among 7- to 12-month-old infants in a 2004 survey).19 Subjects were enrolled 

in Zhejiang province, a rapidly industrialising area on the southeast coast. The province has 

excellent maternal and child health care services and a mainly middle-class ethnic Han 

population.

ABR data were collected as part of a pilot study on the developmental effects of prenatal 

iron deficiency. Subjects for the pilot study were identified in conjunction with a survey of 

maternal and newborn iron status, which was conducted in Fuyang, Huzhou, and Yongkang 

counties between December 2005 and April 2007.20 To increase the likelihood that the 

developmental study had relevant representation of prenatal iron deficiency, laboratory 

personnel prepared lists of identification numbers with “low” or “normal” iron stores based 

on cord blood serum ferritin concentrations (see below). Approximately equal numbers of 

infants were selected randomly from each list and invited for developmental testing. A total 

of 31 infants with “low” cord ferritin and 38 infants with “normal” cord ferritin participated 

in developmental testing (Table 1). Other study personnel were unaware of maternal or 

infant iron status.

Enrollment criteria included uncomplicated pregnancy, singleton term birth, birth weight 

2.5–4.0 kg, no major congenital anomalies, no major birth or neonatal complications, no 

emergency delivery, no jaundice requiring phototherapy or lasting longer than 14 days, no 
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hospitalisation for other than an uncomplicated problem (e.g., 2 days for diarrhoea), and no 

chronic illness. Another inclusion criterion was parental willingness to bring the infant to the 

Department of Child Health Care, Children’s Hospital Zhejiang University, in Hangzhou for 

routine paediatric visits at 3 and/or 9–10 months, study-specific developmental tests 

including ABR at 3 and/or 9–10 months, and a venous blood sample to test for anaemia at 

9–10 months. If parents agreed verbally but the infant could not be scheduled in time for the 

3-month visit, they were invited to participate in the assessment at 9–10 months.

The study protocol was approved by the ethics committees of Children’s Hospital Zhejiang 

University and the University of Michigan. All aspects of the study were explained to 

parents of qualifying infants, and signed informed consent was obtained when the infant 

came for developmental assessment for the first time.

Iron Status

Maternal and cord blood profiles included haemoglobin (Hb) (Sysmex SE-9000 Auto 

Hematology Analyzer, Japan), serum ferritin (SF) (IMMULITE chemiluminescent 

immunoassay system, Diagnostic Products Corporation, USA), C-reactive protein (CRP)

(QuikRead 101, Orion Diagnostica, Finland), and whole blood lead (graphite furnace atomic 

absorption spectrometry, AA700, Perkin Elmer Company, USA).

Maternal anaemia in the 3rd trimester was defined as Hb <110 g/L, and low iron stores was 

defined as serum ferritin <16 μg/L.21 In the newborn, low Hb was defined as cord blood Hb 

<130 g/L. This cutoff is about 2 SD below the mean for term births using modern machine. 

The mean Hb was 151–166 g/L and one SD was about 11–16 g/L according to our survey20 

and Macphail et al’s study22,23 Laboratory personal used a cutoff for “low” iron stores of 

cord blood serum ferritin <75 μg/L in making the lists of potential participants. A ferritin 

concentration of 75 μg/L represented the lower 10th percentile in the survey. Cord blood 

serum ferritin <75 μg/L is also the cutoff used in Tamura et al’s study relating cord blood 

serum ferritin to long-term developmental effects and Amin et al’s recent studies of newborn 

ABR and in utero iron status.17,18,24 “Normal” cord blood iron stores was defined as ferritin 

≥75 μg/L. Cord blood samples suggestive of inflammation (CRP >5 mg/L or SF >370 μg/

L)25,26 or high lead exposure (≽100 μg/L) were not considered for the developmental study. 

Because iron deficiency is common in later infancy, we wanted to take into account current 

iron status in assessing the effects of prenatal iron deficiency on ABR at 10 months. A full 

panel of iron status measures was not available due to funding constraints, but some infants 

had serum ferritin determinations, and almost all (86.7%, 39/45) had a venous Hb 

determination, together with a complete blood count. Rather than exclude infants with good 

quality ABR data who were missing ferritin, we used Hb as the primary haematology 

measure at 10 months and the Mentzer index to assess the likelihood of iron deficiency 

anaemia in anaemic infants.27 Anaemia at 10 months was defined as venous Hb <110 g/L.21 

The Mentzer index is calculated as mean corpuscular volume divided by red blood cell 

count. A Mentzer index >13 has been shown to have a high positive predictive value 

(98.2%) in differentiating iron deficiency anaemia from β-thalassaemia trait.27
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ABR Testing

All ABR measures were obtained and processed without knowledge of maternal or infant 

iron status. The infants were tested in the supine position during an afternoon nap, generally 

while in quiet sleep. No sedation was used. ABR recording was carried out in a quiet, dimly 

lit, and electrically shielded room using an EMG/EP Systems (Medtronic, USA). ABRs 

were recorded using silver-silver chloride disk electrodes placed according to the 10–20 

International System as follows: the active electrode was placed on the vertex (Cz) and the 

reference one on the earlobe (A1 or A2) ipsilateral to the stimulation; an electrode placed on 

the forehead was used as a ground. Interelectrode impedance was kept at <5 kiloohms. 

ABRs were elicited by stimulating the test ear with a series of square wave rarefaction clicks 

(0.14 ms) through headphones at 105 dB Sound Pressure Level (SPL) (equivalent to 70–75 

dB Hearing Level, HL). The contralateral ear was masked by white noise at 60 dB SPL. The 

bioelectrical activity recorded at the vertex was amplified, filtered (100–3000 Hz), and 

averaged by the evoked potential system. The recording window was 10 ms from click 

onset. Each trial consisted of 2000 artifact-free individual responses. The data acquisition 

program automatically rejected any traces with high-amplitude artifacts due to electrical 

interference or subject motion. Two consecutive averages were obtained for each ear to 

determine response replicability.

ABR Processing

ABR amplitudes and latencies were analysed off-line. With the aid of cursors, the individual 

peaks of each response were identified, marked, and measured. The following variables 

were used in statistical analyses: absolute latency and amplitude for wave I, III, and V, and 

interpeak latencies I–III, III–V, and I–V. In keeping with usual practice, the latency and 

amplitude values obtained for the right and left ears were combined, resulting in a mean 

value for each measure for each infant.

Statistical Analysis

Analysis of covariance was used to identify differences in ABR measures between infants 

with or without maternal anaemia or low ferritin or low cord ferritin, controlling for 

background factors. Pearson correlation analyses were performed to assess the association 

between ABR variables (i.e., wave I, III, V latencies and amplitudes and the corresponding 

interpeak latencies) and background factors, including sex, birth weight, gestational age, and 

age, weight-for-age z-score, and length-for-age z-score at testing, breastfeeding vs. formula. 

A given background factor was included as a covariate if it correlated with two or more 

ABR variables with two-tailed alpha level <0.10.

To consider concurrent iron status at 10 months, we performed analysis of covariance for 

10-month ABR variables with two between-subjects factors and their interaction: poor iron 

status at birth (cord blood serum ferritin <75 μg/L) and anaemia at 10 months (venous Hb 

<110 g/L). We viewed this analysis as exploratory and hypothesis-generating, since the cell 

size for some combinations of cord blood and 10-month haematology was as small as 5.
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Results

Sample

Among 115 infants invited to join the developmental study, 84 (73.0%) agreed to 

developmental testing. There were no significant background differences between infants 

who did or did not participate. ABR data were obtained for 74 of the infants, but 5 did not 

have satisfactory recordings at either 3 or 10 months due to infant state or equipment 

malfunction.

Thus a total of 69 infants had ABR assessments; 24 with records at both ages, 24 were 

assessed at 3 months only, and 21 at 10 months only. The net results were 48 infants had 

data at 3 months and 45 at 10 months respectively. Table 2 shows the sample background 

characteristics. About 88% of the infants were breastfed, 70% exclusively for 6 months.

Iron Status

Regarding prenatal iron status (Table 1), Hb was missing for 3 mothers and ferritin for 1. 

Seventeen infants (25.8%, 17/66) had mothers who were anaemic in the 3rd trimester (Hb 

<110 g/L). Maternal anaemia was generally mild (mean Hb=103.8±5.5 g/L). Iron stores 

were compromised in virtually all mothers; 72.1% (49/68) had ferritin concentrations <16 

μg/L, and all but 10 values were below 20 μg/L. Only 1 infant had cord blood Hb <130 g/L, 

making it impossible to analyse the effects of neonatal anaemia. Thirty-one infants (44.9%, 

31/69) had cord blood serum ferritin <75 μg/L. Maternal anaemia and low cord blood serum 

ferritin identified different infants; only 8 infants had prenatal iron deficiency according to 

both indicators.

At 10 months, 6 infants did not have blood work, resulting in 39 infants for analyses relating 

anaemia at 10 months to ABR variables. Eleven infants (28.2%, 11/39) had Hb <110 g/L; 

anaemia was again generally mild (mean Hb = 104.0±3.8 g/L). All 11 anaemic infants had a 

Mentzer index >13 (mean = 17.7±2.1), indicating that anaemia was likely due to iron 

deficiency.

Background Characteristics and Outcomes

There were no statistically significant differences in background characteristics between 

infants with or without evidence of prenatal iron deficiency, whether assessed by maternal 

anaemia or low cord blood serum ferritin. In terms of background factors that correlated 

with 2 or more ABR variables, birth weight, sex, and length-for-age z-score did so at 3 

months. At 10 months, current length-for-age z-score was the only background variable to 

do so. These background variables were included as covariates in all analyses of ABR 

outcomes at the appropriate ages.

Maternal Iron Status and ABR Outcomes

At 3 months, infants whose mothers were anaemic in the 3rd trimester had significantly 

longer latencies for wave V and wave III–V and I–V intervals, compared to infants of non-

anaemic mothers (Table 3). Effect sizes were large (>1.0 SD unit). There was no relation 

between maternal anaemia and ABR measures at 10 months. Low maternal ferritin did not 
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relate to infant ABR variables at 3 or 10 months. Iron depletion in almost all mothers likely 

restricted our ability to detect relations with ABR outcomes.

Infant Iron Status and ABR Outcomes

Low cord blood serum ferritin (<75 μg/L) did not relate to 3-month ABR variables. 

However, at 10 months, infants with low ferritin at birth showed longer latency for wave I, a 

suggestive trend for longer latency of wave V, and smaller amplitude for wave V, compared 

to infants with normal cord blood serum ferritin (Table 4). Effect sizes were considerable 

(0.6 SD unit). There were no statistically significant ABR differences related to anaemia at 

10 months. In exploratory analyses that considered the combined impact of low ferritin at 

birth and anaemia at 10 months, there was a statistically significant interaction between iron 

status at birth and anaemia at 10 months for the wave III–V interval, F(1,34)=6.27, p=0.017). 

Post-hoc tests (Bonferroni) showed that the latency of the wave III–V interval was longer 

for infants with low cord ferritin and anaemia at 10 months, compared to the other groups 

(i.e., infants with low ferritin at birth and no anaemia at 10 months, anaemia at 10 months 

and normal cord ferritin, or normal ferritin at birth and no anaemia at 10 months) (Figure 1).

The absence of a full iron status panel and missing ferritin data at 10 months prevented us 

from determining iron status in all infants at that age. However, 10-month ferritin values 

were available for all 5 infants with low ferritin at birth and anaemia at 10 months. The 

mean ferritin was 11.9 μg/L (highest value 19.1 μg/L), indicating that their iron status was 

compromised both at birth and 10 months.

Discussion

In this pilot study, ABR latencies for wave V and wave III–V and I–V intervals were 

prolonged at 3 months for infants whose mothers were anaemic in the last trimester. At 10 

months, infants with low cord blood ferritin showed longer latencies for wave I and wave V 

(suggestive trend) and smaller amplitude for wave V. In addition, wave III–V interval 

latency was longer for infants with low ferritin at birth and anaemia at 10 months, compared 

to the other combinations. These findings provide evidence that prenatal iron deficiency may 

adversely affects the functional status of the auditory system in full-term healthy infants, 

with effects observed throughout much of the 1st year of life.

It is generally accepted that interpeak latency changes relate to increases in conduction 

velocity during axonal myelination,13 whereas amplitude changes are probably the result of 

improvements in synchronisation at the axonal or synaptic levels.28 Given that most of our 

findings relate to differences in latency, we postulate that impaired myelination is the most 

likely explanation. Studies in animal models provide evidence that the peak uptake of brain 

iron coincides with the peak period of myelination, which develops rapidly during the late 

gestational and early postnatal periods.29,30 Oligodendrocytes, which are responsible for 

making myelin, are particularly sensitive to iron deficiency, resulting in altered composition 

and amount of myelin in white matter.31 As myelination is initiated, iron, ferritin and 

transferrin (Tf) mRNA are found within oligogendrocytes.32,33 In rats, iron deficiency 

during gestational and early postnatal periods is associated with less total myelin protein as 

well as decreased cholesterol, phospholipids, and galactolipids.31 We previously reported 
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that perinatal iron deficiency in rats delayed myelination of subcortical white matter and the 

fimbria of the hippocampus and also altered behavioural outcomes.5 Many such changes 

appear to be persistent and do not reverse with iron treatment.3 This evidence supports the 

interpretation that our ABR results are primarily due to impaired myelination, especially 

when considering the temporal and spatial sequence of auditory system myelination during 

development. However, iron deficiency also disrupts neurotransmitter function and energy 

metabolism,3 which could contribute to the lower 10-month wave V amplitude observed 

among infants with low cord blood ferritin. In addition, a study in growing rats showed that 

iron deficiency adversely affected cochlear structure, such as loss and altered structure of 

stereocilia.34 If cochlear effects also occur in the human infant, they might help explain the 

longer wave I latency at 10 months among infants born with low iron stores.

Our study design differs from the few previous studies of ABR in early iron deficiency.8–12 

Two recent studies involving at-risk neonates did not report effects beyond the neonatal 

period.17,18 In all other studies, iron-deficiency anaemia was identified postnatally at 6 

months of age or later. The age range was often wide (from 6–7 months up to 36–60 

months), and there was no information on iron status at birth. Nonetheless, the majority of 

studies show prolonged absolute and/or interpeak latencies in the iron-deficient anaemic 

group.8,9,11 Long-term follow-up data come from a study in Chile. At 6 months, infants with 

iron-deficiency anaemia showed a tendency toward longer latency for the wave I–V interval 

than non-anaemic infants. The magnitude of the differences in wave V latency and wave III–

V and I–V intervals increased over the next year, despite iron therapy.9 The increasing 

magnitude of differences suggests that effects on myelinating systems may take some time 

to be fully apparent. At 4 years, absolute latencies for all ABR waves and interpeak latencies 

(except I–III interval) were still >1.0 SD longer in former iron-deficient anaemic children.35 

Thus, the effects appear to be long-lasting.

An unanswered question is whether previous results are due to postnatal iron-deficiency 

anaemia or combined pre-and postnatal iron deficiency. Since iron deficiency is common in 

pregnant women and infants worldwide, many infants, especially in developing countries, 

are likely to be exposed to iron deficiency pre- and postnatally. For instance, it is likely that 

many of the Chilean infants had pre- and postnatal iron deficiency, since iron-deficiency 

anaemia was detected at the young age of 6 months. Our results and those of the recent 

studies of premature and infants with other risk factors,18 indicate that prenatal iron status is 

an important factor in ABR development.

Our exploratory analysis of iron status at birth and anaemia at 10 months points to the 

combined impact of pre- and postnatal iron deficiency. The latency of the interpeak wave 

III–V interval was prolonged only among infants with both low ferritin at birth and anaemia 

at 10 months, all of whom had poor iron status, as indicated by low-to-marginal ferritin and 

high Mentzer index. The interpeak wave III–V interval reflects the speed of transmission in 

the more central part of the auditory pathway and might be particularly sensitive to early 

iron deficiency, given iron’s role in myelination and the centripetal nature of myelination of 

the auditory pathway.36 This exploratory analysis leads us to hypothesise that prenatal iron 

deficiency is a necessary but not sufficient condition for alterations in interpeak latencies in 

later infancy. It is possible that there may be recovery if prenatal iron deficiency is not 
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followed by postnatal iron-deficiency anaemia and resilience if postnatal iron-deficiency 

anaemia is not preceded by poor prenatal iron status. However, the sample size for this 

analysis was very small.

Our study is limited by small sample size for infants with longitudinal ABR data both at 3 

and 10 months and the lack of more iron status measures at 10 months. Although our sample 

size for the cross-sectional analyses at 3 and 10 months is comparable to other ABR and iron 

deficiency studies, the missing data at both 3 and 10 months is a major drawback to 

longitudinal analysis. Therefore, our observations on combined effects of pre- and/or 

postnatal iron deficiency are best considered as an impetus for further investigation. There is 

also need for replication of several key findings. For instance, our findings that maternal 

anaemia predicted longer ABR latencies in early infancy (3-month) and low cord blood 

ferritin predicted longer latencies later on (10-month) have no counterpart in other studies. 

We could speculate that maternal anaemia and low ferritin at birth capture prenatal iron 

deficiency at somewhat different time periods and that ABR changes might be detectable at 

different ages, given that the effect of any compromise to myelination probably takes some 

time to be observable.

Despite these limitations, the study adds to the little available research on prenatal iron 

deficiency. There is increasing evidence that prenatal iron deficiency impacts more than the 

developing auditory system. One previous study found that neuromotor reflexes were more 

immature in preterm infants with iron-deficiency anaemia.37 In another study, social-

emotional or temperament-like behaviours related to iron status at birth.38 Tamura et al 

found that low cord ferritin concentrations predicted poorer neurodevelopment at 5 years of 

age.24 A longitudinal study of infants of diabetic mothers observed that those with low cord 

blood ferritin had impaired recognition memory processing throughout early childhood.39 

These studies, combined with the ABR results from our study and two other studies,17,18 

suggest that prenatal iron deficiency affects several developing brain and behavioural 

systems in the human infant.

In conclusion, we postulate that the developmental effects of iron deficiency depend on the 

timing, duration, and severity of iron deficiency. These parameters can be experimentally 

manipulated in animal models, and the accumulating evidence points to the importance of 

prenatal iron deficiency.3,4 Well-designed human studies, with specific and sensitive 

measures, can also help determine the combined and separate effects of pre- and/or postnatal 

iron deficiency on short- and long-term sensory, motor, cognitive, language, and social-

emotional functioning. These are urgently needed, since iron deficiency is common in both 

periods and developmental effects of prenatal iron deficiency have received little attention in 

human infants.
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Figure 1. 
The effects of low ferritin at birth and anaemia at 10 months on wave III–V interval latency. 

Latency was significantly longer in the group with low iron status at both ages, compared to 

each other group (p values <0.05).
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Table 2

Characteristics for all samples with ABRs (N=69)*

N 69

Sex (% male, N) 58%, 40

Birth weight (kg) 3.41 (0.37)

Gestational age (wk) 39.3 (0.9)

3 months (N=48)

 Age (d) 86.0 (9.5)

 Weight (kg) 6.78 (0.72)

 Weight-for-age z-score 1.44 (0.89)

 Length (cm) 60.1 (2.4)

 Length-for-age z-score 0.07 (0.90)

 Weight-for-length z-score 1.63 (0.86)

10 months (N=45)

 Age (d) 301.3 (13.3)

 Weight (kg) 9.34 (1.07)

 Weight-for-age z-score 0.08 (1.01)

 Length (cm) 72.4 (2.3)

 Length-for-age z-score −0.12 (0.72)

 Weight-for-length z-score 0.30 (0.91)

*
Values are mean (SD) except for sex. Z-scores were calculated according to Centers for Disease Control and Prevention growth curves. Infants 

were also growing normally by World Health Organization growth curves (data not shown).
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