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Iron treatment normalizes cognitive functioning in young women'~

Laura E Murray-Kolb and John L Beard

ABSTRACT

Background: Evidence suggests that brain iron deficiency at any
time in life may disrupt metabolic processes and subsequently
change cognitive and behavioral functioning. Women of reproduc-
tive age are among those most vulnerable to iron deficiency and may
be at high risk for cognitive alterations due to iron deficiency.
Objective: We aimed to examine the relation between iron status
and cognitive abilities in young women.

Design: A blinded, placebo-controlled, stratified intervention study
was conducted in women aged 18-35 y of varied iron status who
were randomly assigned to receive iron supplements or a placebo.
Cognition was assessed by using 8 cognitive performance tasks
(from Detterman’s Cognitive Abilities Test) at baseline (n = 149)
and after 16 wk of treatment (n = 113).

Results: At baseline, the iron-sufficient women (n = 42) performed
better on cognitive tasks (P = 0.011) and completed them faster
(P = 0.038) than did the women with iron deficiency anemia
(n = 34). Factors representing performance accuracy and the time
needed to complete the tasks by the iron-deficient but nonanemic
women (n = 73) were intermediate between the 2 extremes of iron
status. After treatment, a significant improvement in serum ferritin
was associated with a 5-7-fold improvement in cognitive perfor-
mance, whereas a significant improvement in hemoglobin was re-
lated to improved speed in completing the cognitive tasks.
Conclusions: Iron status is a significant factor in cognitive perfor-
mance in women of reproductive age. Severity of anemia primarily
affects processing speed, and severity of iron deficiency affects
accuracy of cognitive function over a broad range of tasks. Thus, the
effects of iron deficiency on cognition are not limited to the devel-
oping brain. Am J Clin Nutr 2007;85:778-87.
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INTRODUCTION

Despite advances in the reduction of a number of nutrient
deficiencies worldwide, iron deficiency (ID) remains the most
prevalent single nutrient deficiency, and it affects those in both
developing and developed countries. The World Health Organi-
zation (WHO) estimates that, worldwide, 2 billion people are
anemic and twice as many are iron deficient (1). Because of their
greater physiologic requirements, combined with increased
losses and poor dietary intake, those at highest risk of developing
ID and iron deficiency anemia (IDA) are infants, children, and
women of reproductive age.

4

Nonhematologic manifestations of ID include reduced phys-
ical endurance, an impaired immune response, difficulty in reg-
ulating temperature, changes in energy metabolism, decreased
cognitive performance, and behavioral disturbances (2—4). Over
the past 30 y, a large effort has focused on understanding the
relation between ID and development or behavior in infants and
young children (4-8). As a result, we have strong evidence that
IDA is associated with poorer performance on developmental
ratings in infants and with lower scores on cognitive function
tests and educational achievement tests in children. In adoles-
cents, ID has been shown to impair cognitive abilities even in the
absence of overt anemia (9).

Whereas data on the relation between iron status and cognition
is mounting in both infants and children, a gap exists in our
understanding of this same relation in adults. The large number
of studies conducted in infants has led many to assume that ID
disrupts brain functioning only during development (10). How-
ever, new evidence from animal models and in humans with
restless leg syndrome (RLS) suggests that brain ID at any time in
life is likely to disrupt metabolic processes and to be followed by
changes in cognitive and behavioral functioning (4).

Reports have been published of cognitive improvement in
adult renal dialysis patients who are receiving both erythropoi-
etin and iron supplementation as part of treatment protocols
(11-13), as well as in elderly whose iron nutritional status has
improved (14). Recently, we reported a relation between iron
status and cognitive abilities in poor South African mothers dur-
ing the first postpartum year (15). Whereas these studies all point
to a relation between iron status and cognition, the numerous
confounding variables in each of them make the findings difficult
to assess. Therefore, we undertook a more thorough investigation
of the relation between iron status and cognition in women of
reproductive age by conducting a blinded, placebo-controlled,
intervention study. The overall aim of the study was to examine
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the effects of ID and IDA on cognitive and emotional perfor-
mance in young women. Here we report the results of the cog-
nitive tasks. The primary outcomes of the study were the relation
between iron status and cognition and that between changes in
iron status and changes in cognition. We also wanted to examine
whether different facets of cognition were differentially affected
by iron status or a change in iron status. Given estimates that up
to 50% of women in the world are iron deficient, a documented
relation between iron status and cognitive abilities could provide
a basis for interventions that would be relevant to the psycho-
logical functioning of a significant proportion of the world’s
population.

SUBJECTS AND METHODS

Subjects

This study was conducted on the University Park campus of
The Pennsylvania State University in State College, PA between
the fall of 1999 and the fall of 2002. Women aged 18-35 y were
recruited via flyers as well as advertisements in the local news-
paper. Interested women reported to the General Clinical Re-
search Center (GCRC) for screening, which consisted of a ve-
nous blood draw and the completion of a health history
questionnaire. The criteria for participation in the study included
the following: female between 18 and 35 y of age, free from any
chronic illness or serious health problems and where English is
the primary language spoken in the home.

Written informed consent was obtained from each subject. All
procedures used in this study were reviewed and approved by the
Institutional Review Board at The Pennsylvania State University
and were in accordance with the Helsinki Declaration of 1975 as
revised in 1983.

Methods

The blood samples were used for the measurement of a com-
plete blood count (including hemoglobin and hematocrit), serum
ferritin (sFt) (Diagnostic Products Corporation, Los Angeles,
CA), serum transferrin receptor (sTfR) (Ramco, Houston, TX),
and plasma iron and total iron—binding capacity (TIBC) by stan-
dard methods (16). Transferrin saturation was then calculated as
plasma iron/TIBC X 100, and body iron was calculated by using
Cook’s new algorithm (17). C-reactive protein was also mea-
sured with a qualitative kit (Wampole Laboratories, Princeton,
NJ) to assess the presence of inflammation,

Women were classified as iron sufficient (control group; CN),
nonanemic but with iron deficiency (ID group), or with iron
deficiency anemia (IDA group). IDA was defined as a hemoglo-
bin concentration between 105 and 119 g/L. and =2 abnormal
iron status values. ID was defined as above, except that hemo-
globin concentrations had to be =120 g/L.. Women with hemo-
globin < 105 g/L were excluded from the study and referred to
a physician for treatment. Once the women were stratified into
the 3 iron status groups, they were randomly assigned (stratified
randomization performed by using random permuted blocks) to
receive either a slow-release iron supplement (160 mg ferrous
sulfate containing 60 mg elemental iron) or a placebo. Only one
of the researchers knew the allocation of the subjects, and the
researchers responsible for testing the women were unaware of
treatment allocation. The researcher who knew the treatment

allocation was responsible for preparing the bottles of supple-
ments (o be given to the subjects. The bottles were labeled only
with the subject’s identification number and with the instruction
to “take 1/d for the next 16 wk” (the women were also told to keep
the pills away from children). A 4-mo intervention was chosen
for 2 reasons. First, we wanted to ensure that the women given
iron supplements would be truly iron replete at the end of the
study. Second, evidence exists in animals that liver iron concen-
trations are replenished at a faster rate than are brain iron con-
centrations (18). Therefore, whereas studies have reported in-
creases in hemoglobin and hematocrit concentrations after
subjects have consumed iron supplements for 8—-12 wk, we
wanted to allow more time for brain iron concentrations to be
replenished; thus, we chose a period of 16 wk. Our allocation of
subjects to consume either iron or placebo resulted in 6 treatment
groups: CN group taking placebo (CNPL), CN group taking iron
(CNFe), 1D group taking placebo (IDPL), ID group taking iron
(IDFe), IDA group taking placebo (IDAPL), and IDA group
women taking iron (IDAFe). The subjects were asked to refrain
from taking any vitamin or mineral supplements during the trial.

Cognitive and emotional testing was conducted both at base-
line and after 16 wk of treatment. Each woman first completed a
questionnaire that obtained information about university grade-
point average, level of physical activity, demographic variables
[socioeconomic status (SES) was determined from the mother’s
and father’s occupations and education level with the use of the
Hollingshead 2 factor index; 19], oral contraceptive use, and
menstrual cycle information. The subjects then completed the
Shipley Institute of Living Scale (20), a self-administered test
consisting of 2 subtests: a vocabulary subtest and an abstraction
subtest. Scores from this scale were used to estimate intelligence
quotient (IQ) for each woman through the use of a continuously
adjusted age norms method (21).

Next, each woman completed 8 self-administered and auto-
mated computerized tasks of basic cognition using the Cognitive
Abilities Test (CAT; 22). One of the advantages of the CAT is
that it has been subject to the same psychometric rigors com-
monly used to develop intelligence tests. High reliabilities have
been found for each of the tasks present in the CAT (23). These
tasks were developed to measure the “modal model” of informa-
tion processing that offers the opportunity to test specific aspects
of cognition. This model is composed of 3 memory stores (very-
short-term memory, short-term memory, and long-term mem-
ory), which are served by a stimulus encoding mechanism for
input, a retrieval mechanism for output, and an output mecha-
nism that executes responses. It also contains an executive func-
tioning mechanism that oversees movement of information
through the system.

Instructions appeared before each test and consisted of 3
parts—written instructions, clarification by the tester, and prac-
tice trials. The tests measure 3 domains—attention, memory, and
learning—and correspond to levels of complexity as follows:
attention: tachistoscopic threshold, reaction time, and stimulus
discrimination; memory: probe recall, Sternberg memory search,
and recognition memory; learning: and learning and progressive
matrices.

The reaction time task includes both simple and choice reac-
tion times in which several measures of speed and accuracy are
obtained. The stimulus discrimination task is a modified match-
to-sample test that yields measures of stimulus encoding and
search processes. To establish a threshold, the tachistoscopic

8002 ‘Z1 1snbny uo Aq 610’ usfe mmm woly papeojumo(



The American Journal of Clinical Nutrition

&

780 MURRAY-KOLB AND BEARD

threshold task measures the minimum amount of time needed for a
subject to decide whether 2 stimuli are the same or different. These
3 measures of attention probe very-short-term memory as well as
encoding and output mechanisms of information processing.

The probe recall task yields measures of memory, accuracy,
and speed. The recognition memory task is a forced-choice rec-
ognition test used to measure memory, speed, and accuracy. The
Sternberg memory search task is used to measure the amount of
time it takes to search easy stimulus sets of various sizes. This test
yields measures of memory, speed, and accuracy for 4 different
set sizes. These 3 measures of memory probe short-term memory
and the retrieval and executive functioning mechanisms of in-
formation processing.

The learning task requires subjects to encode increasingly
larger sets of stimuli to measure learning rate, whereas the pro-
gressive matrices task is modeled after the progressive matrices
type of intelligence tests and is the most complex of the tasks.
These 2 measures of learning probe long-term memory and an-
alytic reasoning.

After baseline testing, each subject was given either a placebo
or a slow-release iron supplement (160 mg ferrous sulfate con-
taining 60 mg elemental iron) and instructed to take 1 dose/d for
the next 4 mo. After 16 wk, the women returned for a venous
blood draw and repeated cognitive testing. Those women who
were found to be anemic at the end of the study were provided with
30 days’ worth of supplements and referred to their physician.

Statistical analysis

All data were analyzed with SAS for WINDOWS software
(version 8e; SAS Institute, Cary, NC). Log transformation of
ferritin as well as transferrin receptor variables was required for
normalization. Factor analysis (principal axis with varimax ro-
tation) was carried out for the cognitive and hematologic vari-
ables to reduce the number of variables and the probability of a
type 1 error. The factors were then used for the analyses. Test
scores were standardized by calculating z scores to facilitate the
comparison of scores across the domains. Therefore, the
scores have an SD of 1. Differences between groups (CN, ID,
and IDA) at baseline were examined by using analysis of
covariance (ANCOVA) with IQ as a covariate and Tukey’s
test as the post hoc test.

To examine change in the cognitive variables over time,
repeated-measures analyses were employed after adjustment for
1Q and baseline value on any particular task. Analyses were run
with women classified as ferritin responders or nonresponders
and hemoglobin responders or nonresponders. This step was
taken because the current study was designed to determine the
relation between changes in iron status and changes in cognition.
Therefore, in keeping with our longitudinal hypothesis, which
stated that an intervention that normalized the iron status of the
young women would normalize their cognitive scores, data will
be presented as comparing responders and nonresponders with
respect to iron treatment, regardless of original group assign-
ment. If we were to ignore our hypothesis and simply keep the
group assignment as originally determined at baseline, a large
potential would exist for erroneous conclusions because of the
inclusion of women with no change in iron status in a group in
which change may have been expected (or vice versa). Classi-
fying the women as responder and nonresponders was done on an
individual basis after determining whether the woman experi-
enced a change in ferritin or hemoglobin greater or less than the

known biological day-to-day variation (24) for each of these iron
status variables. The analyses were then run by using repeated-
measures ANCOVA with Tukey’s test as the post hoc test.

RESULTS

The progress through the phases of this trial, which was carried
out over a 3-y period, can be found in Figure 1. Of the 398
women who were screened, 152 were deemed eligible, stratified
according to iron status, and randomly assigned (o treatment. At
follow-up, 113 women returned to complete the study. There
were no differences between the groups at baseline with respect
to mean age (21 * 3 y), ethnic distribution, SES, birth control
use, reported physical activity level, oral contraceptive use,
GPA, or menstrual cycle characteristics (data not shown). Fur-
ther exploration found no significant relation between these vari-
ables and iron status or cognition. Within each group, no signif-
icant hematologic differences were found between the women
randomly assigned to placebo and those randomly assigned to
iron at baseline.

Hematologic measurements are given in Table 1. As per the
design of the study, at baseline, the iron status of the groups was
significantly different. None of the women was found to have any
indication of inflammation, as evidenced by negative results on
the CRP test. At endpoint, those groups receiving iron had sig-
nificantly improved their iron status. Significant increases oc-
curred in the IDFe and IDAFe groups for ferritin (P < 0.001 and
P < 0.01, respectively) and body iron (P < 0.0001 and P < 0.01,
respectively). The IDAFe group also experienced a significant
increase in hemoglobin (P < 0.0001), hematocrit (P < 0.001),
and transferrin saturation (P = 0.018) and a nonsignificant de-
crease in transferrin receptor (TfR) concentrations. Groups con-
suming the placebo also experienced some hematologic changes
over time. The CNPL group had a significant decrease in trans-
ferrin saturation (TSAT) (P = 0.010). However, for the IDPL and
IDAPL groups, there was a regression to the mean with respect
to ferritin (IDPL) and to hemoglobin and hematocrit concentra-
tions IDAPL), which rendered these groups no different at end-
point from their iron-receiving counterparts with respect to these
variables. Of the women with the lowest hemoglobin values at
baseline (<110 g/L), 67% experienced an increase in hemoglo-
bin > 10 g/L, whereas only 10% of the women whose hemoglo-
bin values were >120 g/L at baseline did so (Figure 2).

The factor analysis carried out on the hematologic variables
found 4 factors, which we termed storage, transport, preanemia,
and anemia (Table 2). Factor analysis of the cognitive variables
within each cognitive domain (ie, attention, memory, and learn-
ing) found 2 factors for each domain tested. The factors were
termed performance factor and time factor (Table 3). Factor
analysis of all cognitive variables together found 2 overall fac-
tors, which were termed performance and time (Table 3). Data
are represented by each of these factors (performance and time)
as well as by a composite score that consists of the performance
factor minus the time factor.

Cross-sectional baseline comparisons

Results of the overall scores (all cognitive domains considered
together) are shown in Figure 3. The composite score shows that
women in the CN group scored the highest, whereas women in
the IDA group scored the lowest. Women in the ID group scored
between women in the CN and IDA groups. Differences were
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FIGURE 1. Profile for classification into iron status groups and randomization into iron versus placebo. CN, control group; ID, group with iron deficiency;
IDA, group with iron deficiency anemia; CNPL, control group given placebo; CNFe, control group given iron; IDPL, ID group given placebo; IDFe, ID group

given iron; IDAPL, IDA group given placebo; IDAFe, IDA group given iron.

found to be significant between the CN and IDA groups and
between the ID and IDA groups (P = 0.001 for both). Scores on
the performance factor followed this same pattern
(CN>ID>IDA), and the differences were significant between
the CN and IDA groups (P = 0.011) and between the ID and IDA
groups (P = 0.007). The pattern for the score on the time factor
was exactly the opposite (IDA>ID>CN), and the differences
between the CN and IDA groups (P = 0.038) and the ID and IDA
groups (P = 0.036) were significant. These scores indicate that
notonly was the CN group able to perform better on the cognitive
tasks, but those women also were able to do so in a shorter amount
of time.

Categorizing the women into the CN, ID, and IDA groups uses
data thatis continuous (iron status data) and places it into discrete
categories (through the use of accepted cutoffs), thereby dimin-
ishing the power of the continuous data. To utilize the full power
of our measures, data were sorted according to each hematologic
factor (ie, storage, transport, preanemia, and anemia) and then
divided into quintiles. ANCOVAs were then run on the data with
the intention of specifically examining the extremes of the dis-
tribution. Analyses comparing the upper and lower quintiles for
the storage factor found significantly better performance by
those in the upper quintile (0.12 compared with —0.31; P =
0.030) but no difference in the time necessary to complete the

tasks. The opposite was found when comparing the upper and
lower quintiles for the anemia factor. That is, women in the
highest quintile required significantly less time to complete the
tasks than did those in the lower quintiles (—0.11 and 0.18,
respectively; P = 0.020), but performance levels did not differ
significantly between the quintiles.

To obtain a better understanding of exactly where the cogni-
tive deficits lie, we then analyzed the cognitive tasks by cognitive
domain (ie, attention, memory, and learning). Results from these
analyses are shown in Figure 4. With respect to the attention
domain (Figure 4A), the composite score did not differ between
the CN and ID groups but was significantly lower in the IDA
group than in the CN group (P = 0.008) or the ID group (P =
0.003). Performance in the attention domain did not differ be-
tween the CN and ID women but was significantly better than
that of the IDA women (P = 0.047 and 0.008, respectively).
However, women in the CN group completed the tasks quicker
than did women in either the ID or IDA groups. Whereas these
differences did not reach statistical significance, the differ-
ence between the CN and IDA groups trended toward signif-
icance (P = 0.064).

Composite scores on the memory domain (Figure 4B) show
the CN and ID groups scoring equally well and significantly
better than the IDA group (P < 0.001 for both). The performance
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