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Abstract

Context—Iron is essential for brain development and functioning. Emerging evidence suggests
that iron deficiency in early life leads to long-lasting neural and behavioral deficits in infants and
children. Adopting a life course perspective, we examined the effects of early iron deficiency on
the risk of schizophrenia in adulthood.

Objective—To determine whether maternal iron deficiency, assessed by maternal hemoglobin
concentration during pregnancy, increases the susceptibility to schizophrenia spectrum disorders
(SSDs) among offspring.

Design—Data were drawn from a population-based cohort born from 1959 through 1967 and
followed up for development of SSD from 1981 through 1997.

Participants—Of 6872 offspring for whom maternal hemoglobin concentration was available,
57 had SSDs (0.8%) and 6815 did not (99.2%).

Main Outcome Measure—Prospectively assayed, the mean value of maternal hemoglobin
concentration was the primary exposure. Hemoglobin concentration was analyzed as a continuous
and a categorical variable.

Results—A mean maternal hemoglobin concentration of 10.0 g/dL or less was associated with a
nearly 4-fold statistically significant increased rate of SSDs (adjusted rate ratio, 3.73; 95%
confidence interval, 1.41-9.81; P=.008) compared with a mean maternal hemoglobin
concentration of 12.0 g/dL or higher, adjusting for maternal education and ethnicity. For every 1-
g/dL increase in mean maternal hemoglobin concentration, a 27% decrease in the rate of SSDs
was observed (95% confidence interval, 0.55-0.96; P=.02).

Conclusions—The findings suggest that maternal iron deficiency may be a risk factor for SSDs
among offspring. Given that this hypothesis offers the potential for reducing the risk for SSDs,
further investigation in independent samples is warranted.
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Although the onset of overt schizophrenia typically manifests during adulthood,
multidisciplinary evidence suggests that a considerable portion of its pathogenesis lies in
early brain development, specifically the prenatal period. Pregnancy imposes substantial
demands for oxygen and essential nutrients on the mother, the growing fetus, and the
placenta. Failure of the maternal-placental unit to meet the demands of the fetus, particularly
when occurring during critical periods of brain development,! produces an adverse
intrauterine milieu that can exert long-lasting, deleterious effects that extend into adulthood.

An extensive range of prenatal exposures has been linked to later development of
schizophrenia among offspring. One potentially important exposure is maternal iron
deficiency, which is a risk factor for several adverse birth outcomes? and which can induce
hypoxia during this period of high oxygen demand. Although iron deficiency during
pregnancy has not been studied with regard to psychiatric outcomes among offspring, 2 of
its correlates, fetal hypoxia3—8 and nutritional deprivation, %19 have been extensively
examined in the schizophrenia literature and have been consistently implicated as risk
factors for the disorder.

The primary direct consequence of maternal iron deficiency is anemia, indicated by low
circulating hemoglobin levels, which impairs the oxygen-carrying capacity of the mother
and reduces oxygen delivery to the developing fetus.11 Moreover, maternal iron deficiency
might disrupt neurodevelopment through its effect on birth outcomes,? several of which are
putative risk factors for schizophrenia.12 Furthermore, iron is essential for a plethora of
metabolic mechanisms associated with the development and maintenance of brain structures
and functions relevant to schizophrenia,3 including myelination14:15 and dopaminergic
neurotransmission. 16 Therefore, failure to meet iron demands of the developing brain may
have long-term consequences.

The literature on childhood development provides support for a plausible role of iron
deficiency in the pathogenesis of schizophrenia. Motor, cognitive, and behavioral deficits
are often observed in children who later develop schizophrenial’~20 and comparable
developmental abnormalities have been observed in iron-deficient infants and children,21:22
assessed via cord blood and maternal serum samples, suggesting that prenatal iron
deficiency may set children on a similar developmental course, predisposing them to
schizophrenia in adulthood.

Although these findings provide compelling grounds to hypothesize that maternal iron
deficiency plays a role in the etiopathogenesis of schizophrenia, no study in the literature has
explicitly tested this association. Iron is essential for synthesis of hemoglobin, the protein
present within erythrocytes responsible for blood oxygenation. As an indicator of maternal
iron status, prospectively acquired maternal hemoglobin concentration data were used to
examine the hypothesis that maternal iron deficiency in pregnancy is a risk factor for
schizophrenia among offspring. We also conducted exploratory analyses of the gestational
timing of low maternal hemoglobin levels and the effect of sex of the offspring on
schizophrenia risk. The data were drawn from the Prenatal Determinants of Schizophrenia
(PDS) study,23 a prospective investigation of a large birth cohort that included direct
bioassays of maternal hemoglobin levels and comprehensive measures of other prenatal and
perinatal exposures.

DESCRIPTION OF THE COHORT

As described in detail by Susser et al,23 the PDS study was derived from the birth cohort of
the Child Health and Development Study (CHDS). Nearly all pregnant women receiving
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prenatal care from the Alameda County Kaiser Permanente Medical Care Plan (KPMCP)
were recruited from 1959 through 1966.24:25 The 19 044 live-born offspring from this cohort
were automatically enrolled in the KPMCP. The Kaiser membership was racially,
educationally, and occupationally diverse and demographically similar to the population of
the region at the time.

The PDS study cohort composed the subsample of 12 094 offspring born into the CHDS
cohort and were members of the KPMCP at any time from January 1, 1981 (the year when
medical records were computerized), through December 31, 1997, the last date for case
ascertainment in the PDS study.23 Compared with the CHDS cohort, the PDS study sample
had a slight underrepresentation of offspring of low-income and unmarried women and a
modest overrepresentation of offspring of African American women but was otherwise
comparable. Most individuals who left the KPMCP did so before age 10 years, before onset
of the schizophrenic prodrome, thereby minimizing bias from loss to follow-up.

DIAGNOSES OF SSDs

The outcome was schizophrenia and other schizophrenia spectrum disorders (SSDs), defined
as schizophrenia, schizoaffective disorder, delusional disorder, psychotic disorder not
otherwise specified, and schizotypal personality disorder, based on previous studies.2
Potential SSD cases were identified through computerized record linkages between CHDS
and KPMCP identifiers (Figure). In the first stage of screening, the KPMCP inpatient
registry identified subjects who were hospitalized with nonaffective or affective psychotiC
disorder diagnostic codes 295 through 299 from the /nternational Classification of Diseases,
Ninth Revision. Following review of their psychiatric and medical records by an
experienced, board-certified research psychiatrist (A.S.B. and E.S.S.) for evidence of
psychotic symptoms, 144 participants with potential SSDs were targeted for a full diagnostic
assessment. Participants identified from outpatient and pharmacy registries who may have
been treated for psychosis without hospitalization were also targeted for a full diagnostic
evaluation. Overall, inpatient and outpatient registry screening procedures identified 183
participants for diagnostic interviews. Among the 170 survivors, 146 were contacted, and
107 completed the Diagnostic Interview for Genetic Studies (DIGS),2” which was conducted
by clinically experienced interviewers. The DSM-/V/ diagnoses were assigned by consensus
of 3 experienced research psychiatrists, based on the written DIGS narrative, medical
records, and discussions with the interviewer. For the 76 potential subjects who were not
interviewed, DSM-/V diagnoses were assigned by medical record review and confirmed by
a research psychiatrist (A.S.B. or E.S.S.). A total of 71 SSD cases were ascertained, 44 by
DIGS and 27 by medical record review.

All participants in the PDS study provided written informed consent. The study protocol was
approved by the institutional review boards of the New York State Psychiatric institute and
the KPMCP.

ANALYTIC SAMPLE

The PDS analytic sample23 was defined to ensure independence of observations because the
CHDS birth cohort included siblings, who represent nonindependent observations. This was
achieved by randomly selecting only 1 sibling from each family. Because of the limited
number of offspring diagnosed with SSD during follow-up, if a sibship included an affected
sibling, only the affected sibling was chosen. If a sibship did not include an affected sibling,
then 1 sibling was randomly chosen. The selection process produced a total of 7796
offspring, referred to as the PDS Cohort.23 In the present analysis, 5 offspring diagnosed as
having SSDs were excluded (4 offspring diagnosed before the start of the PDS study and 1
who had an affected sibling in the PDS Cohort). Among the 66 participants with SSDs,
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maternal hemoglobin data were available for 57. The diagnoses of the 57 participants with
SSDs were as follows: schizophrenia (n=34), schizoaffective disorder (h=13), delusional
disorder (n=1), schizotypal personality disorder (n=4), and other schizophrenia spectrum
psychosis (n=5).

MATERNAL IRON DEFICIENCY AND ANEMIA DATA

Hemoglobin concentration was chosen as a marker for iron deficiency because it is an
excellent indicator of iron status and blood oxygenation.28:29 Extracted from well-
documented prenatal medical records, maternal hemoglobin concentration data were
available for 6872 of 7791 PDS Cohort offspring (88.2%). As the pregnancy of the mother
advanced, the number of hemoglobin observations increased: 46% had hemoglobin assayed
anytime during the first trimester, 78% during the second trimester, and 91% during the
third trimester. Moreover, 59% of mothers of the offspring had 3 or more hemoglobin
measurements, 31% had 2 measurements, and 10% had 1 measurement.

The mean value of maternal hemoglobin concentration during the entire pregnancy was
chosen as the primary exposure because we did not have an a priori prediction that the effect
of low maternal hemoglobin concentration on risk of SSDs was specific to any particular
gestational period or trimester. This option maximized the number of participants in the
analysis by enabling us to include all offspring with at least 1 maternal hemoglobin
measurement. Nevertheless, because of the varying prenatal timing of the hemoglobin
observations, we evaluated whether the temporal pattern might affect the results (see the
“Data Analysis” subsection).

Hemoglobin concentration was first modeled as a continuous variable to assess SSD risk
across the full spectrum of maternal hemoglobin values and to maximize statistical power.
We also classified hemoglobin concentration into 3 main categories according to the World
Health Organization’s criteria28; hemoglobin level of more than 12.0 g/dL (reference), more
than 10.0 but less than 12.0 g/dL (moderate), and 10.0 g/dL or less (low). To convert
hemoglobin to grams per liters multiply by #10.0. Analyzing hemoglobin concentration as a
categorical variable enabled us to evaluate whether the rate of SSD linearly increased with
decreasing hemoglobin concentration or whether the rate was constant for hemoglobin
concentration below a threshold level. Analogously, we modeled mean trimester-specific
hemoglobin level as a continuous and a categorical variable to explore whether a critical
gestational period of susceptibility existed.

In a supplementary analysis, we used the Maternal Inter-current and Prenatal Conditions of
the International Classification of Diseases, Ninth Revision, to identify women clinically
diagnosed with anemic conditions during pregnancy: 2910 (iron deficiency), 2929 (other
specified or pernicious), and 2930 (not otherwise specified). The 2 non-iron-deficient
anemic categories were collapsed into a single category because of the limited number of
women with these conditions and the lack of specific hypotheses concerning the “other
specified” and “not otherwise specified” anemic conditions.

DATA ANALYSIS

Cox proportional hazards regression3? was used to account for varying durations of follow-
up while simultaneously adjusting for multiple covariates. For offspring diagnosed with
SSDs, the onset date was approximated by the date of the first hospital admission or
outpatient visit, whichever came first. Therefore, the length of the follow-up for offspring
diagnosed with SSDs was quantified in days elapsed from birth until the onset date of the
disorder. For the unaffected offspring, the follow-up length was quantified as days since
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birth until the KPMCP membership termination date or until the end of the PDS study,
whichever came first.

Initially, we investigated the temporal pattern of hemoglobin level observations across
pregnancy to validate our use of mean hemoglobin level as the exposure statistic. Linear
regression was used to approximate such changes for offspring with 2 or more hemoglobin
observations; intercepts and slopes were calculated and then added as SSD predictors in the
Cox regression model. We also added a variable reflecting the timing of the first maternal
hemoglobin observation. None of the time-related variables were statistically significant
(full model: P=.49 for intercept; P=.27 for slope; P=.23 for timing of first hemoglobin
measure), indicating that adjustment for temporal variation of hemoglobin observations
would not affect the results.

Variables selected as a priori potential confounders were maternal ethnicity,3! maternal age,
maternal education, maternal prepregnancy body mass index (calculated as weight in
kilograms divided by height in meters squared),32 parity, maternal smoking during
pregnancy, and maternal mental conditions, defined as psychaosis, anxiety reactions, and
drug/alcohol addiction. Potential confounders were considered for inclusion in the Cox
regression model if the variables were statistically associated with hemoglobin and were
also related to SSD at /<.10, using the XZ statistic for categorical variables and the #test for
continuous variables, and were retained in the final model if their inclusion produced at least
a 10% change in the regression coefficient for hemoglobin concentration.

We also examined whether observed consequence of maternal anemia, 212 including low
birth weight (<2500 g), prematurity (<37 gestational weeks), and small-for-gestational-age
status (defined as birth weight in the lowest 10th percentile according to gestational week)
were potential mediators. The presence of mediation effects was tested by determining
whether the addition of the variable to the Cox model attenuated the regression coefficient
for hemoglobin concentration. We also examined whether hypoxia (defined in accord with
prior research’-33:34 as preeclampsia, gestational hypertension, hypotension, or diabetes
mellitus) was an independent risk factor for SSDs.

The PDS Cohort included only 1 sibling per family. Excluding subjects has the potential to
create bias. To address this concern, we also analyzed the full PDS sample, including all
siblings, which contained hemoglobin data for 9971 offspring, including 58 participants with
SSDs. We used a frailty model (Weibull regression with shared -y frailty, as implemented in
Stata statistical software3®) that adjusts for possible dependence between siblings; the full
PDS sample had insufficient data to fit a Cox regression model with shared -y frailty. For
ease of comparison with previous PDS study analyses, we used the PDS Cohort as the
primary sample and the sample in the frailty model for confirmation of the results. Each of
the approaches has advantages and disadvantages: although the frailty model adjusts for
dependence between siblings, a disadvantage is that its baseline hazard assumes a parametric
form, which is more restrictive than the Cox model, which allows a nonparametric baseline
hazard.

SAMPLE CHARACTERISTICS

Maternal hemoglobin concentration ranged from 6.90 to 15.20 g/dL (mean [SD], 11.47
[0.98] g/dL). Women with low gestational hemoglobin concentrations (<10 g/dL) were
significantly younger, more likely to be a race/ethnicity other than white, of less educated,
and had more prior live births and a higher prepregnancy body mass index compared with
women who had adequate hemoglobin concentrations (Table 1). Maternal mental conditions
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were not significantly related to maternal hemoglobin concentration (P=.35); moreover, the
prevalence of mental disorders was lower among mothers who had low hemoglobin
concentrations compared with mothers who had adequate levels of hemoglobin. Although
maternal ethnicity was the only variable to fulfill the confounder criteria, for comparability
with studies that controlled for socioeconomic status and to limit finite sample bias,36 we
also added maternal education to the final Cox regression model.

EFFECTS OF HEMOGLOBIN CONCENTRATION

We first examined hemoglobin concentration modeled as a continuous variable in relation to
SSDs. The mean maternal hemoglobin concentration was significantly higher among the
6815 unaffected offspring (mean [SD], 11.47 [0.97] g/dL) compared with the 57 offspring
diagnosed with SSDs (11.12 [1.09] g/dL) (P=.006; ttest for equality of means). Increasing
concentration of hemoglobin was associated with a lower rate of SSDs (rate ratio [RR],
0.66; 95% confidence interval [CI], 0.51-0.85; P=.001). Adjusting for maternal ethnicity
and education, we observed that for every 1-g/dL increase in mean maternal hemoglobin
level, the rate of SSDs decreased by 27% (adjusted RR, 0.73; 95% CI, 0.55-0.96; P=.02).
The frailty model produced similar estimates (RR, 0.67; 95% ClI, 0.51-0.87; P=.004)
(adjusted RR, 0.75; 95% Cl, 0.56-1.00; P=.049).

Using discrete categories of hemoglobin concentration (Table 2), we observed that as
hemoglobin level decreased, the SSD rate increased. A maternal hemoglobin level of 10 g/
dL or less was associated with a 5-fold increase in the SSD rate (RR, 5.17; 95% ClI, 2.05-
13.04; P<.001); the effect declined slightly following adjustment for maternal ethnicity and
education (adjusted RR, 3.73; 95% CI, 1.41-9.81; P=.008). Moreover, an almost 8-fold
increased rate for SSDs was observed for hemoglobin levels less than 9.0 g/dL, although its
corresponding 95% CI was wide because only 2 offspring with SSDs had mothers with
hemoglobin levels less than 9.0 g/dL (adjusted RR, 7.82; 95% CI, 1.64-37.27; P=.01).
Similar estimates were produced by the frailty model; a hemoglobin level of less than 10 g/
dL was associated with a greater than 5-fold increased rate of SSDs (RR, 5.37; 95% ClI,
1.77-16.34; P=.003) (adjusted RR, 3.59; 95% CI, 1.20-10.78; P=.02). In summary, a
significant dose-dependent effect of maternal hemoglobin concentration on the rate of SSDs
was observed.

MATERNAL ANEMIA

To complement the hemoglobin findings, we examined the effect of clinically diagnosed
maternal anemia during pregnancy on the SSD rate. Of 57 mothers with a clinical diagnosis
of iron deficiency, 3 offspring were diagnosed with SSDs. In contrast, only 1 offspring
among the 252 mothers identified with non-iron-deficient anemia developed SSDs.
Adjusting for maternal ethnicity and education, iron-deficient anemia conferred an almost 5-
fold increased rate of SSDs (adjusted RR, 4.78; 95% ClI, 1.48-15.40; P=.009) compared
with offspring whose mothers were not diagnosed with clinical anemia. No elevated rate of
SSDs was observed for non-iron-deficient anemia (adjusted RR, 0.40; 95% CI, 0.06-2.89;
P=.36).

To investigate the causal process by which maternal hemoglobin levels affected the SSD
rate among offspring, we considered whether prematurity, low birth weight, and small-for-
gestational-age status mediated the association between low maternal hemoglobin level and
SSDs. Offspring whose mothers had low hemoglobin levels had significantly higher rates of
prematurity (£<.001) and marginally higher rates of small-for-gestational-age status, but not
of low birth weight compared with the offspring whose mothers had adequate hemoglobin
levels. When each of these posited mediators was entered individually into the Cox model,
there was no alteration in the hemoglobin coefficient, thereby providing no evidence of
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mediation. We also examined the effect of hypoxia, assessed as described in the “Data
Analysis” subsection of the “Methods” section. We found that although the prevalence of
hypoxia increased as hemoglobin decreased(~=.053), hypoxia was not associated with SSDs
and did not alter the regression coefficient for hemoglobin concentration.

EXPLORATORY ANALYSES

Mean maternal hemoglobin concentration decreased from the first to the second trimester
(Table 3). During the third trimester, the mean hemoglobin concentration of mothers of
offspring without SSDs slightly increased, whereas the mean hemoglobin concentration of
mothers of offspring with SSDs continued to decline. Using trimester-specific hemoglobin
level classified as a continuous variable, we found an inverse association between increasing
concentration of third-trimester hemoglobin and SSDs (adjusted RR, 0.74; 95% ClI, 0.57—
0.95; p=.02). No association was apparent between SSDs and either first-trimester (adjusted
RR, 1.38; 95% Cl, 0.89-2.1; p=.15) or second trimester hemoglobin concentration (0.88;
0.66-1.17; P=.31). When hemoglobin was analyzed as a categorical variable, a 3-fold,
statistically significant increased rate of SSDs with a maternal hemoglobin concentration of
10.0 g/dL or less was observed during the second and third trimester, but we detected no
evidence of a first-trimester effect.

We stratified the data by sex of the offspring to explore the hypothesis that sex might
modify the effect of low hemoglobin level on the rate of SSDs. Among women, 6 of 20
participants with SSDs had mothers with hemoglobin levels of 10.0 g/dL or less. The female
adjusted RR for a hemoglobin level of 10.0 g/dL or less was 6.70 (95% CI, 1.54-29.03; P=.
01). Among men, a weaker effect for maternal hemoglobin level of 10.0 g/dL or less was
observed (adjusted RR, 2.06; 95% Cl, 0.49-8.64; P=.32) reflecting the occurrence of
maternal hemoglobin levels of 10.0 g/dL or less in only 3 of 37 men with SSDs.

COMMENT

Intrauterine exposure to low maternal hemoglobin levels was associated with a nearly 4-fold
statistically significant increased rate of SSDs among offspring. A dose-response effect was
observed; the SSD rate increased as maternal hemoglobin concentration decreased.
Adjusting for potential confounders, including measures of parental socioeconomic status,
did not appreciably alter the magnitude or significance of the hemoglobin effect. The
validity of the finding is enhanced by 4 factors: (1) the offspring were drawn from a
continuously monitored birth cohort; (2) maternal hemoglobin data were prospectively
acquired; (3) a significant association between the clinical diagnoses of maternal iron
deficiency anemia and SSDs was demonstrated, indicating internal consistency; and (4) two
statistical approaches (frailty and Cox model) produced similar results.

This study is the first, to our knowledge, to specifically investigate the association between
maternal hemoglobin levels and SSDs among offspring. A previous publication that
examined many prenatal and obstetric events reported an odds ratio of 1.80 (95% CI, 0.8—
3.8) for maternal anemia (defined as a hemoglobin level of <10.5 g/dL in the second
trimester).3” Our results are compatible with past findings demonstrating that intrauterine
exposure to famine in the Netherlands from 1944 through 1945 and in China from 1959
through 1961 were each associated with an increased risk of schizophrenia among offspring,
although iron would have been only 1 of many nutrients that were deficient.%10

We considered whether genetic loading for schizophrenia in mothers could nullify the
association because women with schizophrenia often have suboptimal health behaviors,
including nutritional intake.38 Conceivably, low hemoglobin levels resulting from poor iron
intake might be a marker for mental illness. Therefore, the increased rate of SSDs among
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offspring might partly result from maternal genetic transmission of susceptibility for the
disorder and not from low hemoglobin levels. Although we found that maternal mental
conditions were marginally associated with SSDs (adjusted RR, 1.84; 95% CI, 0.90-3.74;
P=.09), this effect was independent of low hemoglobin levels, as evidenced by no
appreciable change in the hemoglobin coefficient following adjustment for this variable. We
also explored whether low hemoglobin level was a surrogate for inadequate antenatal care.
The addition of timing of initiation of prenatal care, the number and timing of the visits, and
the number of hemoglobin assessments to the Cox model had no effect on the magnitude or
the statistical significance of the hemoglobin estimate (results available from the
corresponding author). Therefore, we found no evidence that either maternal mental illness
or level of prenatal care confounded the association between low maternal hemoglobin level
and SSDs.

BIOLOGICAL PLAUSIBILITY AND CAUSAL MECHANISMS

Because SSD is an etiologically heterogeneous syndrome, several mechanisms associated
with maternal iron deficiency might be involved in its pathogenesis. We posit 2 main classes
of causal mechanisms. The first class involves the direct effect of iron on brain
development. Iron is necessary for a plethora of metabolic processes involved in the
development of brain structures and functions associated with SSDS.39 Iron is a coenzyme
of dopamine synthesis; its deficiency can alter dopamine receptor density and activity,'®
which has long been implicated in the pathophysiological mechanisms of schizophrenia.
Iron is also an essential cofactor for lipid and cholesterol synthesis, integral to normal brain
development; brains of persons with schizophrenia have profound myelin and
oligodendrocyte abnormalities.1®> Moreover, inadequate energy metabolism can ensue during
times of iron deficiency, especially in rapidly developing brain structures.3? Support for
these mechanisms is provided by preclinical studies, which found that myelin deficits
persisted despite restoration of iron status at weaning#?41 and that perinatal iron deficiency
altered the timing and the expression of critical genes relevant to hippocampal
development.*2 The second class comprises indirect pathways involving pregnancy and
obstetric complications. Iron deficiency, the most common cause of maternal anemia, is a
risk factor for poor pregnancy outcomes,212 including low birth weight, prematurity, and
small-for-gestational-age status. However, our data provided no evidence of mediation by
these 3 adverse outcomes of maternal anemia, thereby not substantiating the indirect
mechanisms. In conclusion, although we cannot disregard the possibility that low maternal
hemoglobin levels may merely be a marker for an independent schizophrenia risk factor, our
results, in conjunction with strong biological plausibility for this exposure in the origins of
neurodevelopmental perturbations, favor the contribution of low maternal hemoglobin level
to the pathogenesis of schizophrenia.

EXPLORATORY ANALYSES

The effect of maternal hemoglobin level on SSDs varied by trimester: second- and third-
trimester exposure to low hemoglobin levels, but not exposure during the first trimester,
were each associated with an increased rate of SSDs. This may reflect physiological
fluctuations of maternal and fetal iron demands throughout pregnancy; iron requirements in
the first trimester are less than those before pregnancy and rapidly increase in the second and
third trimesters to support the expansion of maternal and fetal blood supply and fetal
development. The increased demand for iron as pregnancy advances suggests that the fetus
may be more susceptible to the effects of maternal iron deficiency during later gestation
rather than earlier. Although the Dutch famine study found that the increased schizophrenia
risk from nutritional deficiency was limited to first-trimester exposure,® these pregnant
women experienced protein-calorie malnutrition, micronutrient deficiencies, and the
psychological stress of war and/or famine, unlike the relatively healthy pregnant women in
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the CHDS. The trimester-specific results, however, must be viewed with caution, because
statistical power for the first-trimester analysis was limited by a small sample size of 19
cases of SSDs.

Because sex differences in age of onset, symptom severity, and clinical course have been
well documented in the schizophrenia literature,*3 we explored whether the sex of the
offspring modified the effect of low maternal hemoglobin levels on the rate of SSDs. We
found some modest suggestion of a sex difference, such that a maternal hemoglobin level of
10.0 g/dL or less had a more deleterious effect on female than male offspring. Preclinical
studies of iron deficiency provide support for this finding; brain iron and regional dopamine
deficits persisted in female offspring but not in their male counterparts, despite restoration of
iron status at weaning.%41 Moreover, preclinical and human studies revealed sex
differences in the turnover rates** and gene expression of oligodendrocytes,*44° the
predominant iron-containing cells in the brain, as well as in erythropoietic activity.46 The
role of chance cannot be excluded because the numbers of iron-deficient male and female
offspring diagnosed with SSDs were relatively small.

LIMITATIONS

One limitation of this study is the modest number of offspring diagnosed with SSDs. This
produced relatively broad Cls and limited our ability to comprehensively evaluate the effects
of gestational timing and sex of the offspring on the hemoglobin-SSD association.

We also considered the potential bias introduced by the exclusion of 11.8% of the offspring
whose mothers lacked hemoglobin data. Mothers with missing data were more likely to be
white, to have more prior live births, to have experienced hypoxic complications, and to
have smoked during pregnancy and were less likely to attend college; their offspring were
less likely to have been premature and small for their gestational age. Thus, no clear pattern
emerged, suggesting that the hemoglobin data were missing approximately at random. Most
important, the SSD rate was not correlated with missing hemoglobin data (P=.65) and the
insertion of a missing-value indicator into the Cox regression model did not alter the effect
size and statistical significance for maternal hemoglobin level (adjusted RR, 1.40; 95% ClI,
0.68-2.91; P=.36).

A further limitation concerns the use of maternal hemoglobin levels as a marker for fetal
iron deficiency. Although cord blood would have provided a more direct indicator of iron
deficiency and fetal hypoxia, we did not have cord serum available. However, previous
studies have shown a strong association between maternal and cord serum iron levels at
delivery,4”#8 indicating that supply of this nutrient to the fetus is reduced in mothers with
iron deficiency.*? Moreover, infants born to iron-deficient women were at risk for iron
deficiency during the first year of life, although the infants exhibited normal iron
endowment at birth,50:51

CONCLUSIONS

To our knowledge, this is the first study to report a significant association between low
maternal hemoglobin and SSDs, among offspring. A postulated etiologic role of maternal
iron deficiency is consistent with a large body of research, suggesting that perinatal iron
deficiency has long-lasting neural and behavioral effects. A multitude of genetic and
environmental factors govern brain development, many of which are involved in pathways
that affect the delivery of oxygen and nutrients to the fetus. Maternal iron deficiency,
assessed via maternal hemoglobin concentration, may disrupt these essential path-ways and
other iron-dependent processes involving dopaminergic neurotransmission, myelination, and
energy metabolism. Disturbances of these pathways during critical periods of fetal
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velopment might heighten the susceptibility to schizophrenia in adulthood. Therefore,

further investigation in independent samples is warranted.
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Figure 1.

Case ascertainment in the Prenatal Determinants of Schizophrenia (PDS) study cohort.
DIGS indicates Diagnostic Interview for Genetic Studies; SSDs, schizophrenia spectrum

disorders.
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Maternal Characteristics and Prenatal and Perinatal Factors in Relation to Maternal Hemoglobin levels and

SSDs?

Mean Maternal Hemoglobin level, g/dL

Reference >12.0 Moderate >10.0 but<12.0 Low<10.0
Characteristic (n =1967) (n=4447) (n = 458)
Maternal

Age at delivery, yb

<20 54 (2.7) 248 (5.6) 55 (12.0)

20-29 1146 (58.3) 2501 (58.3) 269 (58.7)

30-39 683 (34.7) 1386 (31.2) 113 (24.7)

>40 84 (4.3) 222 (5.0) 21 (4.6)

Mean (SD) 28.4 (5.9) 27.9(6.2) 26.7 (6.5)
Race/ethnicity®¢

White 1395 (70.9) 2316 (52.1) 105 (55.5)

Black 300 (15.3) 1435 (32.3) 296 (29.6)

Other 272 (13.8) 696 (15.7) 57 (14.9)
Education &

Did not finish high school 268 (13.6) 798 (17.9)  138(30.1)

High school graduate 768 (39.0) 1689 (38.0) 174 (38.0)

Some college 482 (24.5) 1196 (26.9) 111 (24.2)

College graduate/registered nurse 449 (22.8) 764 (17.2) 35 (7.6)
No. of prior live hirths?

0 512 (31.1) 1353(30.4) 101 (30.1)

1 540 (27.5) 1166 (26.2) 116 (26.5)

2 381 (19.4) 857 (19.3) 77 (19.1)

>3 434 (22.1) 1071 (24.1) 164 (24.3)
Prepregnancy BM12.6.d

<30 1366 (95.9) 3791 (96.2) 413 (93.2)

230 59 (4.1) 150 (3.8) 30 (7.6)
Current smoker®

No 1276 (64.9) 3023 (68.0) 285 (62.2)

Yes 691 (35.1) 1424 (32.0) 173 (37.8)
Chronic hypoxiab’

No 843 (42.9) 2176 (48.9) 239 (52.2)

Yes 1124 (57.1) 2271 (51.1) 219 (47.8)
No. of prenatal visits, mean (SD) 10.31 (2.90) 10.06 (3.05) 8.16 (3.36)
No. of hemoglobin assays, mean (SD) 2.46 (0.72) 2,57 (0.75)  2.53(1.11)
Mental conditions9d

No 1775 (90.2) 4041 (90.9) 423 (92.4)

Yes 192 (9.8) 406 (9.1) 35 (7.6)
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Mean Maternal Hemoglobin level, g/dL

Reference >12.0 Moderate >10.0 but <120  Low <10.0

Characteristic (n=1967) (n =4447) (n = 458)
Infant
Sexbi¢
Male 1073 (54.6) 2212 (49.7) 224 (48.9)
Female 894 (45.4) 2235(50.3) 234 (51.1)
Small for gestational age
No 1770 (90.0) 3990 (89.7) 395 (86.2)
Yes 197 (10.0) 457 (10.3) 63 (13.8)

Low birth weight, <25009

No 1864 (94.8) 4202 (94.5) 428 (93.4)
Yes 103 (5.2) 245 (5.5) 30 (6.7)
Birth weight, mean (SD), oz 117.1 (17.4) 117.0(18.2) 114.8(19.0)

Premature (<37 wk)€

No 1846 (93.8) 4124(92.7) 394 (86.0)
Yes 121 (6.2) 323(7.3) 64 (14.0)
Gestational age, mean (SD),& 280.0 (13.3) 2787 (14.2) 275.6 (17.7)

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); SSDs, schizophrenia spectrum
disorders.

Sl conversion factor: To convert hemoglobin to grams per liters multiply by 10.00
a . Lo
Data are presented as number (percentage) of participants unless otherwise indicated.
b .
P<.001 for maternal hemoglobin level.
c
P< .05 for SSDs.
d . .
Maternal BMI data were not available for the entire sample.
e :
P < .05 for maternal hemoglobin level.
Chronic hypoxia included preeclampsia or gestational hypertension, hypotension, or diabetes mellitus.

gMaternaI psychosis, anxiety reactions, and drug and alcohol addiction data were obtained from prenatal medical record reviews.
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