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Background: A chronic or acute insult may affect the regulatory processes that guide motor and behavioral per-
formance, leading to increased intra-individual variability (IIV). Increased variability is often interpreted as an in-
dication of regulatory dysfunction. Iron plays an important role in the regulatory processes of the nervous system
and affects motor activity. To our knowledge, no study has examined the long-lasting patterns and IIV of motor
activity following iron-deficiency anemia in human infants.
Aims: This study compared 48-h motor activity and variability in preschool-aged children with or without iron-
deficiency anemia (IDA) in infancy.
Methods: Motor activity was recorded through actigraphs during two week-days in 47 4-year-old Chilean chil-
dren (23 former IDA and 24 non-anemic in infancy). All were given oral iron as infants. Sleep-wake states
were identified by means of automated software. The frequency of movement units per minute was determined
for each waking/sleep state during the individual day and night periods; data were examined in blocks of 15 min.
Analyses of mean frequency and duration and intra-individual variability were conducted using multivariate
mixed models.
Results: For daytime sleep, former IDA children were more active without a difference in the total duration. They
also spent less time awake throughout the individual day period. Motor activity intra-individual variability was
higher in former IDA children.
Conclusions: The findings suggest that IDA in infancy sets the stage for long lasting dysfunction in the neural
processes regulating sleep-wake states and spontaneous motor activity patterns.

© 2013 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Being physically active is a critical component of proper develop-
ment. Motor activity, especially in the first years of life, has a positive
impact on child health and motor, cognitive, and socio-emotional
well-being [1-6]. Iron deficiency anemia (IDA) in infancy, a common
nutrient disorder worldwide, is associated with altered motor activity
in animal models and humans [7-9]. However, long-lasting effects of
early IDA on motor activity patterns have not been examined in the
human. The effect of this nutritional insult on intra-individual variability
in motor activity, a marker of the stability of regulatory processes, has
also not been investigated.
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1.1. Iron deficiency and motor activity

Changes in motor activity associated with early IDA have been
reported in animal models. Studies in rodent models have reported a
wide range of modifications ranging from reduced locomotor activity
during the period of IDA [10] to altered circadian patterns of motor
activity [11,12]. Two studies that systematically varied the timing of
IDA during early development found that IDA rat pups showed
decreased activity [13] and moved less in a home-orienting task [12].
In the primate, prenatally iron-deprived infant monkeys showed re-
duced motor activity and postnatally iron-deprived monkeys slept
more at night over a 48-h period, compared to controls [9]. In addition,
a small pilot project involving juvenile monkeys reported dramatic
decreases in running and playing, even in those animals with mild iron
deficiency anemia [14].

In the adult human, maximal physical performance, submaximal
endurance, and work productivity have been shown to be reduced in
individuals with IDA and, in some cases, iron deficiency (ID) without
anemia [15-19]. Treatment with iron improved physical performance
and endurance [20]. Only a few studies have reported motor activity


http://dx.doi.org/10.1016/j.earlhumdev.2013.08.014
mailto:rangulo@gencat.cat
mailto:rangulo@umich.edu
mailto:ppeirano@inta.uchile.cl
mailto:calgarin@inta.uchile.cl
mailto:nicola@umich.edu
mailto:blozoff@umich.edu
http://dx.doi.org/10.1016/j.earlhumdev.2013.08.014
http://www.sciencedirect.com/science/journal/03783782

1026 R.M. Angulo-Barroso et al. / Early Human Development 89 (2013) 1025-1031

in human infants and children while IDA or after treatment. In a study of
play behavior and mother-infant interaction, Lozoff et al. (1998) found
lower activity in IDA infants using crude measures (crossing gridlines in
a play room, moving beyond arm's length from the mother, etc.) [21].
In a study of 12- to 18-month-old undernourished infants with IDA,
Harahap et al. (2000) found lower motor test scores and motor activity
scores compared to controls before iron therapy. Following iron treat-
ment, the activity of IDA infants increased to a larger extent than con-
trols [22]. Similar results of lower activity in IDA children were found
in Zanzibari toddlers as they initiated independent walking [23]. In a
study performed in Chile using actigraph recordings in the home, we
found overall increased activity during the day and night, in both waking
and sleep states, in 6-month-old infants while IDA [7,24]. In contrast,
they showed decreased motor activity in a laboratory (i.e., unfamiliar)
setting after iron treatment (at 12 and 18 months). The few published
studies of concurrent iron deficiency and motor activity in school-
aged children report lower activity [25].

1.2. Motor activity and intra-individual variability

Activity in young children is typically intermittent and includes
frequent transitions across different magnitudes of activity [26]. This
pattern generates intra-individual variability (IIV). A chronic or acute
insult may affect the regulatory processes that guide motor and behav-
ioral performance, leading to altered IIV patterns and, in particular, in-
creased IIV. Several studies show increased IIV in the motor behaviors
of aging populations [27] and populations with diseases or disorders,
such as stroke [28], post-traumatic brain injury [29], or ADHD in chil-
dren [30]. For instance, children with ADHD show more IIV in motor
timing tasks compared to typically developing peers. In fact, IV was a
better indicator of ADHD than performance alone [30].

In terms of development, IIV shows a U-shaped pattern from birth to
adulthood [31,32]. In contrast, magnitude of motor activity shows the
opposite, that is, an inverted U-shaped pattern [2]. Such an inverse rela-
tionship is unlikely to be explained by a ceiling effect, since physical ac-
tivity levels can be greatly increased with purposeful exercise practice
even at young ages [33]. Typically, children's motor activity increases
and IIV decreases with advancing age up to approximately 7-9 years
of age [34]. Given the role of iron in myelination, neurometabolism,
and neurotransmitter function [35], iron deficiency in infancy might
contribute to increased IIV in motor activity. To our knowledge, no
study to date has considered this question.

The purpose of the present study was to assess the magnitude
of spontaneous motor activity and IIV for 48 continuous hours in the
home among preschool-aged children who did or did not experience
IDA in infancy. On the basis of the revised literature, we hypothesized
that former IDA children would demonstrate lower levels of motor
activity but higher levels of IIV compared to control children.

2. Methods
2.1. Participants

This study of motor activity was conducted in conjunction with the
neurophysiological components [21] of a larger study in Chile on the
long-term behavioral and neuromaturational effects of IDA in infancy.
Activity could be measured in only a subset of the children at the pre-
school follow-up, as funding limitations precluded activity monitoring
in all. Nonetheless, we considered that studying spontaneous motor
activity for 48 continuous hours with more advanced techniques prom-
ised to provide new information about the long-lasting effects of IDA
in infancy. Detailed descriptions of the population and other findings
during infancy and the preschool period have been published elsewhere
[7,24,36-38].

Participants in this study had been born healthy, at term, weighing
>3.0 kg and were free of acute or chronic health problems as infants

(for further details of inclusion criteria, see [35,36]). Based on a venous
blood specimen at 6, 12, or 18 months, IDA and control children were
identified. Anemia was defined as a low hemoglobin for age (a venous
hemoglobin <100 g/L at 6 months or <110 g/L at 12 and 18 months
[39]). Iron deficiency was defined as two or more iron measures in the
deficient range (mean cell volume <70 fI [40], erythrocyte protopor-
phyrin >1.77 umol/L [100 pg/dL] red blood cells [41], serum ferritin
<12 pg/L [41]), or an increase in hemoglobin >10 g/L after 6 months
of iron therapy [40]). IDA was defined as anemia plus iron deficiency.
Seven infants were identified as IDA at 6 months, 11 at 12 months,
and 5 at 18 months. The control group consisted of randomly chosen
children who were clearly nonanemic (venous Hb > 115 g/L). Six-
month-old infants were treated orally for one year with 15 mg/day of
elemental iron as oral ferrous sulphate (Fer-in-Sol®). A venipuncture
was repeated at 12 months to determine response to therapy, using
hemoglobin level and iron status measures. A finger-stick hemoglobin
level was obtained at 18 months to monitor maintenance of response
[see refs. 36,37 for full details]. Infants identified at 12 or 18 months
were treated with oral iron (30 mg/day) for a minimum of 6 months.
Finger-stick hemoglobin levels were also obtained after treatment to
monitor maintenance of response. Given that IDA in infancy was very
common in the population at the time, infants from the control group
underwent the same iron treatment in order to assure that they did
not become anemic with advancing age. Neither parents nor project
personnel were informed of an infant's hematologic status.

All aspects of the study were explained to parents of qualifying chil-
dren, and signed informed consent was obtained. The research protocol
was approved by the Institutional Review Boards of the University
of Michigan Medical Center, Ann Arbor, of INTA, University of Chile,
Santiago, and of the Office of Protection from Research Risks, NIH.

Of the available preschool-aged children who had been part of the
infant studies (former IDA and control groups), we conducted activity
monitoring in those who were under 5 years of age, depending on avail-
ability of a device. Data were collected for 23 children who had IDA at 6,
12, or 18 months of age and 24 children who had been non-anemic
throughout infancy. No child had IDA when blood was collected at 5
15 years (blood was not obtained at earlier ages in the preschool
follow-up). The children were well-nourished with growth at the U.S.
60-70th percentile, on average, upon entry into the study and at the
childhood testing time. Their overall development was comparable to
that of U.S. infants and children as assessed by the Bayley Scale of Infant
Development I [42].

2.2. Procedures

As part of the preschool-age follow-up, children were scheduled for
an overnight polysomnographic sleep recording [38]. Upon waking in
the morning, an actigraph (Ambulatory Monitoring, Inc.) was attached
to the child's right ankle with a Velcro band for 2 consecutive days.
These actigraphs are computerized activity monitors with a piezo-
electric sensor sensitive to accelerations above .01 g per radians/second
and an internal memory. The actigraph counted each such acceleration,
digitizing and storing in memory the total number of accelerations-
decelerations (movement units) per 2-s interval. The weight and
dimensions of this device are minimal (56.7 g, 4.45 x 3.3 x .97 cm)
and do not interfere with children' actions.

The subset of children under 5 years of age who received activity
monitoring was determined solely by the availability of our limited
number of actigraphs. Further, a few actigraphic recordings were techni-
cally inadequate. Satisfactory recordings at preschool age were obtained
for 23 IDA and 24 controls. There were no differences between children
who did or did not have activity data with respect to factors including
gender, birth weight, growth, and family background. The exception
was the home environment (HOME): children with activity data had
more supportive home environments in infancy than those who partic-
ipated in the preschool follow-up but had no activity data.
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2.3. Data reduction

The 48-h actigraph data were downloaded to a PC computer using a
special interface unit (Ambulatory Monitoring, AMI, USA). Software
from the same company was used to classify each data point as waking,
quiet sleep and active sleep on a minute-by-minute basis [43,44]. Fol-
lowing the standard procedures of this software, the actigraph filter
was set to a level of 18 to be compatible with this automated algorithm.
The software created output summaries for each 15-min block. Each
data file was separated into day 1 and day 2. After each minute was
classified as a particular state (wake, active sleep or quiet sleep), we
further divided each 24-h period into day and night on an individual
basis (iDay and iNight). iDay was defined as the longest period
of waking and iNight as the longest period of sleep for a particular
child. To determine the “iDay/iNight” breaking point for each child,
we defined an hour as iDay if it had more than 40 min of waking or
20-40 min of waking followed by an awake hour. Similarly, an
hour was defined as iNight if it had 20 or fewer minutes of waking or
20-40 waking minutes preceded by an hour of sleep. Within the hour
that contained the “iDay-to-iNight” change, we examined the total
number of wake and sleep minutes within each of the four 15-min
blocks. If there were seven wake minutes or less, then the iDay-to-
iNight transition was defined at this particular time. Similarly, for the
hour that contained the “iNight-to-iDay” change, the transition time
was considered to be the 15-min block in which the total number of
wake minutes was more than seven minutes. In 15-min blocks for
each day, we then calculated the total amount of time that a given
child was in the following states: awake, active sleep, and quiet sleep
during both the iDay and the iNight. We also computed the total
number of movement units per 15 min for each state. The intra-
individual variability of each variable was based on the child's standard
deviation within the 15-min blocks of that state.

2.4. Statistical analysis

We tested for group differences in child and family background char-
acteristics using the chi-square test for dichotomous and categorical var-
iables and the Student t-test for continuous variables. The pooled t-test
was selected for equal variances and the Satterthwaite t-test for unequal
variances, based on the F-test.

There were no significant differences in motor activity duration be-
tween the 1st and 2nd 24-h periods. We therefore utilized the mean of
days 1and 2 in all further analyses. Multivariate analyses of covariance,
with gender and age of testing as covariates, were used to determine
differences between the former IDA and non-anemic control groups.
Data were appropriate for parametric analysis since variables were nor-
mally distributed and variances were homogeneous. All analyses were
carried out with SAS 9. An alpha level of 0.05 was defined for tests of sta-
tistical significance.

3. Results
3.1. Children and family characteristics

There were no differences between IDA and control groups in gen-
der, birth weight and height, gestational age, or growth measures in in-
fancy. There were no differences in mothers' or fathers' education or the
home environment (HOME) [45] in infancy, but there was suggestive
trend for the IDA group to have somewhat lower socioeconomic status
than controls. At the preschool-age follow-up, there were no significant
differences in age (approximately 3.7 years in both groups), or gender
distribution (see Table 1). Socioeconomic status did not correlate with
our dependent variables, but gender and age of testing did, as has
been reported by others [2,33,46-48]. We therefore used gender and
age of testing as covariates in further analyses.

3.2. Hematologic status

Data on hematologic status at the time of IDA was detected in infancy
(6, 12, or 18 months) are provided in Table 1. All of the non-anemic
infants were iron-sufficient. As expected, all iron-related parameters
were significantly worse in the IDA group.

3.3. Length of iDay and iNight

There was a suggestive trend for the length of the iDay to be shorter
in former IDA children compared to controls (786.9 min + 81.4 vs.
818.8 min + 90.1, F(1,43) = 3.39, p = .07). Gender was a significant
covariate, with females showing shorter length of the iDay compared
to males (F(1,43) = 5.81, p = .02). Length of the iNight tended to be
longer for former IDA compared to controls (654.6 min 4 81.2 vs.
617.9 min £ 104.7) and for females than males (both approaching
significance, F(1,43) = 3.09, p = .06 and F(1,43) = 3.61, p = .08,
respectively).

3.4. Time of waking and sleeping during the iDay and iNight

Former IDA children spent less time awake in the iDay than control
children (682.1 min 4+ 102.2 vs. 734.9 min + 100.9, F(1,43) = 4.96,
p = .03) (see Fig. 1). Gender was a significant covariate with females
demonstrating reduced amount of time than males (674.0 min +
137.9 vs. 725.5 min + 809, F(1,43) = 447, p = .04). Former IDA
children spent 63.9 min + 57.8 in active sleep during the iDay com-
pared to 44.1 min 4 34.6, in control children. However, this difference
was at the limit of a suggestive trend (F(1,43) = 2.74,p = .10). Neither
gender nor age of testing was significant in the model. There were no
other differences between former IDA children and controls in the
amount of time spent in each state.

Table 1
Background characteristics of children and family.?
Group Former IDA Control p-value
Total n 23 24
Child
Gender (% male) (n) 78.3%(18) 58.3%(14) 212
Age at preschool follow-up (years) 374 + 45 3.67 + 48 .529
Characteristics in infancy
Birth weight (kg) 343 + .39 35+.35 513
Birth length (cm) 506 +£242 509 + 1.51 .545
Gestational age (weeks) 39.3 + .96 395+ 11 513
Growth at 6 months
Weight (kg) 82+ .85 83+ .83 740
Length (cm) 673 £209 672 4+ 215 .900
Weight gain birth to 6 months (kg) 4.8 4+ .73 4.8 + .74 963
Growth in infancy (12 months)
Weight-for-Age (Z-score) 049 + 234 027 + 084 .668
Height-for-Age (Z-score) 041 £ 232 —0.13 £ 093 322
Iron status at study entry in infancy
Hemoglobin (g/L) 1018 + 6.4 1213+ 7.1 <.001
Mean corpuscular volume (fL) 68.0 + 4.1 753 +£ 32 <.001
Erythrocyte protoporphyrin 164.1 £ 975 86.6 + 22.1 .001
(ug/dL rbes)
Ferritin (ug/L) 77 £ 82 144 + 11 .025
Family
Socioeconomic status index 29.7 £ 5.69 26.0 + 5.76 .043
HOME score in infancy 303 +£4.89 320+ 1.00 447
Father's education (years) 96 + 3.17 8.68 + 3.80 .386
Mother's education (years) 104 + 2.27 9.58 + 3.02 333
Mother's IQ 8554+ 1274 839 £+ 11.79 .687

Ns vary due to missing background data in infancy, especially HOME score. Higher scores
on the socioeconomic status index indicate lower status.

2 Values are means =+ SD for continuous variables and percentages (n) for categorical
variables. Statistical significance was determined by the Student t-test or Chi square. By
design, IDA and nonanemic control group differed in hematologic status with all iron
measures being significant.
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Fig. 1. Total amount of time (mean + SD) of each waking/sleep state during 24 h for preschool-aged children with IDA in infancy and controls. * p < 0.05, | suggestive trend (p < .10).

3.5. Total motor activity by state during the iDay and iNight

Former IDA children had more leg movements in active sleep during
the iDay than controls (3.5 Movement units/15 min 4 3.9 vs. 2.0 Move-
ment units/15 min + 1.6, F(1,43) = 4.4, p = .04) (see Fig. 2). Again,
gender was a significant covariate (F(1,43) = 4.02, p = .05) with
females demonstrating greater motor activity in active sleep during
the iDay than males (3.8 Movement units/15 min 4 4.8 vs. 2.3 Move-
ment units/15 min 4 1.6, respectively). Age of testing was a significant
covariate for motor activity in quiet sleep during the iDay, with motor
activity in quiet sleep during the iDay decreasing as children's age
increased between 38 and 60 months (F(1,43) = 7.52, p <.01). There
were no other differences between former IDA and controls in the
amount of motor activity spent in each state.

3.6. Intra-individual variability (1IV)

Overall, former IDA children showed more IIV in time variables than
the control group (see Fig. 3). IIV in the amount of time of both active
and quiet sleep at iNight was significantly larger in former IDA children
than controls (5.0 £ 04 vs. 44 + 1.0, 54 + 04 vs. 48 £ 0.9;
F(1,43) = 44 p = .05, F(1,43) = 44 p = .02, respectively). During
the iDay, awake and active sleep times showed suggestive trends to-
ward larger IIV in former IDA compared to control children (3.8 + 1.4
vs. 3.1 +£ 1.6, F(1,43) = 2.7, p =.10; and 2.6 4+ 1.3 vs. 2.0 £+ 1.0,
F(1,43) = 3.3, p = .07, respectively). For IIV in the motor activity vari-
ables, former IDA children showed larger IIV in active sleep during the

iDay compared to controls (114.3 4 69.3 vs. 83.4 4 46.2, F(1,43) =
4.4,p = .04).

4. Discussion

This study used objective quantitative techniques to assess long-
term effects of IDA in infancy on motor activity and IIV in the home set-
ting. We found that former IDA children spent less time awake during
the day and had a higher frequency of leg movements while sleeping
during the day than control children. These results seem to suggest
that IDA at 6-18 months of age does not produce an overall reduction
in motor activity at a later preschool age. However, we consider that
lasting effects of IDA depend on the timing and severity of IDA.

In monkeys, for example, prenatally iron-deprived infants showed a
reduction in motor activity, but those postnatally deprived demonstrat-
ed a tendency to increase motor activity and sleep more during the night
[9]. Our results appear in agreement with this postnatal model of ID:
former IDA children showed increased activity while asleep during the
day, less time awake in the day, and a tendency for more time sleeping
at night. These results are also in agreement with our observations in in-
fancy [7] in that we found longer durations of waking and sleep during
the night and higher motor activity in the day in IDA infants at 6 months,
during the period of IDA. After 6 or 12 months of iron treatment (at 12
or 18 months) only the durations of waking and sleep at night remained
increased in former IDA infants. It thus appears that early postnatal
IDA derails the normal progression of sleep-wake patterning, as it was
also the case for the nighttime temporal organization of sleep states in
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Fig. 2. Total motor activity (mean 4 SD) in each waking/sleep state during 24 h for preschool-aged children with IDA in infancy and controls. * p < 0.05.

formerly IDA children at 4 years of age [38]. A tendency towards longer
sleep durations at night was found, similar to the monkeys in the post-
natal model [9].

Our results also showed that IV of night-time durations of both
active and quiet sleep, were higher in former IDA children compared
to controls. This same pattern of increased IIV was also observed while
children were awake or in active sleep during the day. Because these
states combined account for practically the entire 24-h period, we can
say that the overall effect observed was increased IIV across the 24-h
period. Increased IIV could be interpreted as a neurodevelopmental
delay in former IDA children, since IV should be following a decreasing
tendency by this age [31]. The functional relevance of decreasing
IIV in childhood has been demonstrated; there is a strong association
between improved motor and cognitive performance and reduced IV
[31]. The reduction of IIV with age has been linked to two potential
neuronal processes. First, completion of myelination of the CNS could
reduce the amount of IIV in the sensorimotor system [49]. Second, elim-
ination of transient connections in the CNS (i.e., pruning) may also
decrease IIV, since excess connections create noise and interfere with
signal transmission [50]. There is an increase in white matter density
in the brain of children with advancing age, suggesting progressive

myelination within the brain during childhood [51-53]. Since iron is re-
quired for normal myelination, more IIV in former IDA children may in-
dicate a delay in the maturation of the CNS with respect to myelination.

There is only one other study that examined IIV in the context of iron
deficiency [54]. In that study, infants' IIV in temperament responses
during the first year of life was assessed and related to maternal or
newborn iron status. At 3 months, but not at 6 and 12 months, higher
IV correlated with higher maternal hemoglobin during pregnancy and
higher neonatal ferritin. Because IIV should be higher in the very early
phase of development, it is not surprising such a positive correlation
was observed only at the 3-month assessment. In our study, IV may
not have reduced to the expected level for age in IDA children, but
longitudinal studies would be necessary to confirm this possibility.
Furthermore, neural processes involved in the developing progression
and establishment of temperament and IIV in either the patterning of
sleep-wake episodes length or motor activity modulation are likely to
be different.

The tendency towards shorter day length and longer night length in
the IDA group compared to controls may indicate alterations in the or-
ganization or regulation of the circadian pattern. IDA has been reported
by some investigators to alter or even reverse the diurnal pattern of
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motor activity in animal models [11,12]. Taken together, the long-
lasting effects of early IDA imply temporal dysregulation at the level of
day/night (diurnal patterns) and the level of individual variability in
state durations.

[ron is involved in many central nervous system processes that could
affect infant behavior and development [35]. Since IDA alters the func-
tioning of several central neurotransmission systems, neuronal metabo-
lism, and both the quantity and quality of myelin, it may disrupt the
modulation of motor activity and IIV within waking and sleep. There is
ample reason to suspect that iron deficiency alters spontaneous motor
activity [7-10], as well as sensory systems [36] and sleep patterns
[39,55], all of which are critical contributors to well-regulated behavior
throughout a 24-h period. Furthermore, the lasting effects of early IDA
apparently depend on timing, with different effects for IDA or iron dep-
rivation pre- or post-natally. These interpretations would benefit from
study replication. Such possibilities should be considered in future longi-
tudinal studies or randomized controlled trials of iron supplementation.

Several limitations should be recognized in this study. The sample is
small, and therefore caution should be taken in generalizing the find-
ings. IIV was evaluated as the standard deviation value; other method-
ologies in the frequency domain may have been more informative
about the structure of the variability, but the nature of our data did
not allow such analyses. Furthermore, actigraphy is an adequate meth-
od to evaluate sleep/wake patterns, but when other more specific sleep
parameters are needed it produces inconsistent results. Namely the

relative inability to identify sleep and wake during short periods of
high motility during sleep, as well as during periods of wakefulness
without motion, and a tendency to overestimate activity during sleep.
However, the same methodology was applied to both groups.

5. Conclusions

Altered motor activity patterns, day/night wake/sleep durations, and
higher IV in the former IDA group point to previously unrecognized but
long-lasting effects of early IDA. Given the functional relevance of IV for
motor and cognitive performance (higher IIV associated with poorer
performance at this age) [32], the results of this study add to the grow-
ing evidence of enduring consequences of early IDA.

As a final note, many studies of physical activity levels in preschool
children ([44,45] for recent studies and review) examine daytime activ-
ity without considering sleep patterns. Conversely, “the mysteries of
sleep may be lost to the sleep researcher who does not also study wake-
fulness” [56]. An approach that ignores either wakefulness or sleeping
may not be as informative or relevant for overall performance in child-
hood and perhaps even throughout the life span.
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