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Abstract

Background: Many studies have addressed the relationship between iron deficiency anemia (IDA) and cognitive
impairment, but none have evaluated the role of non-iron deficiency anemia (NIDA). One of the main causes of NIDA in
developing countries is AI, largely due to infectious diseases, whereby iron is shunted away from bio-available forms to
storage forms, making it less accessible for use by host tissues. The objective of this study was to determine the effect of
NIDA, due largely to AI in this context, on cognitive function after adjustment for potential confounders.

Methodology: This cross-sectional study was conducted in Leyte, The Philippines among 322 children ages 7–18 years.
Blood samples were collected and analyzed at the time of cognition testing. Three stool samples were collected and
evaluated by the Kato Katz method for quantitative assessment for Schistosoma japonicum and geo-helminth infection.
Socio-economic status (SES) was evaluated by survey. Linear regression models were used to quantify the adjusted
relationship between performance in different cognitive domains and both IDA and NIDA.

Principal Findings: After adjusting for age, sex, SES and nutritional status, children in the NIDA had lower scores on the PNIT
(P = ,0.05) and the WRAML memory domain (P,0.05) compared to children in the non-anemic group. Children in the IDA had
lower performance on the PNIT compared to the non-anemic group after controlling for potential confounders (P,0.05).

Conclusions: NIDA, predominantly due to AI in this context, was related to lower performance on two tests of cognitive
function. This is likely due to decreased delivery of iron to host tissues in this context, including the CNS.
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Introduction

Anemia of inflammation (AI), is the second most prevalent type

of anemia following iron deficiency anemia (IDA) [1,2]. The most

common conditions associated with AI include bacterial, viral, and

parasitic infections, cancers, and autoimmune diseases [1]. AI

leads to alterations in iron metabolism likely mediated by elevated

levels of specific cytokines in response to the aforementioned

disease processes. Hepcidin, an acute phase protein induced by

interleukin-6, has been proposed as the link between inflammatory

disorders and AI [3,4]. Its actions include both blocking

absorption of iron from the gut and its release from reticuloen-

dotheial macrophages. In previous work in this study population

we have identified AI as the predominant cause of S. japonicum-

related anemia [5,6].

Children and adolescents with IDA perform less well on specific

cognitive tests than those without IDA [7]. Further, treatment of

IDA has been demonstrated to improve cognitive performance

among children and adults [8,9,10]. The cognitive deficits seem to

be mediated by low iron levels as opposed to anemia itself. For

example, a randomized controlled trial conducted among non-

anemic iron deficient adolescent females demonstrated improved

verbal learning and memory with iron supplementation [11],

suggesting cognitive deficits are most related to decreased delivery

of iron to the central nervous system (CNS).

In the context of AI, the serum concentration of iron and the

iron saturation of transferrin are also decreased leading to

decreased iron delivery to host tissues that necessitate it [1]. One

well known consequence is iron deficient erythropoiesis, whereby

anemia results despite normal total body supplies of iron, as iron is

shunted away from bio-available forms, into storage forms. We

hypothesized that AI might be associated with decreased cognitive

function in domains sensitive to CNS iron status, due to decreased

bio-availability of iron. Iron is required for many essential brain
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functions including myelination and synthesis of the neurotrans-

mitters serotonin and dopamine [7]. It is also possible, as

demonstrated in recent studies, that pro-inflammatory cytokines

made in the context of parasitic diseases, which cause AI, might

have direct effects on cognitive processing [12]. No studies have

assessed the relationship between AI, pro-inflammatory cytokines

elaborated in this context, and cognitive function in children.

The main objective of this study was to assess the relationship

between NIDA, largely due to AI in our population, and cognitive

function after adjustment for potential confounding factors. The

secondary objectives were to 1) assess the relationship between

IDA and cognitive domains not previously studied, with more

careful control for confounders and 2) explore mechanisms

through which helminth infections could mediate cognitive

impairment through established relationships with both AI [5,6]

and pro-inflammatory cytokines [13,14,15]. We hypothesized that

anemia of inflammation would lead to lower cognitive perfor-

mance in domains sensitive to brain iron content and that this

would be more important than serum levels of pro-inflammatory

cytokines, which have been demonstrated to lead to impaired

cognitive performance.

Methods

Study population
This study was conducted in Macanip, a rural rice farming

village in Leyte, The Philippines, where S. japonicum and geo-

helminth infections are prevalent. There is no malaria in this study

area. Three to six months before the start of the study, a census

was completed for the entire village. Study staff went door to door

accompanied by a resident of the village, mapping each household

with global positing satellite devices. The census enumerated

number of individuals in the household, their gender, and dates of

birth. At that time, all individuals in the household ages 8–30 were

asked to provide informed consent for the stool screening

procedures for a study investigating immune correlates of re-

infection. The latter, longitudinal study only enrolled infected

subjects. For this cross-sectional study, we used the initial census

data to a) identify infected subjects ages 7–18 who were eligible for

the longitudinal study and b) identify uninfected subjects ages 7–18

who were only eligible for this cross-sectional study. Exclusion

criteria included pregnancy or lactation or the presence of a

serious chronic disease determined by history, physical examina-

tion, or laboratory findings. An attempt was made to recruit all age

eligible subjects (N = 394), however, 14 could not be re-located or

scheduled for assessments, leaving 380 enrolled subjects. A

separate consent process was used for the activities related to this

study, which included the cognition testing for all subjects and a

single blood test for the uninfected subjects, who otherwise would

not have had this blood sample taken as part of their participation

in the longitudinal study. Cognition testing occurred between 9/

7/2002–10/8/2002 for all subjects. Treatment for infected

subjects as well as the blood sample and all other assessments

were taken between 10/28/02–11/6/02.

For all study activities, written informed consent was obtained

from the parents of all study subjects and assent was provided by

all children over the age of 8 who could understand the assent

form and process. The study was approved by the Brown

University and Philippines Research Institute of Tropical

Medicine Institutional Review Boards.

Cognitive tests
The choice of cognitive tests employed was based on 1) known

relationships between iron status and both memory (WRAML

verbal memory and verbal fluency) and concept recognition

(PNIT) domains [16,17] and 2) known relationships between

helminth infections and cognitive domains (verbal fluency and

WRAML Learning) [18,19].

The cognitive tests were translated and adapted for use in The

Philippines. They were pilot tested among Filipino children

(N = 51) from other villages near the study area. Reliability testing

for each cognitive test included joint inter-rater and test-retest

reliability with a six-week interval between tests. Cronbach’s alpha

coefficient was used to assess to the degree of internal consistency

among the three subscales that constitute each of the learning and

memory domains of the Wide Range Assessment of Memory and

Learning (WRAML).

Wide range assessment of memory and learning. The

WRAML was chosen so that we could address the effects of

anemia on learning processes, about which little is known in

developing countries. The WRAML was developed in the United

States (US) and was age standardized to a nationally representative

sample of more than 2,300 children 5–17 years old [20]. Specific

subtests of the WRAML have been validated against school

performance and have been shown to be significantly related to

academic achievement in particular subject areas. We used two of

the three cognitive indices, verbal memory and learning, as the

third index was too difficult to adapt. Age-standardized scores

were created for both the verbal memory and learning indices.

Verbal fluency. The verbal fluency test has previously been

described as an acceptable task across a wide range of cultures

[21]. A child is asked to name as many items in a given category in

60 seconds after a practice category is given. Verbal fluency is

considered a good indicator of the central executive component of

working memory [19,21].

Philippines non-verbal intelligence test (PNIT). This test

was developed in The Philippines by American and Filipino

psychologists [17]. The PNIT measures concept recognition and

abstract thinking. It involves 100 cards that each depict five items,

one of which does not fit the concept portrayed. The test had found

excellent reliability characteristics among rural Filipino children

(rho = 0.71–0.95) [17]. In addition, the validity of this test was also

Author Summary

Past studies have demonstrated that iron deficiency
anemia is related to deficits in cognitive fucntioning in
children, and treating iron deficiency anemia with iron
supplementation can improve cognition. Anemia of
inflammation is another type of anemia caused by many
diseases of lesser-developed countries including bacterial
and parasitic infections. Anemia of inflammation is
characterized by disordered iron metabolism, such that
iron is sequestered in storage forms, preventing its use
from tissues that require it. We hypothesized that
decreased iron delivery to the brain in the context of
anemia of inflammation might lead to decreased cognitive
performance. This study found that children with anemia
of inflammation had decreased cognitive performance in
specific domains, compared to subjects with no anemia.
True total body iron deficiency anemia was related to
lower performance in the same domains. The only
treatment option for anemia of inflammation is treatment
of the underlying disease. Iron supplementation will not
prevent cognitive deficits in children with anemia of
inflammation. Interventions aimed towards maximizing
the cognitive development of children in lesser-developed
countries will need to focus on the prevention and
treatment of bacterial and parasitic infections.
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compared with the grades that children had received in related

school classes and was found to have validity coefficients very similar

to those found with cognitive tests among American children.

Blood collection, processing, and analysis
A complete blood count was obtained using a hematology

analyzer (Serono Baker Diagnostics) on venous blood samples.

Serum ferritin (SF), serum transferrin receptor (sTfR), C-reactive

protein (CRP), and serum cytokines (interleukin-6 (IL-6), interfer-

on gamma (IFN-c), tumor necrosis factor alpha (TNF-a) were

analyzed using a multiplex bead-based platform (BioRad Hercu-

les, CA) as described previously [14]. SF is a measure of stored

iron. sTfR is a circulating form of the transferrin protein receptor,

derived mostly from red blood cell precursors. sTfR is increased

when red blood cells are iron deficient, as the receptor is

upregulated to increase iron uptake, and with expanded red blood

cell in under various clinical settings [22].

Stool examination
Parasite egg counts were determined by examination of

consecutive stool specimens obtained from each study participant

on separate days. We requested three stool specimens from each

subject, but individuals were eligible if they provided one or two

specimens. All subjects provided at least one sample and 82.8%

and 64.8% provided two or three samples, respectively. Each stool

specimen was evaluated in duplicate for S. japonicum, Ascaris

lumbricoides, Trichuris trichiura, and hookworm eggs by the Kato

Katz method within 24 hours of collection. The mean eggs per

gram of stool was used as the quantitative measure of infection

status for each worm based on the average egg count for each

duplicate specimen. Then, the mean egg count was taken across

the stool samples (1–3), including samples with zero epg. World

Health Organization criteria were used to classify each infection as

uninfected or low, moderate, or high intensity [23].

Mediating/confounding covariates
Socioeconomic status. SES was based on data from a 47 item

questionnaire addressing parental and child educational status,

occupation, sanitation, home and land ownership, and assets. The

child’s education status addressed whether the child was currently

enrolled in school and whether or not the child ever missed a year of

school. Highest grade completed by both parents and the head of

household was ascertained. Questions related to household

economic status included a measure of crowding, materials from

which the home was constructed, and assets. Three categories of

occupation were created that captured farming, unskilled, and skilled

labor. The questionnaire had good internal consistency (Cronbach’s

alpha of 0.82). A composite SES score using all questionnaire items

was determined using principal components analysis to

appropriately weight items [24]. It was not possible to calculate a

summary SES score for 49 subjects due to missing data. For these

subjects, SES scores were imputed from scores of another person in

the same household or from the overall mean score of persons of the

same age and sex if a household value was not available.

Nutritional status. Subjects were weighed to the nearest

0.1 kg on a Seca Model 880 Digital scale (Hanover, MD), and

height was measured to the nearest 0.1 cm by use of a portable

anthropometer [25]. These measurements were used to determine

the height-for-age z-score (HAZ), body mass index (BMI) [wt/ht2]

and BMI z-score (BMIZ). Center for Disease Control reference

curves were used to calculate these z-scores by use of EpiInfo

software (version 2000, Atlanta, Georgia).

Pubertal developmental stage. Tanner staging of pubertal

development was performed by two trained physicians according

to standard criteria [26]. Tanner staging provides an estimate of

an individual’s current pubertal developmental status. Tanner

stage I denotes pre-pubertal status and Tanner stage V denotes

completion of pubertal development.

Definitions
Anemia was defined on the basis of age- and sex-specific

hemoglobin cut-off values recommended by the WHO: hemoglo-

bin ,11.5 g/dL for children aged ,12 years, hemoglobin

,12.0 g/dL for males aged 12–14 years and females $12 years,

and hemoglobin ,13.0 g/dL for males aged $15 years [27]. Iron

deficiency anemia (IDA) was defined as the presence of anemia

and serum ferritin (SF) ,12 ng/ml in children younger than 15

years and females of all ages, and SF,18 ng/ml in males age 15

years and older. Non-iron deficiency anemia (NIDA) was defined

as the presence of anemia and SF$12 ng/ml in children younger

than 15 years and females of all ages and SF$18 ng/ml in males

age 15 years and older. SF best demonstrates reticuloendothelial

iron status [2]. A limitation of using SF to determine iron status is

its ‘‘false’’ elevation in the context of acute inflammation [28]. For

this reason, we used an alternative SF cutoff of 30 ng/ml to define

iron deficiency in individuals with concurrent inflammation (CRP

level of .8.2 mg/ml) [27]. This definition is conservative in that

individuals with ongoing inflammation and iron deficiency are less

likely to be misclassified as iron-replete.

In addition, we sought to rule out other causes of NIDA. To this

end, we evaluated mean corpuscular volume (MCV) with a cut-off

of 100 fL to define macrocytosis. We defined the presence of

hyperbilirubinemia, a marker for hemolysis, as indirect bilirubin

.1 mg/dL. Splenomegaly was defined as spleen size .2 standard

deviations (SD) above the reference mean of a healthy Chinese

population [29].

Statistical analyses
Separate linear regression models were made for each cognitive

test to quantify the relationship between performance on cognitive

tests and both NIDA and IDA. Children with no anemia were the

reference group for all analyses. Analyses were done in SAS

software version 9.0 (SAS Institute, Cary, NC). Variables were

evaluated as confounders of the relationship between anemia type

and cognitive ability if they were independently associated with

both anemia and cognitive performance in bivariate analyses.

Potential confounders included sex, age, SES, and nutritional

status. In our previous work, we found that specific helminth

infections were related to cognitive deficits [18], and to AI [5,6]

therefore, the presence of these infections were added to final

models for two reasons: 1) to assess whether helminth infection

status confounded the relationship between cognition and anemia

type such that the true independent predictor was helminth

infection and 2) to assess the mechanistic role of AI in mediating

the relationship between helminth infections and cognitive

impairment. We evaluated whether the beta coefficient for the

anemia status covariate changed by more than 10%, suggesting

either confounding or inclusion of two variables in a causal

pathway. Finally, given pro-inflammatory cytokines are related to

both specific deficits in cognitive functioning and NIDA, we

evaluated the direct effect of TNF-a, IFN-c and IL-6 on cognitive

outcomes [12,30,31], without anemia status in the model.

A significant proportion of the variance of our outcome

measures was attributable to clustering within household.

Therefore, multi-level statistical analyses were used to adjust for

clustering at the household level. Specifically, multivariate random

intercept models were implemented using Proc Mixed(with

household as random effect and a compound symmetry correla-
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tion matrix. Least square (LS) mean values represent the mean

adjusted for confounders in multivariable models.

Results

Of the 380 children enrolled in the study, 44 did not complete

cognition testing and 14 subjects had incomplete data with respect

to anemia status, leaving an effective study sample of 322 children.

Table 1 presents the results of the reliability characteristics for

the four cognitive tests. Inter-rater reliability (IRR) tests conducted

among 51 subjects ages 8–16 demonstrated good consistency

between raters of children’s test scores (IRR$0.98 for all tests).

The test-retest analyses among 36 subjects showed good to

excellent reliability (0.61–0.89). The degree of consistency among

the subscales of the WRAML was fair-good. In addition, we

assessed the validity of the tests in our study sample by comparing

cognitive test scores to known factors related to cognitive

performance such socio-economic status and found significant

correlations (rho = 0.216–0.293, all P,0.001).

We first evaluated the role of other potential causes of NIDA

(Table 2). We found that no subjects in the NIDA group were

macrocytic, making deficiency of folate and vitamin B12 unlikely

causes of anemia. In the NIDA group, only one subject had elevated

indirect bilirubin (1.07 mg/dL) and one subject had splenomegaly.

We then evaluated our definitions of IDA and NIDA and found

these were supported by sTfR relationships among our study

subjects. (Table 2) Levels of sTfR in AI are not significantly

different from sTfR levels in those with no anemia, as sTfR

expression is downregulated by inflammatory cytokines [1]. In our

study sample, the IDA group had the highest mean level of sTfR

compared to both NIDA and non-anemic (P,0.01).

Table 1. Cognitive test reliability.

Cognitive Test
Inter-rater
(joint reliability) Test-retest

Cronbach
alpha{

WRAML Verbal Memory index 0.99 0.7 0.81

WRAML Learning index 0.99 0.79 0.54

PNIT 0.99 0.89 N/A

Verbal fluency 0.98 0.61 N/A

WRAML = Wide Range Assessment of Memory and Learning; PNIT = Philippine
Non-verbal Intelligence Test; NA = not applicable.
{Cronbach’s alpha, used for correlation among three subscales that constitute

each WRAML subtest.
doi:10.1371/journal.pntd.0000533.t001

Table 2. Characteristics of the study sample pooled and across anemia types.

Variable Entire Cohort IDA NIDA No Anemia

n = 322 (100%) n = 57 (17.7%) n = 56 (17.4%) n = 209 (64.9%)

Age (y)1 12.1 (11.7, 12.4) 12.1 (11.3, 12.8) 11.3 (10.6, 12.1)* 12.2 (11.8, 12.7)

Males [n(%)] 179 (55.6%) 44 (77.2%)*** 32 (57.1%) 103 (49.3%)

Socioeconomic status score1,2 2.33 (2.23, 2.43) 1.89 (1.67, 2.11)*** 2.24 (2.03, 2.44) 2.47 (2.34, 2.60)

Hemoglobin (g/dL)1 12.0 (11.8, 12.2) 9.7 (9.3, 10.2)*** 10.8 (10.5, 11.0)*** 13.0 (12.8, 13.1)

Serum ferritin (ng/mL)1 37.3 (33.0, 41.6) 9.5 (7.7, 11.3)*** 52.2 (39.2, 65.2) 41.0 (35.8, 46.2)

sTfR (mg/L)1 7.0 (6.0, 8.0) 8.8 (7.6, 10.1)** 7.9 (5.7, 10.1) 6.3 (4.9, 7.7)

CRP (mg/mL)1 11.6 (8.7, 14.5) 17.5 (11.4, 23.5)** 23.8 (12.1, 35.5)** 6.6 (4.2, 9.1)

BMI Z-score1 21.2 (21.3, 21.0) 21.2 (21.5, 21.0) 21.3 (21.5, 21.1) 21.1 (21.2, 20.9)

Schistosoma japonicum [n (%)] 251 (78.0%) 50 (87.7%)*** 53 (94.6%)*** 148 (70.8%)

Hookworm [n (%)] 149 (47.3%)3 31 (54.4%)* 31 (56.4%)4 * 87 (42.9%)5

Ascaris lumbricoides [n (%)] 240 (76.2%)3 40 (70.2%) 46 (83.6%)4 154 (75.9%)5

Trichuris trichiura [n (%)] 298 (94.6%)3 55 (96.5%) 52 (94.5%)4 191 (94.1%)5

Macrocytosis (MCV.100 fL) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Hyperbilirubinemia6 17 (5.3%) 1 (1.8%) 1 (1.8%) 14 (6.8%)

Splenomegaly7 5 (1.6%) 4 (7.0%) 1 (1.8%) 0 (0%)

WRAML Verbal Memory Index1 65.4 (64.1, 66.8) 61.7 (58.8, 64.6)** 63.0 (60.6, 65.5)** 67.3 (65.5, 69.0)

WRAML Learning Index1 87.8 (86.1, 89.5) 83.5 (79.1, 87.8)* 86.7 (82.8, 90.6) 89.5 (87.3, 91.6)

PNIT1 28.4 (27.6, 29.2) 26.3 (24.0, 28.6)** 26.3 (24.5, 28.0)** 29.7 (28.7, 30.7)

Verbal Fluency 18.0 (17.4, 18.6) 17.0 (15.6,18.5) 17.3 (16.2, 18.5) 18.6 (17.9, 19.3)

IDA = iron deficiency anemia; NIDA = non-iron deficiency anemia; sTfR = soluble transferrin receptor; CRP = C-reactive protein; BMI = body mass index; WRAML = Wide
Range Assessment of Memory and Learning.
*P,0.05, **P,0.01, ***P,0.001 compared to the No Anemia group.
1x2; 95% CI in parentheses (all such values except for otherwise indicated).
2Summary score of all questionnaire items calculated by principal components analysis.
3n = 315.
4n = 55.
5n = 203.
6Indirect (unconjugated) bilirubin .1 mg/dL.
7Spleen size .2 standard deviations (SD) above the reference mean of a healthy Chinese population.
doi:10.1371/journal.pntd.0000533.t002
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Other characteristics of the study population at baseline and by

anemia status are presented in Table 2. The prevalence of NIDA

was 17.4%, and the prevalence of IDA was 17.7%. Children with

IDA were significantly more likely to have a low SES compared to

those with no anemia (P,0.001). Children with IDA or NIDA had

significantly higher prevalences of S. japonicum and hookworm

infections compared with non-anemic children.

Figure 1 shows the mean cognitive scores across anemia groups

adjusted for age, sex, SES, and BMI z-score.

Verbal memory index of WRAML. Children with NIDA

performed significantly worse on this test compared to children

with no anemia after adjusting for confounding variables (P,0.05).

Children with IDA scored 2.8 corrected points lower than children

with no anemia, but this did not reach statistical significance

(P = 0.12). The other covariates significantly associated with lower

performance on the verbal memory index included, SES,

nutritional status, and sex, with boys performing worse than girls.

Learning index of WRAML. There were no significant

differences among children with either IDA or NIDA in

performance on this test compared to those with no anemia.

However, SES and sex were related to performance on the

learning index, with boys performing worse than girls.

PNIT. Both IDA and NIDA were significantly associated with

lower scores on the PNIT compared to the no anemia group after

adjusting for confounding variables (P,0.05). Other predictors of

lower performance on the PNIT, which is not age or sex

standardized, included age, sex, and SES.

Verbal fluency. Anemia, regardless of type, was not

associated with decreased performance on the verbal fluency test

compared to the non-anemic group, after confounder adjustment.

Age and SES were significantly and positively related to children’s

performance on this test, which is not age standardized.

In addition we investigated interaction effects to assess whether

age or developmental status modified the relationship between

anemia group and cognitive performance. Given developmental

stage is likely a more important determinant of cognitive

processing than age, we examined the interaction between anemia

group and Tanner stage dichotomized as Tanner stage 1 or 2 or

Tanner stage .2. None of the interaction terms were significant

for any of the cognitive tests.

To explore the mechanistic role of helminths in mediating the

relationship between NIDA and cognitive impairment, we

evaluated multivariate models controlling for age, SES, sex,

and nutritional status with and without helminth egg counts.

Previous studies in this population demonstrated an association

between A. lumbricoides and poorer performance on the verbal

memory index of WRAML [18]. The relationship between

NIDA and cognitive performance on the verbal memory index of

the WRAML was only slightly attenuated (,10%), however, by

controlling for A. lumbricoides in the model, suggesting this is not a

primary mechanism through which A. lumbricoides causes

cognitive impairment and was not confounding this relationship.

In our prior work, S. japonicum was related to lower scores on the

WRAML learning index and T. trichurius to verbal fluency,

however, since NIDA was not related to lower performance in

either of these cognitive tests, no further analyses were

conducted.

We examined the independent effect of TNF-a, IFN-c and IL-6

on cognitive tests by removing anemia status from the model and

including only one cytokine and the aforementioned confounders

(Table 3). We found that none of these three cytokines were

significantly related as main effects to performance on any test.

Given these cytokines were not independently related to cognitive

outcomes in this setting, they are unlikely to be primary

determinants in a causal pathway linking AI to cognitive

impairment. Therefore, no further analyses were conducted.

Discussion

This study presents strong evidence supporting the existence of

a relationship between NIDA and performance on verbal memory

and a test that captures abstract thinking after controlling for

important confounding variables. To our knowledge, this is the

first study to both investigate and demonstrate an association

between NIDA and cognitive function. Other work with this

cohort had established that the main cause of NIDA in this

population is AI, rather than hemolysis or other micro-nutrient

deficiencies.[5,6]. Implicating AI as a cause of cognitive deficits

heightens its public health importance given its association with

many infectious and non-infectious diseases of developing

countries including HIV [32,33] and malaria [34].

In addition to our results for NIDA, we also provide evidence of

a significant association between IDA and performance on an

intelligence test after rigorously adjusting for potential confound-

ers. Though IDA was associated with lower scores on all four of

the cognition tests before adjusting for confounders, the relation-

ship between IDA and cognition remained for just one of the four

tests after controlling for confounders, highlighting the correlations

among risk factors for both iron deficiency and cognitive function

and the potential for confounding without adjustment [35].

Studies examining cognitive deficits in the context of other

exposures have found similar differences in outcomes for the tests we

used. Compared to a group of children with no anemia, we found

differences in the WRAML verbal memory index of approximately

4 points on a scaled score. To place this in perspective, children with

attention deficit hyperactivity disorder (ADHD) had verbal memory

index scores that were 6.8 points lower than children without

ADHD [36]. Among Filipino children who were normal birthweght

and breast fed for 12–18 months versus less than six months,

adjusted scores on the PNIT were 1.6 points higher at age 8.5 [37].

In our previous work, S. japonicum infection, which has been

demonstrated to cause NIDA, was related to decreased perfor-

mance on the learning domain of the WRAML [18], whereas

NIDA was not related to decreased learning performance scores.

Thus S. japonicum’s effect on learning may occur through

mechanisms other than NIDA. We also evaluated the role of A.

lumbricoides because of its relationship to the WRAML verbal

memory index, however, A. lumbricoides neither confounded nor

acted as the distal determinant in a causal pathway linking this

helminth to NIDA and ultimately decreased cognitive perfor-

mance, suggesting other mechanisms are likely.

Inflammatory cytokines are involved in the development of AI.

These cytokines, particularly TNF-a, IFN-c and IL-6, are also

known to induce a syndrome termed ‘‘sickness behavior,’’

characterized by fatigue, impaired sleep, and cognitive dysfunction

[31,38]. Most studies suggest these cytokines exert these effects by

entering the brain through the blood-brain barrier and modifying

inflammatory responses [39,40]. Given the possibility that these

cytokines could mediate the cognitive deficits in the context of AI

through direct effects on the CNS, we evaluated their independent

relationship with cognitive domains. The absence of a relationship

between pro-inflammatory cytokines and cognition suggests that

they are unlikely to be the major factor mediating cognitive

impairment in this setting. Thus, it seems that AI-related decreases

in iron bio-availability to the CNS, are the primary cause of

cognitive impairment in this setting.

Based on both human and animal models, it is well accepted

that IDA is related to cognitive impairment, most likely due to
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Figure 1. Least Squares Mean Scores on Tests of Cognition by anemia category after adjustment for age, sex, socio-economic status,
and body mass index z-score. Error bars represent 95% confidence intervals. a, b Different letters represent significant differences (P,0.05) in scores
across anemia categories. IDA = Iron Deficiency Anemia; NIDA = Non-Iron Deficiency Anemia; WRAML = Wide Range Assessment of Memory and Learning.
doi:10.1371/journal.pntd.0000533.g001
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decreases in brain iron content. Iron is actively transported into

the brain by transferrin receptors and is used for myelination and

neurotransmitter synthesis. Iron is also necessary for brain-energy

metabolism [41]. In this cohort, it is likely that iron’s effect on

neurotransmitter synthesis is of greater importance given most

myelination occurs during late gestation until 24 months of age.

We examined whether children who had normal total body levels

of iron, but evidence of decreased iron transport to, and utilization

by, host tissues as evidenced by anemia, might not perform as well

on tests of cognitive function due to CNS iron deficiency. It is not

surprising that, in the context of AI, where iron delivery to host

tissues is already sufficiently decreased as to cause anemia, that

other host tissues that are dependent on iron would be affected.

Also in support of this conclusion is the fact that the same domains

of cognitive function were adversely affected by NIDA and IDA,

as one would expect if the proximal cause of lower performance is

decreased delivery of iron to the CNS. Of note, memory function,

as captured by the WRAML verbal memory index, has been

demonstrated in many studies to be sensitive to iron status [10,11].

Study limitations include the cross-sectional design limiting

causal inferences and the possibility for residual confounding

based on measured and unmeasured covariates. It is possible that

children with AI had other infectious or non-infectious diseases

that might be related both to AI and cognitive impairment. This is

unlikely given children were screened for the presence of

significant diseases. Further, the prevalence of HIV in this

community is extremely low [42] and malaria is not endemic. S.

japonicum infection was not related to the same cognitive deficits as

AI. It is possible that there is variability in immune responses to S.

japonicum and the many parasitic and other infectious diseases in

this setting, such that children with more exuberant pro-

inflammatory responses may experience greater AI, which may

not be simply related to intensity of infection. It is also possible that

our cognition tests, such as the WRAML, may not capture

learning and memory abilities in the same manner as when used in

US populations. This would likely lead to measurement error,

however, rather than introduce bias. In addition, it is likely that

some of our subjects actually had both iron deficiency anemia and

AI, with some overlap in definitions possible. Current definitions

preclude allowing for this combination, though it likely occurs

frequently in developing countries. Further, it is possible that the

group with NIDA had other causes of anemia, other than AI. We

evaluated many other potential causes of NIDA, but cannot rule

out other causes including genetic disorders such as thalassemias

and G6PD deficiency or vitamin A deficiency. Though these

entities may cause NIDA, there are less established mechanisms

through which they would lead to cognitive impairment, as

opposed to through alterations in iron metabolism in the context

of AI as proposed.

Though IDA and AI may both cause cognitive deficits through

decreased iron bio-availability to the CNS, the etiology and

treatment differ substantially. Iron supplementation is generally

provided for treatment of IDA. Iron supplementation in the

context of AI, however, has minimal if any benefit, given AI leads

to decreased iron absorption and movement of iron into storage

forms. The costs and benefits of iron supplementation must be

carefully weighed in this context, particularly given recent

concerns that it may increase risk of malaria morbidity [43,44].

The therapeutic approach of choice for AI is treatment of the

underlying condition [1].

This study suggests that NIDA, largely due to AI, is associated

with cognitive deficits in children. AI, caused by many diseases of

lesser-developed countries, may further limit children’s ability to

take advantage of limited educational opportunities, and can only

be addressed by treatment of underlying diseases.
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Table 3. Multivariate models assessing the adjusted association between cognition test scores and pro-inflammatory cytokines.

Variable WRAML{ Verbal Memory Index WRAML Learning Index PNIT Verbal Fluency

b coefficient b coefficient b coefficient b coefficient

(P value) (P value) (P value) (P value)

IL-6 0.19 (0.37) 0.26 (0.31) 0.03 (0.75) 20.08 (0.28)

Age 20.19 (0.44) 20.08 (0.81) 1.17 (,0.001) 0.67 (,0.001)

Sex (Male) 22.95 (0.04) 27.19 (,0.001) 22.41 (0.001 21.18 (0.03)

SES 2.40 (0.01) 5.15 (,0.001) 1.77 (,0.001) 0.95 (,0.01)

BMI Z-score 0.79 (0.35) 21.01 (0.32) 0.39 (0.31) 20.02 (0.96)

INF-c 0.00 (0.97) 20.01 (0.76) 0.01 (0.30) 0.00 (0.69)

Age 20.17 (0.45) 0.00 (0.99) 1.15 (,0.001) 0.67 (,0.001)

Sex (Male) 22.20 (,0.001) 23.58 (,0.001) 21.26 (,0.001) 20.59 (0.03)

SES 2.79 (,0.001) 4.90 (,0.001) 1.75 (,0.001) 0.94 (,0.01)

BMI Z-score 0.58 (0.42) 20.39 (0.66) 0.34 (0.38) 0.01 (0.98)

TNF-a 0.04 (0.14) 0.06 (0.08) 0.00 (0.79) 0.00 (0.88)

Age 20.18 (0.47) 20.06 (0.85) 1.17 (,0.001 0.66 (,0.001)

Sex (Male) 22.94 (.047) 27.21 (,0.001) 22.39 (0.001) 21.22 (0.02)

SES 2.31 (0.02) 5.03 (,0.001) 1.78 (,0.001) 0.96 (,0.01)

BMI Z-score 0.80 (0.34) 20.98 (0.33) 0.38 (0.33) 0.01 (0.96)

WRAML = Wide Range Assessment of Memory and Learning; PNIT = Philippines Non-Verbal Intelligence Test.
doi:10.1371/journal.pntd.0000533.t003

Anemia of Inflammation and Cognition

www.plosntds.org 7 October 2009 | Volume 3 | Issue 10 | e533



Author Contributions

Conceived and designed the experiments: LPA RMO STM JDK DCB

JFF. Performed the experiments: LPA RMO MJ JDK JFF. Analyzed the

data: CLO. Contributed reagents/materials/analysis tools: DCB. Wrote

the paper: CLO NSH JFF.

References

1. Weiss G, Goodnough LT (2005) Anemia of chronic disease. N Engl J Med 352:

1011–1023.

2. Means RT, Jr. (2000) The anaemia of infection. Baillieres Best Pract Res Clin
Haematol 13: 151–162.

3. Andrews NC (2008) Forging a field: the golden age of iron biology. Blood 112:
219–230.

4. Nemeth E, Rivera S, Gabayan V, Keller C, Taudorf S, et al. (2004) IL-6
mediates hypoferremia of inflammation by inducing the synthesis of the iron

regulatory hormone hepcidin. J Clin Invest 113: 1271–1276.

5. Leenstra T, Coutinho HM, Acosta LP, Langdon GC, Su L, et al. (2006)
Schistosoma japonicum Reinfection after Praziquantel Treatment Causes

Anemia Associated with Inflammation. Infect Immun 74: 6398–6407.
6. Leenstra T, Acosta LP, Langdon GC, Manalo DL, Su L, et al. (2006)

Schistosomiasis japonica, anemia, and iron status in children, adolescents, and

young adults in Leyte, Philippines 1. Am J Clin Nutr 83: 371–379.
7. McCann JC, Ames BN (2007) An overview of evidence for a causal relation

between iron deficiency during development and deficits in cognitive or
behavioral function. Am J Clin Nutr 85: 931–945.

8. Moffatt ME, Longstaffe S, Besant J, Dureski C (1994) Prevention of iron
deficiency and psychomotor decline in high-risk infants through use of iron-

fortified infant formula: a randomized clinical trial. J Pediatr 125: 527–534.

9. Lind T, Lonnerdal B, Stenlund H, Gamayanti IL, Ismail D, et al. (2004) A
community-based randomized controlled trial of iron and zinc supplementation

in Indonesian infants: effects on growth and development. Am J Clin Nutr 80:
729–736.

10. Murray-Kolb LE, Beard JL (2007) Iron treatment normalizes cognitive

functioning in young women. Am J Clin Nutr 85: 778–787.
11. Bruner AB, Joffe A, Duggan AK, Casella JF, Brandt J (1996) Randomised study

of cognitive effects of iron supplementation in non-anaemic iron-deficient
adolescent girls. Lancet 348: 992–996.

12. McAfoose J, Baune BT (2009) Evidence for a cytokine model of cognitive
function. Neurosci Biobehav Rev 33: 355–366.

13. Coutinho HM, Leenstra T, Acosta LP, Su L, Jarilla B, et al. (2006) Pro-

inflammatory cytokines and C-reactive protein are associated with undernutri-
tion in the context of Schistosoma japonicum infection. Am J Trop Med Hyg 75:

720–726.
14. Coutinho HM, McGarvey ST, Acosta LP, Manalo DL, Langdon GC, et al.

(2005) Nutritional status and serum cytokine profiles in children, adolescents,

and young adults with Schistosoma japonicum-associated hepatic fibrosis, in
Leyte, Philippines. J Infect Dis 192: 528–536.

15. Abdel Azim A, Sedky HA, el-Tahawy MA, Fikry AA, Mostafa H (1995) Serum
levels of tumor necrosis factor in different stages of schistosomal infection. J Egypt

Soc Parasitol 25: 279–287.
16. Tucker DM, Sandstead HH, Penland JG, Dawson SL, Milne DB (1984) Iron

status and brain function: serum ferritin levels associated with asymmetries of

cortical electrophysiology and cognitive performance. Am J Clin Nutr 39:
105–113.

17. Guthrie GM, Tayag AH, Jimenez-Jacobs P (1977) The Philippine nonverbal
intelligence test. J Soc Psychol 102: 3–11.

18. Ezeamama AE, Friedman JF, Acosta LP, Bellinger DC, Langdon GC, et al.

(2005) Helminth infection and cognitive impairment among Filipino children.
Am J Trop Med Hyg 72: 540–548.

19. Nokes C, McGarvey ST, Shiue L, Wu G, Wu H, et al. (1999) Evidence for an
improvement in cognitive function following treatment of Schistosoma

japonicum infection in Chinese primary schoolchildren. Am J Trop Med Hyg

60: 556–565.
20. Sheslow D, Adams W (1990) Wide Range Assessment of Memory and Learning:

Administration Manual. Jastak, editor.
21. Baddeley A, Gardner JM, Grantham-McGregor S (1995) Cross-cultural

Cognition: Developing Tests for Developing Countries. Appl Cogn Psychol 9:
S173–S195.

22. Beguin Y (2003) Soluble transferrin receptor for the evaluation of erythropoiesis

and iron status. Clin Chim Acta 329: 9–22.

23. World Health Organization Expert Committee. Prevention and Control of

Schistosomiaisis and Soil-Transmitted Helminthiasis. In: World Health

Organization, ed. Technical Report Series 912. Geneva, 2002.
24. Filmer D, Pritchett LH (2001) Estimating wealth effects without expenditure

data–or tears: an application to educational enrollments in states of India.
Demography 38: 115–132.

25. Gibson R (1990) Principles of Nutritional Assessment. New York: Oxford
University Press. 691 p.

26. Tanner JM (1990) Fetus into Man. Cambridge: Harvard University Press.

27. World Health Organization (2001) Iron Deficiency Anaemia: Assessment,
Prevention, and Control. In: World Health Organization, ed. Geneva: World

Health Organization and United Nations Children’s Fund. pp 1–132.
28. Cook JD (2005) Diagnosis and management of iron-deficiency anaemia. Best

Pract Res Clin Haematol 18: 319–332.

29. Li YS, Kardorff R, Richter J, Sun KY, Zhou H, et al. (2004) Ultrasound
organometry: the importance of body height adjusted normal ranges in assessing

liver and spleen parameters among Chinese subjects with Schistosoma
japonicum infection. Acta Trop 92: 133–138.

30. Gimeno D, Kivimaki M, Brunner EJ, Elovainio M, De Vogli R, et al. (2009)
Associations of C-reactive protein and interleukin-6 with cognitive symptoms of

depression: 12-year follow-up of the Whitehall II study. Psychol Med 39:

413–423.
31. Reichenberg A, Yirmiya R, Schuld A, Kraus T, Haack M, et al. (2001)

Cytokine-associated emotional and cognitive disturbances in humans. Arch Gen
Psychiatry 58: 445–452.

32. Eley BS, Sive AA, Shuttleworth M, Hussey GD (2002) A prospective, cross-

sectional study of anaemia and peripheral iron status in antiretroviral naive,
HIV-1 infected children in Cape Town, South Africa. BMC Infect Dis 2: 3.

33. Totin D, Ndugwa C, Mmiro F, Perry RT, Jackson JB, et al. (2002) Iron
deficiency anemia is highly prevalent among human immunodeficiency virus-

infected and uninfected infants in Uganda. J Nutr 132: 423–429.
34. Menendez C, Fleming AF, Alonso PL (2000) Malaria-related anaemia. Parasitol

Today 16: 469–476.

35. Grantham-McGregor S, Ani C (2001) A review of studies on the effect of iron
deficiency on cognitive development in children. J Nutr 131: 649S–666S;

discussion 666S–668S.
36. Dewey D, Kaplan BJ, Crawford SG, Fisher GC (2001) Predictive accuracy of

the wide range assessment of memory and learning in children with attention

deficit hyperactivity disorder and reading difficulties. Dev Neuropsychol 19:
173–189.

37. Daniels MC, Adair LS (2005) Breast-feeding influences cognitive development in
Filipino children. J Nutr 135: 2589–2595.

38. Miller AH, Ancoli-Israel S, Bower JE, Capuron L, Irwin MR (2008)
Neuroendocrine-immune mechanisms of behavioral comorbidities in patients

with cancer. J Clin Oncol 26: 971–982.

39. Levine J, Barak Y, Chengappa KN, Rapoport A, Rebey M, et al. (1999)
Cerebrospinal cytokine levels in patients with acute depression. Neuropsycho-

biology 40: 171–176.
40. Raison CL, Capuron L, Miller AH (2006) Cytokines sing the blues:

inflammation and the pathogenesis of depression. Trends Immunol 27: 24–31.

41. Beard J (2003) Iron deficiency alters brain development and functioning. J Nutr
133: 1468S–1472S.

42. USAID (2005) Health Profile: Philippines. HIV/AIDS. In: USAID, ed. USAID
from the American people.

43. Oppenheimer SJ, Gibson FD, Macfarlane SB, Moody JB, Harrison C, et al.

(1986) Iron supplementation increases prevalence and effects of malaria: report
on clinical studies in Papua New Guinea. Trans R Soc Trop Med Hyg 80:

603–612.
44. Sazawal S, Black RE, Ramsan M, Chwaya HM, Stoltzfus RJ, et al. (2006)

Effects of routine prophylactic supplementation with iron and folic acid on
admission to hospital and mortality in preschool children in a high malaria

transmission setting: community-based, randomised, placebo-controlled trial.

Lancet 367: 133–143.

Anemia of Inflammation and Cognition

www.plosntds.org 8 October 2009 | Volume 3 | Issue 10 | e533


