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�Introduction

Iron deficiency is the most prevalent single nutrient 
deficiency worldwide primarily affecting infants, 
children, and women of reproductive age [1]. 
Although individuals of all ages and classes are 
susceptible to iron deficiency, those who are poor 
and less educated are most vulnerable. Iron defi-
ciency has been identified as a biological risk factor 
for the failure of >250 million children in reaching 
their full developmental potential, resulting in 
reductions in economic productivity [2]. The asso-
ciation between iron status and brain functioning 
has been examined through investigations of cen-

tral nervous system biochemical changes using ani-
mal studies and through the assessment of cognitive 
functioning and behavior in humans. There is clear 
evidence from animal studies that iron is critical for 
myelination, neuronal morphology, neuronal meta-
bolic activity, and the synthesis of monoamines [3]. 
In humans, the evidence points to cognitive, motor, 
behavioral, and affective alterations in iron-defi-
cient individuals [4]. In most age groups, iron 
repletion appears to ameliorate these alterations. 
The exception is infancy where the negative conse-
quences of iron deficiency seem to persist despite 
iron repletion, perhaps indicating critical periods of 
development during which a deficiency in iron 
leads to irreversible effects.

A heterogeneous distribution of iron exists in 
the human brain with differential patterns in chil-
dren versus adults [5]. The accumulation of iron 
in different brain regions is a function of the stage 
of brain development [6]. The highest concentra-
tions of brain iron are found in the substantia 
nigra, deep cerebellar nuclei, the red nucleus, the 
nucleus accumbens, and portions of the hippo-
campus [7, 8]. Dopaminergic, serotonergic, and 
noradrenergic systems have been identified as 
sensitive to brain iron status [9].

This chapter summarizes cognitive and behav-
ioral alterations resulting from iron deficiency 
and iron deficiency anemia in children and 
women of reproductive age. Multiple reviews 
have been published on these topics [10, 11], so 
here we focus on reviewing randomized con-
trolled studies published in the past decade, 

L. E. Murray-Kolb (*) 
Department of Nutrition Science, Purdue University, 
West Lafayette, IN, USA
e-mail: lmurrayk@purdue.edu 

A. Arcot 
Department of Nutritional Sciences,  
The Pennsylvania State University,  
University Park, PA, USA
e-mail: avr5374@psu.edu

The original version of this book was revised. An 
erratum to this book can be found at  
https://doi.org/10.1007/978-3-031-14521-6_28

© Springer Nature Switzerland AG 2022, corrected publication 2023 
C. D. Karakochuk et al. (eds.), Nutritional Anemia, Nutrition and Health, 
https://doi.org/10.1007/978-3-031-14521-6_23

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-14521-6_23&domain=pdf
mailto:lmurrayk@purdue.edu
mailto:avr5374@psu.edu
https://doi.org/10.1007/978-3-031-14521-6_28
https://doi.org/10.1007/978-3-031-14521-6_23#DOI


306

examining both the short- and long-term cogni-
tive and behavioral consequences of iron defi-
ciency. Studies where the control group contained 
approximately the same levels of iron as the treat-
ment group (for instance, control group given a 
multiple micronutrient (MMN) treatment or 
comparing oral iron to intravenous iron) were 
excluded from evaluation.

�Effects of Iron Deficiency 
on Cognition and Behavior 
in Children

Most studies examining the association between 
iron status and cognitive/behavioral outcomes 
have been conducted in infants and young chil-
dren. Over 40  years of accumulated evidence 
from infant studies reveals that iron deficiency 
anemia is associated with impaired performance 
on developmental tests as well as behavioral dif-
ferences such that iron-deficient anemic infants 
are more wary, hesitant, and clingy when com-
pared to their iron-sufficient counterparts [12]. 
During the preschool years, iron deficiency ane-
mia has been associated with impairments in 
learning and language acquisition; motor devel-
opment; and in school-aged children, iron defi-
ciency anemia has been shown to be related to 
impaired academic performance (especially on 
verbal and math tests) and memory [13]. Many of 
the recent studies on the association between iron 
status and cognition/behavior have focused on 
the long-term consequences of early-life iron 
treatment. The studies that we include here were 
conducted in apparently healthy children; we 
have divided the studies by primary outcome of 
interest (cognitive or behavioral outcomes).

�Effects of Iron Treatment on Child 
Cognitive Outcomes

Ten recent publications were identified in which 
children or adolescents received iron treatment or 
a true control to assess cognitive outcomes [14–
23]. Sample sizes across all ten studies ranged 
from 140 to 1933 with supplementation periods 

ranging from 4.5 to 8.5 months. As far as vehicle 
of supplementation, four provided iron supple-
ments (drops or tablets) [14, 16, 19, 21], three pro-
vided iron via infant formula [15, 22, 23], and 
three provided iron through either fortification [17, 
18] or biofortification [20] of food. Five of the 
studies assessed outcomes immediately following 
the end of the treatment period [14, 17, 18, 20, 21] 
and the other five assessed outcomes several years 
later [15, 16, 19, 22, 23]. As far as data analysis, 
eight used the original randomized groups [14–20, 
23] while two ran the analyses with children strati-
fied by iron status in infancy [22] or by iron status 
in the fetal-neonatal and infancy periods [21]. All 
studies used multiple biomarkers specific to iron 
to determine iron status although the 3.5-year fol-
low-up study conducted in Sweden [16] did not 
measure iron status. Since iron status at follow-up 
may have affected the interpretation of the find-
ings, contextualization of those results are more 
difficult. Of note, the study in China included mea-
sures of serum ferritin concentrations but did not 
collect a measure of inflammation and, therefore, 
ferritin levels were not adjusted [21].

Table 23.1 summarizes the main outcome 
variables and findings from these studies. Full 
scale intelligence quotient (IQ), memory, and 
motor function were the main outcome domains 
assessed using both manual and computerized 
tasks. Of the eight studies which used the original 
randomized groups, three reported no significant 
differences between the intervention and the con-
trol group at endline or follow-up [16, 17, 19]. 
Two of these studies provided supplementation 
(iron drops) to infants in Sweden [16, 19] while 
the other used fortified biscuits, provided to 
Moroccan school-aged children [17]. All three of 
these studies used measures of cognition that 
require highly trained administrators and that are 
subjective in nature. In addition, these measures 
were developed and standardized in a Western 
context. As such, using Western-based standard-
ized scores may not have been appropriate for the 
study conducted in Morocco. Three other studies 
which ran analyses using the original randomiza-
tion groups reported improvements in cognition 
favorable to the iron treatment group, and there 
was indication that those with a lower iron status 

L. E. Murray-Kolb and A. Arcot



307

Ta
bl

e 
23

.1
 

St
ud

ie
s 

ex
am

in
in

g 
th

e 
ef

fe
ct

s 
of

 ir
on

 tr
ea

tm
en

t o
n 

co
gn

iti
ve

 d
om

ai
ns

 in
 c

hi
ld

re
n 

an
d 

ad
ol

es
ce

nt
s 

(2
01

0–
20

20
)

L
oc

at
io

n
n

A
ge

 a
t 

en
ro

llm
en

t 
in

to
 o

ri
gi

na
l 

st
ud

y

In
te

rv
en

tio
n 

du
ra

tio
n 

(m
on

th
s)

A
ge

 a
t 

fo
llo

w
-u

p 
(y

ea
rs

)
C

on
tr

ol
 g

ro
up

In
te

rv
en

tio
n 

gr
ou

p(
s)

O
ut

co
m

e 
do

m
ai

n
A

na
ly

se
s 

gr
ou

ps
M

ai
n 

fin
di

ng
s

So
ut

h 
A

fr
ic

a 
(2

01
2)

 
[1

4]

32
1a

6–
11

 y
ea

rs
8.

5
Sa

m
e 

ra
ng

e 
as

 
en

ro
llm

en
t 

(i
m

m
ed

ia
te

ly
 

af
te

r 
8.

5-
m

on
th

 
in

te
rv

en
tio

n)

Pl
ac

eb
o

Ir
on

 (
50

 m
g 

ir
on

 
su

lf
at

e)
 p

lu
s 

D
H

A
/E

PA
 

(4
20

/8
0 

m
g)

or Ir
on

 (
50

 m
g 

ir
on

 
su

lf
at

e)
 p

lu
s 

pl
ac

eb
o

or Pl
ac

eb
o 

pl
us

 a
 

m
ix

tu
re

 o
f 

D
H

A
/E

PA
 

(4
20

/8
0 

m
g)

M
em

or
y

V
is

uo
sp

at
ia

l 
co

gn
iti

on

A
s 

pe
r 

or
ig

in
al

 
ra

nd
om

iz
at

io
n

• �
Ir

on
 s

up
pl

em
en

te
d 

gr
ou

ps
 h

ad
 

hi
gh

er
 m

em
or

y 
sc

or
es

 
co

m
pa

re
d 

to
 p

la
ce

bo
 g

ro
up

; 
su

ba
na

ly
se

s 
re

ve
al

 th
is

 is
 

lik
el

y 
dr

iv
en

 b
y 

th
e 

ch
ild

re
n 

w
ho

 w
er

e 
an

em
ic

 a
t b

as
el

in
e

• �
D

H
A

/E
PA

 s
up

pl
em

en
te

d 
gr

ou
p 

ha
d 

lo
w

er
 m

em
or

y 
sc

or
es

 c
om

pa
re

d 
to

 p
la

ce
bo

 
gr

ou
p

• �
A

 s
ig

ni
fic

an
t d

if
fe

re
nc

e 
in

 
ba

se
lin

e 
sc

or
es

 w
er

e 
se

en
 

be
tw

ee
n 

ch
ild

re
n 

w
ho

 w
er

e 
ir

on
-d

efi
ci

en
t a

nd
 ir

on
-

de
fic

ie
nt

 a
ne

m
ic

 w
ith

 th
e 

an
em

ic
 c

hi
ld

re
n 

ha
vi

ng
 lo

w
er

 
sc

or
es

C
hi

le
 

(2
01

2)
 

[1
5]

57
3

6 
m

on
th

s
6

10
Fo

rm
ul

a 
w

ith
 

2.
3 

m
g/

L
 ir

on
Fo

rm
ul

a 
w

ith
 

12
.7

 m
g/

L
 ir

on
In

te
lli

ge
nc

e 
qu

ot
ie

nt
 (

IQ
)

Sp
at

ia
l m

em
or

y
A

ch
ie

ve
m

en
t 

(m
at

h)
V

is
ua

l p
er

ce
pt

io
n 

an
d 

m
ot

or
 

co
or

di
na

tio
n

A
s 

pe
r 

or
ig

in
al

 
ra

nd
om

iz
at

io
n

• �
Sp

at
ia

l m
em

or
y 

an
d 

vi
su

al
 

m
ot

or
 in

te
gr

at
io

n 
w

er
e 

si
gn

ifi
ca

nt
ly

 h
ig

he
r 

in
 th

e 
lo

w
-i

ro
n 

fo
rm

ul
a 

gr
ou

p 
th

an
 

th
e 

hi
gh

-i
ro

n 
fo

rm
ul

a 
gr

ou
p

• �
W

he
n 

ac
co

un
tin

g 
fo

r 
he

m
og

lo
bi

n 
le

ve
l a

t 
en

ro
llm

en
t, 

hi
gh

er
 s

co
re

s 
w

er
e 

se
en

 w
ith

 h
ig

h-
ir

on
 f

or
m

ul
a 

co
ns

um
pt

io
n 

in
 c

hi
ld

re
n 

w
ith

 
th

e 
lo

w
es

t h
em

og
lo

bi
n 

le
ve

ls
 

bu
t l

ow
er

 s
co

re
s 

fo
r 

ch
ild

re
n 

w
ith

 th
e 

hi
gh

es
t h

em
og

lo
bi

n 
le

ve
ls

(c
on

tin
ue

d)

23  Cognitive and Behavioral Consequences of Iron Deficiency



308

L
oc

at
io

n
n

A
ge

 a
t 

en
ro

llm
en

t 
in

to
 o

ri
gi

na
l 

st
ud

y

In
te

rv
en

tio
n 

du
ra

tio
n 

(m
on

th
s)

A
ge

 a
t 

fo
llo

w
-u

p 
(y

ea
rs

)
C

on
tr

ol
 g

ro
up

In
te

rv
en

tio
n 

gr
ou

p(
s)

O
ut

co
m

e 
do

m
ai

n
A

na
ly

se
s 

gr
ou

ps
M

ai
n 

fin
di

ng
s

Sw
ed

en
 

(2
01

3)
 

[1
6]

28
5a

(b
ir

th
 

w
ei

gh
t 

be
tw

ee
n 

20
00

 a
nd

 
25

00
 g

)

1.
5 

m
on

th
s

4.
5 

(u
nt

il 
ch

ild
 w

as
 

6 
m

on
th

s 
of

 
ag

e)

3.
5

0 
m

g/
kg

/d
 ir

on
 

dr
op

s
1 

m
g/

kg
/d

 ir
on

 
dr

op
s

or 2 
m

g/
kg

/d
 ir

on
 

dr
op

s

In
te

lli
ge

nc
e 

qu
ot

ie
nt

 (
IQ

)
A

s 
pe

r 
or

ig
in

al
 

ra
nd

om
iz

at
io

n
• �

N
o 

si
gn

ifi
ca

nt
 d

if
fe

re
nc

es
 in

 
IQ

 b
et

w
ee

n 
co

nt
ro

l a
nd

 
in

te
rv

en
tio

n 
gr

ou
ps

 n
or

 
be

tw
ee

n 
th

e 
tw

o 
in

te
rv

en
tio

n 
gr

ou
ps

M
or

oc
co

 
(2

01
6)

 
[1

7]

45
7a

T
hi

rd
-s

ix
th

 
gr

ad
er

s 
(~

7 
ye

ar
s 

on
 

av
er

ag
e)

7 
(2

 o
r 

3 
bi

sc
ui

ts
 p

er
 

da
y 

fo
r 

6 
da

ys
/w

ee
k)

Sa
m

e 
ra

ng
e 

as
 

en
ro

llm
en

t 
(i

m
m

ed
ia

te
ly

 
af

te
r 

7-
m

on
th

 
in

te
rv

en
tio

n)

Pl
ac

eb
o 

bi
sc

ui
ts

B
is

cu
its

 
co

nt
ai

ni
ng

 th
e 

fo
llo

w
in

g:
~8

 m
g 

Fe
 a

s 
fe

rr
ou

s 
su

lf
at

e
or ~8

 m
g 

Fe
 a

s 
so

di
um

 ir
on

 
E

D
TA

 th
at

 
co

nt
ai

ne
d 

~4
1 

m
g 

E
D

TA
or ~4

1 
m

g 
so

di
um

 
E

D
TA

M
em

or
y

M
an

ua
l a

ct
iv

ity
V

is
uo

sp
at

ia
l 

co
gn

iti
on

A
s 

pe
r 

or
ig

in
al

 
ra

nd
om

iz
at

io
n

• �
N

o 
si

gn
ifi

ca
nt

 im
pr

ov
em

en
t 

w
as

 f
ou

nd
 o

n 
co

gn
iti

ve
 

ou
tc

om
es

, w
ith

 ir
on

 o
r 

E
D

TA

C
am

bo
di

a 
(2

01
8)

 
[1

8]

19
33

6–
16

 y
ea

rs
6 

(d
ur

in
g 

sc
ho

ol
 d

ay
s,

 
6 

da
ys

/w
ee

k 
ex

cl
ud

in
g 

na
tio

na
l 

ho
lid

ay
)

Sa
m

e 
ra

ng
e 

as
 

en
ro

llm
en

t 
(i

m
m

ed
ia

te
ly

 
af

te
r 

6-
m

on
th

 
in

te
rv

en
tio

n)

L
oc

al
 

co
nv

en
tio

na
l 

ri
ce

U
ltr

aR
ic

e 
or

ig
in

al
 

(1
0.

7 
m

g 
Fe

/1
00

 g
)

or U
ltr

aR
ic

e 
ne

w
 

(7
.6

 m
g 

Fe
/1

00
 g

)
or N

ut
ri

R
ic

e 
(7

.5
 m

g 
Fe

/1
00

 g
)

Fl
ui

d 
an

d 
cr

ys
ta

liz
ed

 
in

te
lli

ge
nc

e

A
s 

pe
r 

or
ig

in
al

 
ra

nd
om

iz
at

io
n

• �
T

he
 U

ltr
aR

ic
e 

or
ig

in
al

 g
ro

up
 

im
pr

ov
ed

 in
 fl

ui
d 

in
te

lli
ge

nc
e 

to
 a

 g
re

at
er

 d
eg

re
e 

th
an

 th
e 

pl
ac

eb
o 

gr
ou

p
• �

N
o 

di
ff

er
en

ce
s 

fo
un

d 
be

tw
ee

n 
th

e 
U

ltr
aR

ic
e 

ne
w

 a
nd

 p
la

ce
bo

 
gr

ou
ps

 n
or

 b
et

w
ee

n 
th

e 
N

ut
ri

R
ic

e 
an

d 
pl

ac
eb

o 
gr

ou
ps

Ta
bl

e 
23

.1
 

(c
on

tin
ue

d)

L. E. Murray-Kolb and A. Arcot



309

(c
on

tin
ue

d)

L
oc

at
io

n
n

A
ge

 a
t 

en
ro

llm
en

t 
in

to
 o

ri
gi

na
l 

st
ud

y

In
te

rv
en

tio
n 

du
ra

tio
n 

(m
on

th
s)

A
ge

 a
t 

fo
llo

w
-u

p 
(y

ea
rs

)
C

on
tr

ol
 g

ro
up

In
te

rv
en

tio
n 

gr
ou

p(
s)

O
ut

co
m

e 
do

m
ai

n
A

na
ly

se
s 

gr
ou

ps
M

ai
n 

fin
di

ng
s

Sw
ed

en
 

(2
01

8)
 

[1
9]

28
5a

(b
ir

th
 

w
ei

gh
t 

be
tw

ee
n 

20
00

 a
nd

 
25

00
 g

)

1.
5 

m
on

th
s

4.
5 

(u
nt

il 
ch

ild
 w

as
 

6 
m

on
th

s 
of

 
ag

e)

7
0 

m
g/

kg
/d

 ir
on

 
dr

op
s

1 
m

g/
kg

/d
 ir

on
 

dr
op

s
or 2 

m
g/

kg
/d

 ir
on

 
dr

op
s

In
te

lli
ge

nc
e 

qu
ot

ie
nt

 (
IQ

)
A

s 
pe

r 
or

ig
in

al
 

ra
nd

om
iz

at
io

n
• �

N
o 

si
gn

ifi
ca

nt
 d

if
fe

re
nc

es
 in

 
IQ

 b
et

w
ee

n 
co

nt
ro

l a
nd

 
in

te
rv

en
tio

n 
gr

ou
ps

 n
or

 
be

tw
ee

n 
th

e 
tw

o 
in

te
rv

en
tio

n 
gr

ou
ps

In
di

a 
(2

01
8)

 
[2

0]

14
0a

12
–1

6 
ye

ar
s

6
Sa

m
e 

ra
ng

e 
as

 
en

ro
llm

en
t 

(i
m

m
ed

ia
te

ly
 

af
te

r 
6-

m
on

th
 

in
te

rv
en

tio
n)

C
on

ve
nt

io
na

l 
pe

ar
l m

ill
et

 
(2

1 
pp

m
 F

e 
fr

om
 b

as
el

in
e-

4 
m

o:
 5

2 
pp

m
 F

e 
fr

om
 4

–6
 m

o)

Ir
on

 b
io

fo
rt

ifi
ed

 
pe

ar
l m

ill
et

 
(8

6 
pp

m
 F

e)

A
tte

nt
io

n
M

em
or

y
A

s 
pe

r 
or

ig
in

al
 

ra
nd

om
iz

at
io

n
• �

B
io

fo
rt

ifi
ed

 g
ro

up
 im

pr
ov

ed
 in

 
at

te
nt

io
n 

an
d 

m
em

or
y 

to
 a

 
gr

ea
te

r 
de

gr
ee

 th
an

 th
e 

co
nt

ro
l 

gr
ou

p

C
hi

na
 

(2
01

8)
 

[2
1]

14
82

1.
5 

m
on

th
s

7.
5

9 
m

on
th

s
Pl

ac
eb

o
(i

n 
ut

er
o,

 m
om

 
re

ce
iv

ed
 

0.
40

 m
g 

fo
la

te
/d

or 30
0 

m
g 

Fe
 a

nd
 

0.
40

 m
g 

fo
la

te
/d

)

Ir
on

 (
~1

 m
g/

kg
 

of
 e

le
m

en
ta

l 
ir

on
/d

)
(i

n 
ut

er
o,

 m
om

 
re

ce
iv

ed
 

0.
40

 m
g 

fo
la

te
/d

or 30
0 

m
g 

Fe
 a

nd
 

0.
40

 m
g 

fo
la

te
/d

)

M
ot

or
• �

Ir
on

-d
efi

ci
en

t 
in

 b
ot

h 
fe

ta
l-

ne
on

at
al

 
an

d 
in

fa
nc

y 
pe

ri
od

s
• �

Fe
ta

l-
ne

on
at

al
 

ir
on

 
de

fic
ie

nc
y 

on
ly

• �
In

fa
nc

y 
ir

on
 

de
fic

ie
nc

y 
on

ly
• �

N
o 

ir
on

 
de

fic
ie

nc
y

• �
Fe

ta
l-

ne
on

at
al

 a
nd

/o
r 

in
fa

nc
y 

ir
on

 d
efi

ci
en

cy
 g

ro
up

s 
ha

d 
lo

w
er

 m
ot

or
 s

co
re

s 
th

an
 

ch
ild

re
n 

w
ith

ou
t i

ro
n 

de
fic

ie
nc

y

C
hi

le
 

(2
01

9)
 

[2
2]

87
5b

6 
m

on
th

s
6 

(u
nt

il 
ch

ild
 

w
as

 
12

 m
on

th
s 

of
 

ag
e)

5.
5 

an
d 

10
Fo

rm
ul

a 
w

ith
 n

o 
ad

de
d 

ir
on

Fo
rm

ul
a 

w
ith

 
2.

3 
m

g/
L

 ir
on

or Fo
rm

ul
a 

w
ith

 
12

.7
 m

g/
L

 ir
on

L
an

gu
ag

e
• �

Ir
on

 s
uf

fic
ie

nt
 

in
 in

fa
nc

y
• �

Ir
on

 d
efi

ci
en

t 
in

 in
fa

nc
y

• �
Ir

on
 d

efi
ci

en
t 

an
em

ic
 in

 
in

fa
nc

yb

• �
M

or
e 

se
ve

re
 ir

on
 d

efi
ci

en
cy

 in
 

in
fa

nc
y 

re
la

te
d 

to
 lo

w
er

 
la

ng
ua

ge
 a

bi
lit

ie
s 

at
 5

 a
nd

 
10

 y
ea

rs
 o

f 
ag

e 
(r

es
ul

tin
g 

fr
om

 
hi

gh
er

 c
hi

ld
 d

ul
l a

ff
ec

t/s
oc

ia
l 

re
tic

en
ce

 a
nd

 p
ar

en
ta

l 
un

re
sp

on
si

ve
ne

ss
 a

t 5
 y

ea
rs

)

23  Cognitive and Behavioral Consequences of Iron Deficiency



310

L
oc

at
io

n
n

A
ge

 a
t 

en
ro

llm
en

t 
in

to
 o

ri
gi

na
l 

st
ud

y

In
te

rv
en

tio
n 

du
ra

tio
n 

(m
on

th
s)

A
ge

 a
t 

fo
llo

w
-u

p 
(y

ea
rs

)
C

on
tr

ol
 g

ro
up

In
te

rv
en

tio
n 

gr
ou

p(
s)

O
ut

co
m

e 
do

m
ai

n
A

na
ly

se
s 

gr
ou

ps
M

ai
n 

fin
di

ng
s

C
hi

le
 

(2
01

9)
 

[2
3]

40
5b

6 
m

on
th

s
6 

(u
nt

il 
ch

ild
 

w
as

 
12

 m
on

th
s 

of
 

ag
e)

16
Fo

rm
ul

a 
w

ith
 

2.
3 

m
g/

L
 ir

on
Fo

rm
ul

a 
w

ith
 

12
.7

 m
g/

L
 ir

on
C

og
ni

tiv
e 

ab
ili

ty
V

is
ua

l-
m

ot
or

M
em

or
y

A
ch

ie
ve

m
en

t 
(m

at
h,

 
vo

ca
bu

la
ry

, a
nd

 
co

m
pr

eh
en

si
on

)

A
s 

pe
r 

or
ig

in
al

 
ra

nd
om

iz
at

io
n

• �
L

ow
er

 m
em

or
y 

an
d 

ac
hi

ev
em

en
t (

m
at

h 
an

d 
co

m
pr

eh
en

si
on

) 
sc

or
es

 f
or

 
th

os
e 

ra
nd

om
iz

ed
 to

 th
e 

hi
gh

er
 

ir
on

 f
or

m
ul

a 
vs

. t
he

 lo
w

er
 ir

on
 

fo
rm

ul
a

• �
Fo

r 
vi

su
al

-m
ot

or
 o

ut
co

m
e,

 
gr

ou
p 

w
ho

 c
on

su
m

ed
 h

ig
he

r 
ir

on
 f

or
m

ul
a 

ha
d 

be
tte

r 
sc

or
es

 
if

 h
em

og
lo

bi
n 

w
as

 lo
w

 a
t 

6 
m

on
th

s 
an

d 
lo

w
er

 s
co

re
s 

if
 

he
m

og
lo

bi
n 

w
as

 h
ig

h 
at

 
6 

m
on

th
s,

 c
om

pa
re

d 
to

 g
ro

up
 

w
ho

 c
on

su
m

ed
 lo

w
er

 ir
on

 
fo

rm
ul

a
a C

hi
ld

re
n 

w
ho

 w
er

e 
se

ve
re

ly
 a

ne
m

ic
 a

t e
nr

ol
lm

en
t w

er
e 

ex
cl

ud
ed

 f
ro

m
 th

e 
st

ud
y

b C
hi

ld
re

n 
id

en
tifi

ed
 a

s 
an

em
ic

 d
ur

in
g 

in
fa

nc
y 

w
er

e 
tr

ea
te

d 
w

ith
 ir

on

T a
bl

e 
23

.1
 

(c
on

tin
ue

d)

L. E. Murray-Kolb and A. Arcot



311

at baseline experienced the greatest gains in terms 
of cognitive scores [14, 18, 20]. It may be note-
worthy that supplementation occurred during the 
school years in these studies and not during the 
infancy period, when supplementation was not 
related to improvements in cognition [16, 19]. 
The study conducted in India [20] used comput-
erized tests which are less subjective and allow 
for a finer assessment of cognition (for instance, 
measuring time in milliseconds). Nevertheless, 
two studies [14, 18] used more subjective mea-
sures, similar to those used in the Sweden and 
Morocco studies described above and yet, 
reported significant differences after supplemen-
tation. Again, timing of supplementation may be 
at play, but it may also be important to consider 
the way in which the cognitive test scores were 
calculated. The study in Cambodia used raw 
scores for the three administered tests (Raven’s 
Colored Progressive Matrices and the Block 
Design and Picture Completion subtests from the 
Wechsler Intelligence Scale for Children III), cit-
ing that no standardized scores appropriate to that 
setting were available [18]. The study in South 
Africa used Western standardized scores for some 
of the outcomes (subscales of the Kaufman 
Assessment Battery for Children) and raw scores 
for others (where no standardized scores exist; 
Hopkins Verbal Learning Test) [14]. Interestingly, 
the differences between groups were only seen 
for tests where the authors used raw scores. 
Whether or not a lack of association when using 
Western-based standardized scores is an indica-
tion that applying these scores in these contexts is 
inappropriate is a question that remains to be 
answered. One final possibility should be men-
tioned here. The iron treatments used in the stud-
ies conducted in Cambodia [18] and India [20] 
provided higher levels of other micronutrients 
(such as vitamin B12 or zinc) compared to the 
placebo groups. The possibility that these nutri-
ents positively influenced cognition cannot be 
ruled out. Of the remaining studies that conducted 
analyses using the original randomization groups, 
both reported worse cognitive outcomes for chil-
dren who had been treated with higher iron for-
mula vs. those treated with a low iron formula 
during infancy [15, 23]. These follow-up studies 

assessed children at 10 and 16 years of age and 
used cognitive assessments that require a highly 
trained administrator. Interestingly, when 
accounting for hemoglobin levels at enrollment, 
both studies reported higher scores (for spatial 
memory assessed with the Kaufman Assessment 
Battery for Children at 10 years of age and for 
visual motor integration assessed with the Beery-
Buktenica Developmental Test of Visual-Motor 
Integration at both 10 and 16 years of age) after 
iron treatment for those children whose hemoglo-
bin was low at baseline (6  months of age) but 
lower scores after iron treatment for those chil-
dren whose hemoglobin was high at baseline.

The two studies that ran analyses based on 
iron status in infancy both reported lower scores 
(motor or language) in children who were iron 
deficient during the fetal/neonatal and/or infancy 
periods [21, 22]. One of these studies assessed 
outcomes immediately at the end of the treatment 
(9 months of age) [21] while the other assessed 
outcomes several years after the treatment ended 
(at 5.5 and 10 years of age) [22].

Overall, results from recent studies, which 
assessed the association between iron and cogni-
tion in children and adolescents, are mixed. In 
general, the studies point to an association 
between poor iron status and lower cognitive 
scores. However, the benefits of treating with 
iron on cognitive outcomes are not clearly estab-
lished. Studies that provided iron treatment dur-
ing infancy seem to indicate no benefit or even 
worse outcomes with higher doses of iron. 
Alternatively, studies that provided the iron treat-
ment during the school-age years appear to show 
a benefit of the supplementation. Given the find-
ings that early life iron deficiency may have irre-
versible effects, it appears that preventing iron 
deficiency in infancy should be a top priority. 
While a limited number of observational studies 
that assess the association between iron status in 
children and adolescents and neurophysiology 
exist, no such randomized controlled trials were 
found in our assessment of articles published in 
the past decade. Additional studies are needed to 
better understand the role of timing, duration, 
and severity of iron deficiency on cognitive out-
comes and neurophysiology as well as the effect 
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of timing, duration, dose, and vehicle of supple-
mentation on these outcomes in children. Type of 
testing conducted and manner in which the tests 
are scored may also affect the findings.

�Long-Term Effects of Iron Treatment 
in Early Life on Child Behavioral 
and Affective Outcomes

Over the past decade, seven publications were 
identified in which children had received iron 
treatment or a control during infancy and were 
then followed up at later ages during childhood to 
assess behavioral and affective (outward expres-
sion of an individual’s internal emotions) out-
comes [16, 19, 24–28]. The seven included 
studies represent follow-up from three original 
studies [29–31] with follow-up sample sizes 
ranging from 161 to 1116 and supplementation 
periods of approximately 6 months for six of the 
studies [16, 18, 25–28] and 12–20 months for one 
[24]. As far as the vehicle for supplementation, 
Chun-Ming et  al. provided a sachet of multiple 
micronutrients to be added to complementary 
foods (comparison group received a sachet of 
rice flour and vegetable oil), Berglund et al. pro-
vided iron drops (1 or 2 mg/kg body weight/day 
with comparison group receiving 0 mg/kg body 
weight/day), and Lozoff et al. provided a high or 
low-iron formula (12.7  mg/L and 2.3  mg/L, 
respectively; comparison group received a for-
mula with no added iron). Chun-Ming and col-
leagues only measured hemoglobin and, as such, 
there is no indication of whether or not the ane-
mia measured in their study was due to iron defi-
ciency. At baseline [29], no child was excluded 
due to their hemoglobin concentration while at 
follow-up [24], the authors excluded individuals 
who were anemic. The studies conducted by 
Berglund et  al. and Lozoff et  al. used multiple 
biomarkers which are specific for iron status and, 
as such, were able to classify the children as iron-
sufficient, iron-deficient, and iron-deficient ane-
mic. Of importance, the 3.5-year follow-up [16] 
conducted by Berglund et al. did not assess iron 
status at follow-up; as such, the interpretation of 
the findings is less clear. The study conducted by 

Berglund et al. excluded anemic children at base-
line [30] and the study conducted by Lozoff et al. 
[31] was a prevention trial, randomizing children 
who were iron sufficient or iron deficient but not 
anemic but supplementing all children who were 
anemic at baseline. Age of children at follow up 
ranged from 3.5 to 17 years. Of the seven follow-
up studies assessing behavior, four analyzed the 
data by using the original randomized groups 
[16, 19, 25, 27]. The others ran the analyses with 
the children stratified by iron status in infancy 
(iron-sufficient, iron-deficient, or iron-deficient 
anemic [26, 28] or by whether or not the defi-
ciency was corrected by the original treatment 
[24]) to assess the impact of early-life iron status 
on later behavioral outcomes.

Table 23.2 summarizes the main outcome 
variables and findings from these follow-up stud-
ies. Affect, behavior, and social difficulties were 
the three main outcome domains assessed 
through researcher observation, parental report, 
and/or child self-report, depending on the study. 
The studies that utilized the original randomiza-
tion groups in their analyses reported a higher 
prevalence of behavioral problems (overall 
behavior as assessed with the Child Behavior 
Checklist (CBCL), externalizing problems 
(CBCL), and conduct disorder (CBCL)) in the 
control group (no additional iron provided), vs. 
the groups who received iron when behavior was 
assessed through parental report [16, 19, 27], and 
more positive affect in children who received 
iron vs. those who did not when assessed via 
observer rating [25]. These studies assessed the 
children years after the original supplementation 
(at 3.5, 7, 10, and 14  years of age). However, 
when behavior was assessed through child self-
report (at ~14 years of age), higher scores on the 
ADHD symptoms subscale were found in the 
groups who received iron vs. the group who did 
not [27]. As only one study used child self-report 
to assess behavior, this finding will need to be 
replicated in future studies before it can be prop-
erly interpreted. All of the remaining analyses 
assessed the association of early-life iron status 
to later behavioral/affective outcomes (regardless 
of randomization group although they controlled 
for group) and reported that iron deficiency ane-
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mia in infancy was related to worse affect (less 
positive affect, more dull affect) and worse 
behavior (higher externalizing problems, exces-
sive alcohol use, risky sexual behavior) even after 
controlling for possible confounders (such as 
SES, maternal education, maternal depressive 
symptoms, child sex, family stressors, the home 
environment) when compared to children who 
were iron sufficient in infancy [24, 26, 28]. One 
study compared children whose anemia was cor-
rected in infancy to those who were never anemic 
in infancy and found no differences in behavior 
or affect at the 4-year follow-up [24]. Another 
study found that children who were iron deficient 
(but not anemic) in infancy had higher adolescent 
behavior problems compared to children who 
were iron sufficient in infancy [28].

Together, these studies indicate negative con-
sequences of iron deficiency and iron deficiency 
anemia in infancy on behavior and affect, years 
later. The differences reported among adoles-
cents who were formerly iron deficient are espe-
cially troubling, given the serious potential 
consequences of the behaviors (excessive alcohol 
consumption and risky sexual behaviors). The 
finding that behavioral differences might persist 
in children who were iron deficient, but not ane-
mic, in infancy is cause for concern as the preva-
lence of iron deficiency without anemia is high 
and iron deficiency, in the absence of anemia, 
typically goes undetected. Whether or not iron 
supplementation in early life can reverse these 
negative consequences is still in question since 
few randomized controlled trials exist and most 
of the long-term studies have assessed the out-
comes based on early-life status as opposed to 
randomization group.

�Effects of Iron Deficiency 
on Cognition and Behavior 
in Women of Reproductive Age

While decades of research indicate an association 
between iron status and cognitive/behavioral out-
comes in infants and young children, few studies 
have been conducted in adults. This was due to 
the belief that the brain was resistant to changes in 

iron once the blood–brain barrier reached matu-
rity [32]. However, animal studies revealed that 
the uptake of iron into the brain is dependent on 
iron status, as there is an increased rate with low 
iron status and a decreased rate with high iron sta-
tus [33]. Furthermore, the uptake process is not 
reflective of overall blood–brain barrier permea-
bility [34, 35]. Since this knowledge emerged, 
there has been an increased interest in understand-
ing the association between iron status and cogni-
tion/behavior in adults, particularly in women of 
reproductive age, given their susceptibility to iron 
deficiency. Studies conducted prior to the past 
10  years included both observational and inter-
vention designs and most were conducted in 
developed countries. The observational studies 
suggested a relation between iron status and cog-
nition such that higher iron levels are associated 
with better cognitive functioning, specifically, 
spatial ability, attention, memory, and executive 
functioning. These studies also report a relation 
between iron status and affect such that higher 
iron levels are associated with fewer depressive 
symptoms and a higher quality of life [4]. All of 
the intervention studies assessing cognition as the 
outcome, reported an improvement in cognitive 
functioning with iron supplementation. Likewise, 
in intervention studies assessing affect as the out-
come, improvements were reported following 
iron supplementation with the greatest improve-
ments found among women who had poor base-
line iron status. However, few studies were 
randomized controlled trials and few studies spe-
cifically examined the effect of iron deficiency, in 
the absence of anemia, on cognition, behavior, or 
affect. Here, we focus on recent randomized con-
trolled studies that examined the association 
between iron supplementation and cognition/
behavior in women of reproductive age.

�Effects of Iron Treatment on Cognitive 
and Neurophysiological Outcomes 
in Women of Reproductive Age

Four manuscripts, representing three randomized 
controlled trials, of the effects of iron treatment 
on cognition in adult women of reproductive age 
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have been published over the past decade [36–
39]. Three recruited university-attending women 
as the participants [36, 38, 39] and one recruited 
women who worked on a tea plantation [37]. The 
vehicle for supplementation was beef in one 
study (comparison group received non-beef 
foods), provided for 16  weeks [36], double-
fortified salt (comparison group received single-
fortified salt), provided for 10 months [37], and 
biofortified beans (comparison group received 
conventional beans), provided for 18 weeks [38, 
39]. All studies included multiple iron status bio-
markers which were assessed at baseline and 
endline and the study in Rwanda was restricted to 
women with a ferritin ≤20  ng/mL at baseline. 
The studies analyzed the data using an intent to 
treat approach and also included secondary data 
analysis approaches.

Table 23.3 summarizes the main outcome 
variables and findings from these randomized 
controlled trials. The main outcome domains 
were memory and attention and one study also 
used electroencephalogram (EEG) measure-
ments to assess electrophysiology [39]. The study 
conducted in the United States did not find any 
difference in cognitive outcomes between the 
groups at endline [36]. Both groups improved 
their iron status over time but changes in cogni-
tive outcomes did not differ by group. On the 
other hand, when classifying the women as those 
who had a positive change in ferritin vs. those 
who did not, the authors report greater improve-
ments in all three cognitive domains tested 
(memory, attention, spatial planning) in the “fer-
ritin responders” vs. the “ferritin non-responders.” 
In contrast, the studies conducted in India and 
Rwanda found significant differences between 
groups at endline on the cognitive domains tested 
(memory, attention, perception) with women in 
the treatment arms having greater improvements 
[37, 38]. Although the exact tests given differed 
in these studies, all studies utilized computerized 
cognitive tests. The study in Rwanda was limited 
to women who were iron deficient at baseline, the 
study in India included only the subgroup of 
women who had the lowest ferritin values from 
the larger parent trial, and the study conducted in 
the United States did not limit enrollment based 

on ferritin concentrations. Indeed, at baseline, the 
mean ferritin concentrations of those in the US 
study were nearly four times higher than the 
mean ferritin concentrations of those in the 
Rwanda study and almost 40% higher than those 
in the India study. It is possible that women with 
a lower iron status at baseline experience a 
greater benefit of increased iron status. The 
Rwanda study also included measures of electro-
physiology and found greater improvements in 
EEG amplitude and spectral power in the group 
who consumed the biofortified beans vs. those 
who consumed the conventional beans [39]. An 
important contribution of this study is the finding 
that changes in brain activity (EEG) mediate the 
relation between changes in iron biomarkers and 
changes in cognition (memory and attention). 
Studies which use electrophysiological measure-
ments and relate the findings to changes in cogni-
tion are especially helpful in terms of providing a 
link between the mechanistic studies conducted 
with animal models and the behavioral and affec-
tive outcomes that are typically measured in 
human studies.

Recent observational studies (not reviewed in-
depth here) are supportive of an association 
between iron status and cognitive functioning in 
women of reproductive age, indicating that better 
executive functioning and attention scores are 
found in women who are iron sufficient vs. those 
who are deficient [40–42]. Two recent observa-
tional studies have also examined the association 
between iron status and neurobiology. One 
revealed differences in left EEG alpha activity in 
prefrontal regions between iron-deficient (non-
anemic) and iron-sufficient women of reproduc-
tive age [43]. The other study found differences 
in brain connectivity (using functional magnetic 
resonance imaging) between women who had 
been iron-deficient anemic in infancy vs. controls 
(iron sufficient or mild iron deficiency in infancy) 
[44]. Specifically, formerly iron deficient anemic 
subjects had decreased connectivity from the 
posterior Default Mode Network (DMN) to the 
left posterior cingulate cortex (PCC) and 
increased connectivity from the anterior DMN to 
the right PCC. They also exhibited differences in 
the left medial frontal gyrus.

23  Cognitive and Behavioral Consequences of Iron Deficiency
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Although these observational studies are sup-
portive of a relation between iron and cognition 
in women of reproductive age, the number of 
recent randomized controlled trials assessing the 
effects of iron treatment on cognition in this 
population is extremely limited. While the stud-
ies provide evidence that iron deficiency is related 
to cognitive alterations and changes in electro-
physiology, more work is needed to fully under-
stand these associations in this age group. 
Optimal cognitive functioning is necessary for 
performing day-to-day duties. Alterations in 
maternal cognitive functioning may have signifi-
cant implications for maternal–child interactions 
with subsequent negative effects on child devel-
opment, as women are often the primary care-
giver for children. It is therefore crucial that these 
types of studies continue to be conducted in 
women of reproductive age.

�Effects of Iron Treatment 
on Behavioral and Affective 
Outcomes in Women 
of Reproductive Age

Three recent randomized controlled trials were 
identified in which women of reproductive age 
received iron treatment or a control and behav-
ioral/affective variables were assessed as the out-
comes of interest [45–47]. Two of the studies 
were conducted in developed countries [45, 46] 
and the other was conducted in Iran [47], a semi-
developed country. Sample sizes ranged from 
70–198 with intervention periods ranging from 
2 weeks (intravenous iron) to 12 weeks. As for 
the vehicle for supplementation, the study con-
ducted in Switzerland utilized intravenous iron 
(comparison group received intravenous placebo) 
while the other two provided oral iron supple-
ments as tablets (with comparison groups receiv-
ing oral placebo tablets). As far as iron status 
assessment and inclusion criteria, all of the stud-
ies included multiple iron status biomarkers 
which were assessed both at baseline and endline 
and all of the studies excluded women who were 
anemic at baseline. Additionally, the studies con-
ducted in Switzerland and France included only 

women whose baseline ferritin levels 
were ≤ 50 ng/mL and the study conducted in Iran 
included only women with postpartum depres-
sion. All of the studies analyzed the data using an 
intent to treat approach and it is important to note 
that the study conducted in France was observer 
blinded while the other studies were double 
blinded.

Table 23.4 summarizes the main outcome 
variables and findings from the randomized con-
trolled trials conducted over the past decade. The 
main outcome domains were affect (specifically, 
anxiety, depression, and quality of life) and 
fatigue. In both studies where fatigue was 
assessed, the authors found significantly larger 
decreases in fatigue in the women who received 
iron vs. those who received a placebo [45, 46]. 
For one of these studies, this association was only 
true for women whose ferritin concentrations 
were ≤ 15 ng/mL at baseline [45]. For the studies 
that assessed affect, one reported no significant 
differences between groups on measures of anxi-
ety, depression, or quality of life [46]. The other 
study reported significant improvements in 
depression scores in women who were treated 
with iron compared to those treated with placebo 
(improvement rate of 42.8% vs. 20.0% for iron 
vs. placebo treated, respectively; p = 0.03) [47]. 
Several differences exist between these studies 
which may contribute to the discrepant finding: 
(1) different instruments were used to assessed 
depression, (2) participants in the Iran study were 
all 1-week postpartum while the participants in 
France were not in the postpartum period, and (3) 
the study conducted in Iran only enrolled women 
who had been diagnosed with postpartum 
depression.

Although the number of randomized con-
trolled trials assessing iron status and behavior in 
women of reproductive age is limited, the studies 
provide evidence that iron status is related to 
behavior and that iron repletion may ameliorate 
the negative findings. Of importance, all of these 
studies excluded anemic women and, therefore, 
the findings indicate alterations in behavior in 
those who are iron deficient but not anemic. In 
other words, mild iron deficiency has behavioral 
and affective consequences in women of repro-
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ductive age. As mentioned above in our review of 
the findings in children, this is especially con-
cerning, given the lack of identification of iron 
deficiency in the absence of anemia, in most 
settings.

�Conclusion

The brief review provided in this chapter reveals 
an association between iron deficiency (with and 
without anemia) and alterations in cognition and 
behavior for both children and women of repro-
ductive age. Findings of this association in the 
absence of anemia are particularly troubling, 
given the magnitude of iron deficiency without 
anemia and the fact that it goes largely unde-
tected. The findings of long-term cognitive and 
behavioral consequences of iron deficiency in 
infancy despite iron repletion are also of particu-
lar concern. Finally, the fact that higher iron 
doses used for repletion may be related to worse 
outcomes when supplementation occurs in 
infancy needs to be further investigated. These 
findings indicate that preventing iron deficiency 
in infancy should be a top priority. The magni-
tude of cognitive and affective changes reported 
with iron deficiency vary by study but, in general, 
indicate levels that are likely to impact daily 
activities. Although studies of the functional con-
sequences of iron deficiency continue, there is a 
clear need for well-designed randomized con-
trolled studies in order to better understand the 
effects of timing, duration, and severity of the 
deficiency as well as the optimal treatment tim-
ing, duration, and dose. Studies that link changes 
in neurophysiology to changes in these cognitive 
and behavioral outcomes are especially needed.
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