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Abstract

Maternal nutritional status during pregnancy has been reported to be associated with childhood asthma and atopic disease. The Avon Longi-
tudinal Study of Parents and Children has reported associations between reduced umbilical cord Fe status and childhood wheeze and eczema,;
however, follow-up was short and lung function was not measured. In the present study, the associations between maternal Fe status during
pregnancy and childhood outcomes in the first 10 years of life were investigated in a subgroup of 157 mother—child pairs from a birth cohort
with complete maternal, fetal ultrasound, blood and child follow-up data. Maternal Fe intake was assessed using FFQ at 32 weeks of gestation
and Hb concentrations and serum Fe status (ferritin, soluble transferrin receptor and TfR-F (transferrin receptor:ferritin) index) were measured
at 11 weeks of gestation and at delivery. Maternal Fe intake, Hb concentrations and serum Fe status were found to be not associated with fetal
or birth measurements. Unit increases in first-trimester maternal serum TfR concentrations (OR 1-44, 95% CI 1:05, 1:99) and TfR-F index
(OR 1-42, 95% CI 110, 1-82) (i.e. decreasing Fe status) were found to be associated with an increased risk of wheeze, while unit increases
in serum ferritin concentrations (i.e. increasing Fe status) were found to be associated with increases in standardised mean peak expiratory
flow (PEF) (B 0-25, 95 % CI 0-09, 0-42) and forced expiratory volume in the first second (FEV,) (8 0-20, 95% CI 0-08, 0:32) up to 10 years of
age. Increasing maternal serum TfR-F index at delivery was found to be associated with an increased risk of atopic sensitisation (OR 1-35,
95% CI1:02,1:79). The results of the present study suggest that reduced maternal Fe status during pregnancy is adversely associated with child-
hood wheeze, lung function and atopic sensitisation, justifying further studies on maternal Fe status and childhood asthma and atopic disease.
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The associations between birth anthropometry and antioxidants, PUFA/lipids and vitamin D“°~'?_ Although

subsequent wheeze and atopy have been interpreted as
evidence of in utero nutritional influences on fetal airway and
immune development . This concept is supported by the
associations between reduced birth weight and reduced lung
function in later life, suggesting that suboptimal fetal growth
and nutrition increase the risk of airflow obstruction in later
life®~7. Studies on fetal ultrasound measurements provide
more direct evidence of the importance of fetal growth in the
development of wheeze, asthma and lung function®?.

There are now many reports of the associations between
childhood wheeze, asthma, and atopic disease and maternal
nutritional status during pregnancy, particularly related to

highlighted by animal models and a single human study, the
potential role of maternal Fe status during pregnancy in the
development of childhood wheeze, asthma and lung function
remains relatively unexplored. In rodents, Fe deficiency
during pregnancy induces hypertension in the offspring,
coupled with in lipid metabolism and adult
obesity'®. It has also been suggested that changes occur
in lung structure, without any expansion of the alveoli
(L Gambling and HJ McArdle, unpublished results).

The Avon Longitudinal Study of Parents and Children
(ALSPAC) has reported associations
umbilical cord Fe status and childhood wheeze; however, it

changes

between reduced

Abbreviations: ALSPAC, Avon Longitudinal Study of Parents and Children; FEVy, forced expiratory volume in the first second; FVC, forced vital capacity;

PEF, peak expiratory flow; sTfR, soluble transferrin receptor.
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was concluded that this could have been the consequence
of multiple analyses'. Moreover, the study had a relatively
short follow-up duration and lacked lung function data.
Given the relative ease of Fe supplementation during
pregnancy, these novel findings justify further studies on the
role of Fe in the development of lung function, wheeze,
asthma and atopy.

The present study investigated the associations of maternal
Fe status during pregnancy with fetal growth, birth anthropo-
metry, childhood wheeze/atopy and lung function up to
10 years of age in a subgroup of children from the SEATON
(Study of Eczema and Asthma To Observe the influence
of Nutrition) birth cohort. This cohort was established to
prospectively investigate the associations between maternal
nutritional status during pregnancy and childhood asthma
and atopic disease™ .

Experimental methods
Study design

Between 1997 and 1999, pregnant women were recruited to
the SEATON. Maternal dietary intake and nutritional status
were assessed, and the first- and second-trimester fetal
measurement data were collected. Singleton children were
followed up using a postal questionnaire™ at 1, 2, 5 and
10 years of age. At 5 and 10 years of age, the children were
invited to attend a clinical assessment. The present study
was approved by the North of Scotland Research Ethics
Committee (08/S0802/19), and written parental consent was
obtained and children gave verbal and/or written assent.

Recruitment

Complete details of recruitment have been described
previously"™. A total of 2000 healthy pregnant women attend-
ing an antenatal clinic for a routine dating ultrasound scan, at
median 11 (interquartile range 8—12) weeks of gestation, were
recruited. There was no selection for asthma, atopic disease,
anaemia or Fe status, and the recruited women were mostly
representative of the local obstetric population™®. At enrol-
ment, an interviewer administered a questionnaire; atopic
status was ascertained by skin-prick testing, and a non-fasting
blood sample was collected. At 32 weeks of gestation, habitual
dietary intake during the previous 3 months was assessed using
a semi-quantitative FFQ®. In forty women of childbearing
age, the rank correlation coefficient for Fe intake determined
by this FFQ and 4 d weighed records was 0-60 (P<0-001)®.

Fetal measurements

Details regarding fetal measurements have been described
elsewhere®
routine antenatal care using an ATL (Ultramark 4A) or Toshiba
(SSA-240A or SSA-340A) ultrasound scanner. The crown—rump
length was measured during the first-trimester scan, and the
femur length and biparietal diameter (inner—outer) were
measured during the second-trimester scan. Fetal and
neonatal measurements are expressed as z-scores™ ¥,

, and these measurements were recorded as part of

Outcome assessments

A questionnaire based on the International Study of Asthma
and Allergy in Children format was posted to the parents of
cohort children at 1, 2, 5 and 10 years of age. Doctor-
confirmed asthma was defined as an affirmative response to
the following two questions: ‘Has your child ever had
asthma? and ‘Was this confirmed by a doctor?’. Similar ques-
tions were asked about ‘doctor-diagnosed eczema’ and
‘doctor-diagnosed hay fever’. At 5 and 10 years of age, the
cohort children were invited to attend a detailed assessment.
This included spirometry using a pneumotachograph (21/20;
Vitalograph) with incentive software (Spirotrac IV version
4.22; Vitalograph) and application of standard quality control*®,
Spirometric variables are expressed as z-scores®”. Atopic
status was determined by skin-prick testing (dust mite, cat
and dog allergens, grass pollen, egg and peanut; ALK
Abello). Atopic sensitisation was defined as a mean wheal
diameter =3 mm when compared with the negative control.

Determination of maternal iron status

Ferritin was used as a measure of Fe stores and serum soluble
transferrin receptor (sTfR) was used as an indicator of Fe
deficiency; both are more sensitive indicators of Fe status than
dietary Fe intake or Hb concentration®"*?. Maternal blood
samples were collected at recruitment (11 weeks of gestation)
and at delivery. As financial considerations only permitted
analysis of a limited number of blood samples, the analysis
was restricted to mother—child pairs with complete datasets
during pregnancy (blood samples and fetal scans) and up to
10 years of age (questionnaire data at 1, 2, 5 and 10 years and
spirometric measurement data at 5 and 10 years). Maternal
serum ferritin and sTfR concentrations were quantified using
ELISA (DE1872; Demeditec Diagnostics and Human sTfR
Quantikine IVD, DTFR; R&D Systems, respectively). In both
assays, 20 pl of serum were used and samples were run in dupli-
cate; Western blotting confirmed negligible protein degradation
during storage at —80°C. All plates contained both intra- and
inter-plate quality controls and were assayed according to the
manufacturers’ instructions. The sTfR:log(ferritin) ratio (TfR-F
index) was calculated as described by Cook et al.®® Decreas-
ing ferritin concentrations and increasing sTfR concentrations
and TfR-F index are evidence of declining Fe status.

Statistical analyses

Differences in enrolment characteristics between women with
serum Fe measurement data and those without these data
were analysed using the x? test. Students ¢ tests and
ANOVA were used to relate maternal serum Fe status to
maternal enrolment characteristics. The exposures of interest
were unit increases in maternal serum ferritin concentrations,
SsTfR concentrations and the TfR-F index at 11 weeks of
gestation and at delivery. Maternal dietary Fe and Fe sup-
plement intake values were summated and energy was
adjusted using the residual method®? and divided into
thirds. Linear regression was used to model the associations
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between maternal Fe intake, serum Fe status at recruitment
and at delivery, and first- and second-trimester fetal measure-
ments and birth anthropometry. The main outcomes were
the longitudinal development of wheeze, ‘doctor-diagnosed
asthma, atopic eczema, and hay fever’, atopic sensitisation
and lung function (peak expiratory flow (PEF), forced expira-
tory volume in the first second (FEV}) and forced vital capacity
(FVC)) up to 10 years of age. The associations between maternal
Fe intake and serum Fe status and the development of wheezing
symptoms and lung function were investigated using genera-
lised estimating equations with an exchangeable correlation
structure. The associations between maternal Fe intake and
serum Fe status and the development of asthma, atopic
eczema, hay fever and atopic sensitisation were modelled
using discrete-time hazard models. Unadjusted and adjusted
results were computed for all analyses. The adjusted results
included maternal smoking status, atopic status, age and
socio-economic status (Scottish Index of Multiple Deprivation)
and child sex and gestational age at birth. These potential con-
founding variables were chosen based on conceptual evidence
and by statistical tests (i.e. if the variables achieved P<0-25in a
univariate association with any of the endpoints)®>. Interaction
terms between serum Fe status and time (i.e. age when out-
comes were ascertained) in relation to wheeze as well as lung
function endpoints were included in the models to investi-
gate whether the influence of maternal serum Fe status on
the outcomes was time dependent. Bonferroni adjustment
was used for the correction of multiple testing. The analyses
were performed using Stata 11 (Stata Statistical Software:
Release 11; StataCorp LP).

Results

Of the 1924 women with a singleton birth, serum Fe
measurement data were available for 157 women at 11
weeks of gestation and at delivery. The mean concentrations
of serum ferritin and sTfR at 11 weeks of gestation were
284 (sp 43-4) ng/ml and 12-0 (sp 3-:0) nmol/l, respectively; the
corresponding values at delivery were 10-2 (sp 19-2) ng/ml
and 188 (sp 17-:6)nmol/l, respectively. Women without
serum Fe measurement data were more likely to smoke,
were younger, and were of lower socio-economic status
when compared with women with Fe measurement data
(Table 1). Maternal smoking status and atopic status were
not associated with serum ferritin concentrations, sTfR con-
centrations and TfR-F index at 11 weeks of gestation and at
delivery (Table 1). There was no difference in dietary Fe
intake (13-9 (sD 4-98) v. 13-6 (sD 3-77) mg/d) or Fe supplement
use (37 v. 41%, P=0-33) in women with or without Fe
measurement data. Maternal total Fe intake quantified at 32
weeks of gestation was not associated with serum Fe indices
at 11 weeks of gestation, but was weakly associated with
maternal serum Fe indices at delivery (Spearman’s p for ferritin
0-27, P=0-002; sTfR —0-29, P<0:001; TfR-F —0-29, P=0-001;
and Hb 0-18, P=0:023). At 32 weeks of gestation, fifty-eight
(37%) women were found to be taking Fe supplements.
When compared with women not using Fe supplements, in
women using Fe supplements, Fe supplement use was

associated with reduced Fe status at recruitment (11 weeks
of gestation), but with increased Fe status at delivery (Fig. 1).

Maternal serum Fe status (ferritin, sTfR and sTfR-F index) at
11 weeks of gestation was not significantly associated with any
of the first- or second-trimester ultrasound measurements or
with birth measurements (Table 2).

The prevalence of wheeze, asthma, eczema, hay fever and
atopic sensitisation at 10 years of age is summarised in Table 3.

Maternal dietary Fe intake (including and excluding Fe
supplement intake) and Fe supplement use at 32 weeks of
gestation were not associated with any fetal or birth measure-
ment or with asthma, wheeze, lung function or atopic
outcomes up to 10 years of age (data not shown).

Longitudinal associations with maternal serum
iron status at 11 weeks of gestation

In unadjusted and adjusted models, maternal serum ferritin
concentrations at 11 weeks of gestation were found to be
not associated with wheeze, hay fever, atopy, atopic eczema
and asthma endpoints (Table 4). A unit increase in maternal
serum ferritin concentrations at 11 weeks of gestation was
associated with increased standardised lung function measure-
ments (PEF, FEV, and FVC) up to 10 years of age. In models
that included interaction significant
interaction was found between maternal serum ferritin
concentrations at 11 weeks of gestation and time (age when
children’s lung function was measured) in relation to lung
function measurements (Table 4). In adjusted models, a unit
increase in maternal sTfR concentrations (i.e. reduced Fe
status) at 11 weeks of gestation was found to be associated
with an increased OR of ‘wheeze in the past year’ and
‘wheeze without cold in the past year’, but no association
was found with ‘doctor-diagnosed asthma, hay fever, and
eczema’, atopic sensitisation or lung function. In adjusted
models, increasing sTfR-F index (i.e. reduced Fe status) was
found to be associated with an increased risk of ‘wheeze in
the past year’ and ‘wheeze without cold in the last year,
but no association was found with any other outcome
(Table 4). After Bonferroni adjustment for multiple testing,
the association between maternal first-trimester serum ferritin
concentrations and childhood FEV; remained significant.
Dichotomisation of women into those with and without suffi-
cient serum ferritin concentrations (=15 and <15 pg/ml) and
Hb concentrations (=105 and <105 g/l; =105 and <10-5 g/dD
at 11 weeks of gestation was performed and their associations
with childhood outcomes were examined (online supplemen-
tary Tables S1 and S2). There were no significant associations
between dichotomised Fe status and childhood outcomes;
moreover, we lacked sufficient power to detect statistically
meaningful effect estimates or undertake any confounder
adjustments.

terms, a positive

Longitudinal associations with maternal
serum iron status at delivery

Maternal serum ferritin and sTfR concentrations at delivery
were not associated with any of the wheeze, asthma, atopic
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Table 1. Maternal serum ferritin concentrations at recruitment (11 weeks of gestation) and at delivery by maternal and neonatal characteristics

(Mean values and standard deviations; number of children and percentages)

Women with or without Fe measurement data

Maternal ferritin Maternal ferritin

Without Fe With Fe concentrations at concentrations at
All measurement measurement 11 weeks of gestation delivery (ng/ml)
(n 1924) data (n 1767) data (n 157) (ng/ml) (n 157) (n 157)

Covariates n % n % n % P* Mean SD Pt Mean SD Pt
Maternal smoking status 0-002 0-434 0-185

during pregnancy

No 1357 71 1229 70 128 82 283 445 107 101

Yes 566 29 537 30 29 18 216 185 7-6 7-5
Maternal atopic status 0-199 0-643 0-197

No 1134 59 1049 59 85 54 277 481 10-5 10-8

Yes 789 41 717 41 72 46 26-1 28-3 9.7 8-3
Maternal age at <0-001 0-787 0-432

recruitment (years)

=25 469 24 450 30 19 14 213 219 138 15-4

26-30 674 35 611 41 63 46 229 201 91 7-8

31-34 485 25 431 29 54 40 20-2 182 99 10-5
Maternal SIMD at recruitment 0-009 0-481 0-667

1st quintile (least deprived) 835 43 750 42 85 54 232 21.7 105 10-8

2nd quintile 515 27 474 27 41 26 22-4 171 112 9-6

3rd quintile 183 10 168 10 15 10 15.2 12.9 6-2 34

4th quintile 236 12 225 13 11 7 303 214 77 4.8

5th quintile (most deprived) 155 8 150 8 5 3 14.3 12.8 10-4 7-6
Crown—heel length 0-048 0-94 0-534

1st quarter 456 24 429 26 27 17 204 214 124 16-3

2nd quarter 619 32 562 34 57 37 224 17-9 9-8 7-3

3rd quarter 302 16 267 16 35 22 23-8 192 11-0 10-6

4th quarter 440 283 403 24 37 24 229 223 83 6-9
Gestational age at birth 0-09 0-891 0-477

1st quarter 394 20 369 22 25 16 229 225 13.0 167

2nd quarter 388 20 355 21 33 21 232 210 8.0 6-5

3rd quarter 510 27 454 27 56 36 234 212 10-2 95

4th quarter 538 28 495 30 43 27 20-2 155 10-2 7-5
Birth order 0-221 0-859 0-044

0 943 49 857 49 86 55 244 218 10-3 9.0

1 671 35 619 35 52 33 20-1 16-0 8-2 71

>1 310 16 291 16 19 12 194 200 16-1 175
Sex of child 0-505 0-418 0-218

Male 960 50 891 51 75 48 30-0 523 111 99

Female 940 49 858 49 82 52 245 273 9-3 9-6

SIMD, Scottish Index of Multiple Deprivation.
* P value for Pearson’s x 2 test.

1 The ttest for covariates with two categories and ANOVA for covariates with more than two categories.

or lung function parameters measured up to 10 years of age
(Table 5). Increasing sTfR-F index at delivery was associated
with an increased risk of atopic sensitisation (P=0-037); an
increased risk of ‘doctor-diagnosed eczema’ was of borderline
significance (P=0:068) after adjustment for confounders.
Further analyses with dichotomised maternal serum ferritin
and Hb concentrations revealed no significant associations
with childhood outcomes (online supplementary Tables S1
and S2).

Discussion

In the present exploratory study, no association was found
between first-trimester maternal Fe status and fetal ultrasound
and birth measurements. However, we report for the first time
that decreasing first-trimester maternal serum ferritin concen-
trations (i.e. reduced Fe stores) are associated with reduced

FEV,, FVC and PEF in children up to 10 years of age and
that increasing maternal serum sTfR concentrations and
TfR-F index (i.e. Fe deficiency) are
increased risk of childhood wheeze up to 10 years of age.
A significant positive interaction was found between first-

associated with an

trimester maternal ferritin status and children’s age, suggesting
that the magnitude of the adverse effect of low maternal
Fe status during pregnancy increases as children grow. In
addition, an adverse association was observed between
reduced maternal Fe status at delivery (increasing sTfR-F
index) and an increased risk of atopic sensitisation in children.

The associations found in the present study are consistent
with the notion that maternal Fe status during pregnancy influ-
ences fetal lung development such that children born to
mothers with lower Fe status are established on a suboptimal
lung developmental trajectory characterised by reduced lung
function during the first decade of life. The associations
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Fig. 1. Iron status (soluble transferrin receptor, Hb and ferritin) of women
using (®) and not using (O) iron supplements. sTfR, soluble transferrin
receptor.

found in the present study between suboptimal maternal
Fe status and lung function and wheeze are consistent with
the results of longitudinal studies that have tracked neonatal
lung function and shown that children established on a subop-
timal lung growth trajectory are more likely to wheeze®®.
The lack of an association with maternal Fe intake and Hb
concentrations is not surprising, as it is well established that
neither is a good indicator of Fe status.

Fetal lung development occurs in a relatively hypoxic
environment, and in animal models, Fe has been found to
be involved in airway development. Chelation of Fe by desfer-
rioxamine in ex vivo lung buds from embryonic day mice has
been found to reduce the vascular network surrounding the
developing lung buds and to reduce epithelial branching®”.
FeCl; reverses the inhibitory effects of chelation. This animal
study has suggested that Fe influences airway development
through regulatory effects on vascular endothelial growth
factor signalling and up-regulation of hypoxia-inducible
factor-la. It also supports findings from the present study
that suboptimal Fe status adversely affects fetal airway devel-
opment. Women given Fe supplements during pregnancy
have a lower risk of preterm birth and give birth to larger
babies®?. In addition, first-trimester Fe
positively associated with birth outcome®®
pregnancy does not exhibit this association®”. These results
are consistent with the importance of Fe in the regulation of
differentiation rather than in proliferation. Although associ-
ations between maternal Fe status and childhood wheeze,
lung function and atopic outcomes were found in the present
study, associations with fetal measurements or birth anthropo-
metry could not be demonstrated; this may be a consequence
of a small study sample size.

We are aware of one study that has investigated fetal Fe
status in relation to childhood wheeze, asthma and atopic
outcomes. In the ALSPAC, umbilical cord Fe concentration
was found to be inversely associated with childhood wheeze

intake is also

. Intake later in

Table 2. Association between maternal serum iron status at 11 weeks of gestation and fetal ultrasound measurements at 11 and 20 weeks of gestation and birth measurements

(Adjusted and unadjusted coefficients and 95 % confidence intervals)

sTfR-F index

Serum sTfR

Serum F

Adjustedt Unadjusted* Adjustedt Unadjusted* Adjustedt
coefficient coefficient

coefficient

Unadjusted*

95 % ClI

coefficient 95% CI

95% CI

coefficient 95% Cl

95% CI

95% Cl

coefficient

—0-001, 0-004 —0-000, 0-023 —0.027, —0-010 —0-073, —0-005 —0-025, —0-006 —0-026,

0-003

CRL at 11 weeks

0-009 0-072 0-053 0-014 0-014

0-006

of gestationf

0-547
—0.016

0-587

0-747

0-369

0-058

0-187

P

—0-036,

—0-002, 0-001 —0-004, —0-011 —0-060, -0-012 —0-073, -0-013 —0-033,

0-002

BPD at 20 weeks

0-005 0-038 0-049 0-007 0-003

0-006

of gestationt

0-101

0-212

0-697

0-661

0-738

0-424

P

—0-001, 0-002 —0-001, 0-002 —0-018, -0-014 —0-056, 0-005 —0-008, 0-003 —0-010,

0-002

Crown—heel

0-006 0-053 0-028 0-019 0-017

0-005

length at birtht

0-623

0-454

0-514

0-330

0-113

0-205

F, ferritin; sTfR, soluble transferrin receptor; CRL, crown—rump length; BPD, biparietal diameter.

*CRL adjusted for gestational age at recruitment; BPD adjusted for gestational age at second visit; and child’s measurements at birth adjusted for gestational age at birth.

1 All outcomes adjusted for maternal smoking status during pregnancy, birth order, maternal age, maternal Scottish Index of Multiple Deprivation, maternal atopic status, gestational age at birth, and sex of child. CRL also adjusted

for gestational age at dating scan; BPD also adjusted for gestational age at second scan; outcomes at birth also adjusted for gestational age at birth, mode of delivery and sex of child.

1 Analysed using linear regression models and based on the standardised values of the child’s measurements.
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Table 3. Prevalence of asthma and atopic outcomes in the 157 study
children at 10 years of age

(Number of children and percentages)

n %
Ever had wheeze 33 21
Wheeze in the last 12 months 14 9
Wheeze in the absence of a cold in the last 12 months 10 6
Ever had asthma 23 15
Treatment for asthma in the last year 16 10
Ever had eczema 39 26
Ever had hay fever 45 30
Atopic sensitisation* 27 37

* Skin-prick testing was done in seventy-three children.

up to 42 months of age™. Although the study concluded that
fetal exposure to Fe might possibly influence the risk of
wheezing in early childhood, caution was advised because
of the multiple analyses conducted. The associations between
maternal Fe status and childhood wheeze observed in the
present study are consistent with those reported by the
ALSPAC'®| and the association between maternal first-
trimester serum ferritin concentrations and FEV; remained
significant after Bonferroni adjustment. In the present study
pregnant women who were Fe deficient appeared to have

)

been more likely to use Fe supplements, leading to improved
Fe status at delivery; however, we were unable to find any
association between Fe supplementation and childhood out-
comes, probably because only fifty-eight of the 157 women
took a variety of Fe supplements during pregnancy.

A further finding of the ALSPAC was an inverse association
between umbilical cord Fe status and childhood eczema up to
30 months of age, but was qualified because of the multiple
analyses performed. In the present study, a borderline signifi-
cant association was observed between low maternal Fe status
at delivery (sTfR-F index) and ‘doctor-diagnosed eczema’ in
the first decade of life. Although the differences in significance
between the present study and the ALSPAC may reflect differ-
ences in sample size, in the present study, maternal Fe status
at delivery (sTfR-F index) was inversely associated with child-
hood atopic sensitisation. Although the associations between
maternal serum Fe status and atopic outcomes observed in
the present study are consistent with those reported in the
ALSPAC, adjustment for multiple testing resulted in the associ-
ations becoming non-significant in the ALSPAC.

The results of the present study suggest differential associ-
ations between maternal serum Fe status at pregnancy and
childhood outcomes; while first-trimester Fe status was associ-
ated with childhood lung function and wheeze, maternal
serum Fe status at delivery was associated with childhood
atopic outcomes. This suggests that maternal Fe status at deliv-
ery possibly influences the first critical interactions between
the infant’s immune system and allergens that certainly com-
mence soon after birth (if not earlier). In animal models, Fe
has been found to promote T-helper-cell differentiation
away from the Th2 phenotype. In murine models of airway
eosinophilia, parenteral Fe supplementation has been found
to be associated with reduced airway eosinophilia, airway
hyper-responsiveness and reduced lung tissue IL-4, IL-5 and

IL-13 concentrations®®Y. The timing of any putative Fe

supplementation is likely to be critically important in correct-
ing deficiency-induced effects. Data showing that Fe
deficiency-induced changes in the brain can be reversed by
early, but not later, supplementation have been obtained
from human subjects and monkeys®*~3%.

Several disparities are evident in the present study. A poss-
ible explanation for the absence of an association between
maternal Fe intake and childhood outcomes is that the data
on serum parameters most notably associated with outcomes
were obtained at 11 weeks of gestation, whereas maternal
dietary intake was quantified once at 32 weeks of gestation,
and although women were asked to report their dietary
intake in the previous 3 months, it is not possible to assume
that Fe intake at 32 weeks of gestation is the same as that at
the first trimester. Indeed, although maternal Fe intake at
32 weeks of gestation was correlated with maternal serum fer-
ritin and sTfR concentrations at delivery, there were no corre-
lations with serum Fe parameters at 11 weeks of gestation. In
the UK population, the prevalence of Fe-deficiency anaemia is
estimated to be about 0—6 %", although our own data from a
cohort in Aberdeen suggest that the prevalence Fe deficiency
may be much higher®. The observed association of sTfR
concentrations with wheeze, but not with asthma, is likely to
be a result of insufficient power to detect an association
with asthma as substantially more children wheezed than
had asthma. The differential associations between the
parameters of Fe status (ferritin and sTfR) and childhood out-
comes (lung function and wheeze/atopy) may be a conse-
quence of Fe potentially influencing both fetal lung growth
and immune responses. The consequence of low fetal tissue
Fe stores (ferritin) by adversely affecting fetal lung growth is
likely to be impaired lung function, whereas Fe deficiency
(sTfR) by influencing immune differentiation and airway
inflammation is likely to manifest as wheezing and atopic
sensitisation.

The present study has a number of strengths and limitations.
As this is an observational study, we cannot demonstrate
causality. Even though adjustment for many potentially con-
founding factors was done, we cannot exclude the possibility
of residual confounding by other unmeasured factors,
although further analyses adjusting for alternative metrics of
socio-economic status, e.g. parameters of maternal education,
father’s occupation-based social class, and maternal dietary
intakes of vitamin E, vitamin D, Zn and Se, did not materially
alter the reported associations. In the present study, maternal
smoking status was found to be not significantly associated
with Fe status; however, adjustment for maternal smoking
status was done because there is some evidence that maternal
smoking status is associated with increased cord blood Hb
concentrations, sTfR concentrations, and sTfR-F index and
decreased ferritin concentrations®*”. One of the strengths
of the present study is that maternal Fe status was quantified
at 11 weeks of gestation and at delivery using several
parameters. Traditionally, maternal Fe status is inferred from
Hb concentration and haematocrit measurement. These are
not good indicators of Fe status, and more recently, serum fer-
ritin concentration has been used as an indicator, as it reflects
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Table 4. Association between maternal serum iron status at 11 weeks of gestation and longitudinal development of asthma and atopic outcomes up to 10 years of age
(Odds ratios and 95 % confidence intervals)
Serum F Serum sTfR sTfR-F index
Interaction Interaction Interaction
Unadjusted Adjusted® with time Unadjusted Adjusted* with time Unadjusted Adjusted” with time
95% 95% 95 % 95 % 95 % 95 % 95 % 95 % 95 %
Outcomes OR Cl OR Cl OR Cl OR Cl OR Cl OR Cl OR Cl OR Cl OR Cl
Wheeze in the 0-93 0-64, 0-89 0-59, 0-97 0-87, 1.25 0-93, 1-44 1.05, 0-97 0-91, 1.36 1.06, 1-42 1-10, 0-94 0-87,
past yeart 1.35 1.34 1.07 1-69 1-99 1.04 1.74 1.82 1.01
P 0-689 0-59 0-551 0-142 0-025 0-453 0-015 0-007 0-078
Wheeze without 1-08 0-74, 1.08 0-72, 0-92 0-79, 1.35 0-92, 162 1-086, 0-92 0-83, 1.22 0-93, 1.26 0-96, 0-99 0-93,
cold in the 1.57 1.63 1.07 1.98 2.46 1.02 1.58 1.66 1.06
past yeart
0-702 0-702 0-265 0-123 0-024 0-126 0-147 0-091 0-777
Doctor-diagnosed ~ 0-73 0-43, 0-69 0-39, 113 0-85, 113 0-82, 0-78 0-41, 1-46 0-80 0-44, 1-44
eczemat 1.25 1.22 1.51 1.55
P 0-258 0-2 -§ 0-401 0-444 -§ 0-314 0-452 -§ for
Doctor-diagnosed  1-14 0-80, 113 0-77, -§ 0-90 0-55, 0-98 0-57, -§ 0-93 0-51, 0-96 0-55, -§ —
hay fevert 1-62 1.66 1.45 1-69 1-68 1.66 z
P 0-462 0-521 0-655 0-942 0-803 0-878 §
Skin-prick test 0-42 0-15, 0-38 0-12, -§ 1.24 0-86, 1-36 0-91, -§ 1.21 0-93, 1.20 0-92, -§ 2
positivity to 121 114 1.79 2.05 1.5- 1.57 Y
any allergent 73 ;“
0-108 0-083 0-241 0-134 0-15 0-171 =
Doctor-diagnosed  1-00 0-65, 0-92 0-51, 0-92 0-60, 0-96 0-59, 1.15 0-75, 1-40 0-91,
asthmat 1.53 1-69 1-41 1.58 1.77 2-15
P 0-99 0-799 -§ 0-697 0-879 -§ 0-512 0-121 -§
PEFT|
Coefficient 12.88 0-25 0-07 0-04 —0-01 0-03 —0-01 —-0-01 0-01
95% ClI 1.94, 23-82 0-09, 0-42 0-02, 0-12 —0-08, 0-15 -0-12, 0-11 —0-01, 0-06 -0-13,0-12 -0-11,0-13 —0-03, 0-04
P 0-021 0-003 0-010 0-524 0-924 0-129 0-93 0-873 0-651
FEV4til
Coefficient 0-10 0-20 0-06 —0-03 —0-06 0-01 —0-02 —0-01 —0-01
95% Cl 0-03, 0-16 0-08, 0-32 0-02, 0-09 —0-12, 0-06 —0-15, 0-03 —0.02, 0-03 -0-11, 0.07 —0.09, 0-08 —0-03, 0-02
P 0-005 0-001 0-004 0-501 0-223 0-733 0-662 0-928 0-545
FVCHI|
Coefficient 0-07 0-14 0-04 -0-02 —0-05 0-01 —0.03 —0-01 - 0-01
95% CI 0.001, 0-14 0-04, 0-24 0-01, 0-08 —0-09, 0-05 —0-13, 0.02 —0-01, 0-03 —0-10, 0-05 —0-08, 0-06 —0-03, 0-01
P 0-048 0-007 0-005 0-611 0-135 0-451 0-505 0-734 0-244

F, ferritin; sTfR, soluble transferrin receptor; PEF, peak expiratory flow; FEV,, forced expiratory volume in the first second; FVC, forced vital capacity.
* Adjusted for maternal smoking status during pregnancy, birth order, maternal age, maternal Scottish Index of Multiple Deprivation, maternal atopic status, gestational age at birth and sex of child.
1 Analysed using generalised estimating equations with an exchangeable correlation structure.
1 Analysed using discrete-time hazard models.

§ Hence, no interaction with time evaluated.

|| Standardised z-score values of lung function measurements used in the analyses.
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Table 5. Association between serum iron status at delivery and longitudinal development of asthma and atopic outcomes up to 10 years of age

(Odds ratios and 95 % confidence intervals)

Serum F Serum sTfR sTfR-F index
Interaction Interaction Interaction
Unadjusted Adjusted” with time Unadjusted Adjusted” with time Unadjusted Adjusted* with time
95 % 95 % 95 % 95 % 95 % 95 % 95 % 95 % 95 %
Outcomes OR Cl OR Cl OR Cl OR Cl OR Cl OR Cl OR Cl OR Cl OR Cl
Wheeze in the 0-73 0-35, 0-81 0-41, 110 0-96, 117 0-87, 1.28 0-91, 097 0-91, 1.30 1.02, 1.27 0-98, 1-00 0-96,
past yeart 1.52 1.63 1.26 1.57 1.79 1.04 1.65 1-64 1.05
P 0-405 0-567 0-164 0-312 0-152 0-346 0-035 0-067 0-879
Wheeze without 0-68 0-24, 0-75 0-25, 1.31 1.01, 113 0-77, 1.20 0-77, 0-94 0-85, 1.23 0-95, 112 0-84, 1-01 0-96,
cold in the 1.91 2.24 1.71 1-68 1.87 1.04 1.60 1-49 1.06 =z
past yeart Z
0-463 0-606 0-044 0-527 0-422 0-245 0-116 0-418 0-704 3
Doctor-diagnosed 1.02 0.75, 1-00 0-71, 0.78 0-55, 0-80 0-55, 115 0.93, 1.24 0.98, =%
eczemat 1.37 1-41 1-11 116 1.43 1.57 é
P 0-915 0-995 -§ 0-679 0-245 -8 0-192 0-068 -§ =}
Doctor-diagnosed 1-09 0-76, 111 0-74, -§ 0-78 0-45, 0-93 0-51, -§ 1.14 0-82, 1.34 0-92, -§ §
hay feverf 1.58 1.66 1.37 1.69 1.59 1.96 =
P 0-64 0-631 0-393 0-814 0-443 0127 ;
Skin-prick test 0-82 0-39, 0-79 0-36, -§ 0-98 0-66, 1.03 0-67, -§ 1.33 1.03, 1.35 1.02, -§ 8_
positivity to 1.72 1.75 1.44 1.58 1.72 1.79 a
any allergent =A
0-591 0-564 0-915 0-902 0-030 0-037 &
Doctor-diagnosed 0-94 0-55, 1.06 0-53, -8 1.18 0-79, 1.35 0-83, -8 112 0-80, 1-09 0-76, -§ 3
asthmaz 1-60 2-13 1.77 217 1.56 1-56 Q.
P 0-822 0-873 0-411 0-223 0-511 0-641 Q
PEFI| g
Coefficient 0-10 0-16 0-07 —0-01 —0-04 —0-02 0-06 0-07 0-01 5
95% ClI -0-19, 0-39 —0-12, 0-44 —0-02, 0-16 -0-12, 0-09 -0-15, 0.07 —0-05, 0-01 —0-03,0-16 -0-02, 0-17 —0-02, 0-04 2
P 0-489 0-276 0-114 0-784 0-505 0-206 0-187 0-123 0-429
FEV4til
Coefficient 0-09 0-08 0-03 —0-06 —0-06 —0-03 -0-02 —0-01 —-0-00
95% ClI —0-13, 0-30 —0-13,0-29 —0-04, 0-09 —0-14, 0-02 —0-15, 0-02 —0-05, 0-00 —0-08, 0-05 —-0-07, 0-06 -0-02, 0-02
P 0-434 0-452 0-403 0-143 0-15 0-047 0-625 0-858 0-813
FVCH|
Coefficient 012 013 0-01 —-0-04 —0-06 -0-02 —0-01 0-01 —0-00
95% Cl —0-06, 0-29 —0.-04, 0-29 —0-04, 0-06 -0-11,0-22 —0-13, 0-01 —0-04, 0-00 —0-06, 0-05 —0-05, 0-06 —-0-02, 0-02
P 0-18 0-139 0-635 0-187 0-102 0-119 0-874 0-893 0-873

F, ferritin; sTfR, soluble transferrin receptor; PEF, peak expiratory flow; FEV,, forced expiratory volume in the first second; FVC, forced vital capacity.
* Adjusted for maternal smoking status during pregnancy, birth order, maternal age, maternal Scottish Index of Multiple Deprivation, maternal atopic status, gestational age at birth and sex of child.

1 Analysed using generalised estimating equations with an exchangeable correlation structure.
1 Analysed using discrete-time hazard models.

§ Hence no interaction with time was performed.

|| Standardised z-score values of lung function measurements used in the analyses.
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(2339 However, ferritin concentrations can

liver Fe stores
increase as a result of inflammation and hence can give rise
to falsely high values. Serum transferrin receptor concen-
trations increase during Fe deficiency, and the ratio of these
two parameters gives the best estimate of Fe status,
Another strength of the present study is that the original
cohort study was established to prospectively investigate the
associations between maternal diet during pregnancy and
childhood asthma and atopic disease and comprised healthy
women recruited during pregnancy irrespective of asthma/
atopy and Fe/Hb status. However, the present study sample
is a subpopulation of the original cohort because financial
considerations resulted in the number of mother—child pairs
studied being small and the analysis being limited to those
mother—child pairs with complete datasets during pregnancy
and in the first 10 years of life. Women with Fe measurement
data differed from those without these data, with regard
to smoking status, age and socio-economic status, but not
with regard to Fe supplement use, and at 10 years of age,
children with Fe measurement data were found to less
likely wheeze when compared with those without these
data (90 v. 12:5%), although these differences were non-
significant. These differences suggest that women without Fe
measurement data were at a greater risk of developing Fe
deficiency and their children more likely to wheeze. Such
findings would bias any association between Fe and wheeze
towards the null and the reported associations may lead to
the underestimation of the associations between maternal Fe
status and childhood outcomes.

In summary, this small nested cohort study is the first to
demonstrate inverse associations between first-trimester
serum Fe status and childhood wheeze and lung function.
Inverse associations were found between maternal serum Fe
status at delivery and childhood atopic outcomes consistent
with those reported previously by the only study on maternal
Fe status during pregnancy and childhood asthma and atopic
outcomes. Because Fe replacement during pregnancy is rela-
tively straightforward, the associations between maternal Fe
status during pregnancy and childhood asthma and atopic
disease warrant further investigation. In the first instance, the
associations found in the present study and the ALSPAC
require further replication in a larger prospective cohort
study. It may be possible to follow up children born to
women recruited to intervention studies of Fe replacement
during pregnancy. Ultimately, a double-blind randomised
controlled trial of Fe replacement during pregnancy with
long-term follow-up of children will be required.
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