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Abstract

Introduction: Iron deficiency anemia (IDA) represents the most prevalent nutritional deficiency
worldwide, particularly affecting toddlers during critical brain development periods. This study
assessed the prevalence of iron deficiency anemia and its impact on cognitive development in
toddlers aged 1-3 years.

Methods: A cross-sectional analytical study was conducted at Saraswati Institute of Medical
Science, Hapur, from January-December 2016. Four hundred toddlers were systematically recruited
and categorized into three groups based on iron status: iron deficiency anemia (IDA), non-anemic
iron deficiency (NAID), and iron sufficient (IS). Iron status was assessed through hemoglobin,
serum ferritin, and transferrin saturation measurements. Cognitive development was evaluated using
the Bayley Scales of Infant and Toddler Development, Third Edition, administered by certified
psychologists blinded to participants' iron status.

Results: The prevalence of IDA was 36.5% and NAID was 27.0%. Children with IDA scored
significantly lower on cognitive composite scores compared to iron sufficient peers (89.4+12.8 vs
102.8+13.2, p<0.001), representing a clinically meaningful 13.4-point difference. Strong
correlations existed between iron status indicators and developmental outcomes, with duration of
iron deficiency showing the strongest negative correlation with cognitive scores (r=-0.52).
Multivariate analysis confirmed IDA as an independent risk factor for impaired cognitive
development (adjusted OR 3.42, 95% CI 1.98-5.91).

Conclusion: A clear dose-response relationship exists between iron deficiency severity and
cognitive impairment, with significant developmental delays evident even in non-anemic iron
deficiency, emphasizing the critical importance of early detection and intervention.

Keywords: Iron deficiency anemia, cognitive development, toddlers, Bayley Scales, developmental
assessment

Introduction

Iron deficiency anemia (IDA) represents the most prevalent nutritional deficiency disorder
worldwide, affecting approximately 1-2 billion people globally and constituting a major public
health challenge, particularly in developing countries (Lozoff, 2007). Among the most vulnerable
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populations are infants and toddlers aged 1-3 years, during which period rapid brain growth and
development create exceptionally high iron requirements. The significance of iron deficiency during
this critical developmental window extends far beyond its hematological manifestations, as
emerging evidence demonstrates profound and potentially irreversible effects on cognitive
development, motor function, and socioemotional behavior (Grantham-McGregor & Ani, 2001).
Iron plays a fundamental role in brain development and function through multiple mechanisms. As
an essential component of hemoglobin and myoglobin, iron facilitates oxygen transport to rapidly
developing neural tissues. Additionally, iron serves as a cofactor for numerous enzymes involved in
neurotransmitter synthesis, including dopamine, norepinephrine, and serotonin, which are crucial
for cognitive function, attention, and behavioral regulation. Iron is also integral to the structure and
function of cytochrome oxidase, the terminal enzyme in the electron transport chain responsible for
cellular energy production in neurons. Furthermore, iron deficiency impairs myelination processes,
affecting the speed and efficiency of neural transmission throughout the developing nervous system
(Beard, 2001).

The toddler period, spanning ages 1-3 years, represents a particularly vulnerable developmental
phase for several reasons. First, the rapid growth rate during this period creates enormous iron
demands that frequently exceed dietary intake, especially in populations with limited access to iron-
rich foods. Second, this developmental stage coincides with the period of most rapid brain growth,
when iron requirements for neurological development are at their peak. Third, dietary transitions
from breast milk or formula to solid foods often result in inadequate iron intake, particularly in
resource-limited settings where iron-rich foods may be inaccessible or culturally inappropriate.
Finally, the immature immune system of toddlers increases susceptibility to infections that can
impair iron absorption and utilization (Pasricha et al., 2010).

Epidemiological studies have consistently demonstrated alarmingly high prevalence rates of iron
deficiency anemia among toddlers in developing countries. In India, national surveys indicate that
approximately 60-70% of children under three years of age suffer from some degree of anemia,
with iron deficiency being the predominant cause. This prevalence varies significantly by
geographic region, socioeconomic status, and maternal education levels, with rural, impoverished
communities experiencing disproportionately higher rates. The persistence of such high prevalence
rates despite decades of public health interventions underscores the complex multifactorial nature of
iron deficiency and the need for comprehensive, evidence-based approaches to prevention and
treatment (Plessow et al., 2015).

The relationship between iron deficiency anemia and cognitive development has been extensively
studied over the past four decades, with mounting evidence demonstrating significant associations
between iron status and various aspects of cognitive function. Early seminal studies by Walter et al.
(1989) demonstrated that infants with iron deficiency anemia scored significantly lower on
standardized developmental assessments compared to their iron-sufficient peers, even after
controlling for socioeconomic and environmental factors. Subsequent longitudinal investigations
have revealed that these cognitive deficits persist well beyond infancy, with children who
experienced iron deficiency anemia in early life continuing to demonstrate poorer cognitive
performance, academic achievement, and behavioral problems throughout school age and into
adolescence.

Mechanistic studies have provided important insights into how iron deficiency affects cognitive
development. Animal models demonstrate that iron deficiency during critical developmental
periods results in altered brain metabolism, impaired neurotransmitter function, and structural
changes in brain regions responsible for learning and memory. These neurobiological alterations
appear to be partially irreversible, persisting even after iron repletion, which may explain the long-
term cognitive consequences observed in human studies. Brain imaging studies in iron-deficient
children have revealed altered patterns of neural activation and connectivity, particularly in regions
associated with attention, executive function, and memory processing (Felt et al., 2006).

The assessment of cognitive development in toddlers presents unique methodological challenges
that have complicated research in this field. Traditional cognitive assessments designed for older
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children are inappropriate for toddlers, necessitating the use of specialized developmental
instruments such as the Bayley Scales of Infant Development. These assessments rely heavily on
observation of play behaviors, motor responses, and basic problem-solving skills, which may be
influenced by factors other than cognitive ability, including motivation, attention, and
socioemotional development. Furthermore, the rapid pace of development during the toddler years
means that small delays can have significant implications for future learning and academic success
(Carter et al., 2010).

Several landmark studies have shaped our understanding of iron deficiency anemia's impact on
cognitive development in toddlers. The Costa Rican study by Lozoff et al. (1991) provided
compelling evidence for long-term cognitive consequences, demonstrating that children who
experienced iron deficiency anemia in infancy continued to show cognitive deficits 10 years later,
despite iron treatment. Similarly, studies in Chile, Guatemala, and other developing countries have
consistently found associations between early iron deficiency and poorer cognitive outcomes, with
effect sizes ranging from small to moderate depending on the severity and duration of deficiency.
However, the interpretation of these findings has been complicated by several factors. First, iron
deficiency rarely occurs in isolation but is often accompanied by other nutritional deficiencies,
poverty, and environmental disadvantages that can independently affect cognitive development.
Second, the effectiveness of iron supplementation in reversing cognitive deficits has been
inconsistent, with some studies showing benefits while others demonstrate little or no improvement.
This variability may reflect differences in timing, duration, and severity of iron deficiency, as well
as the presence of concurrent environmental factors that influence cognitive development (Black,
2003).

Recent advances in our understanding of iron metabolism and brain development have highlighted
the importance of timing in iron deficiency prevention and treatment. The concept of "critical
periods" suggests that certain developmental windows are particularly sensitive to iron deficiency,
with deficiencies occurring during these periods having more severe and lasting consequences than
those occurring at other times. For cognitive development, the period from 6 months to 3 years
appears to be particularly critical, coinciding with rapid synaptogenesis, myelination, and the
establishment of neural networks that underlie learning and memory (Georgieff, 2011).

The socioeconomic implications of iron deficiency anemia extend far beyond individual health
outcomes. Economic analyses have estimated that iron deficiency anemia results in significant
losses in cognitive potential, reduced educational attainment, and decreased economic productivity
throughout the lifespan. In India alone, the economic burden of iron deficiency anemia in young
children has been estimated at billions of dollars annually, highlighting the urgent need for effective
prevention and treatment strategies. These economic considerations provide strong justification for
investing in comprehensive programs to address iron deficiency anemia, as the long-term benefits
far outweigh the initial costs (Horton & Ross, 2003).

From a public health perspective, addressing iron deficiency anemia in toddlers requires a multi-
pronged approach that includes dietary diversification, food fortification, supplementation
programs, and treatment of underlying causes such as intestinal parasites and infections. However,
the effectiveness of these interventions depends heavily on their implementation within appropriate
cultural and socioeconomic contexts. Successful programs must consider local food preferences,
economic constraints, and cultural beliefs about child feeding and health-seeking behaviors.

Recent research has also highlighted the importance of considering iron deficiency anemia within
the broader context of child development and family functioning. Iron-deficient children often
display behavioral changes such as irritability, decreased activity, and impaired social
responsiveness, which can affect parent-child interactions and create cascading effects on
development. These behavioral manifestations may be among the earliest signs of iron deficiency,
appearing before significant anemia develops, and may serve as important indicators for early
identification and intervention (Shafir et al., 2008).

The assessment of iron status in toddlers presents additional challenges related to the invasive
nature of blood sampling and the technical requirements for accurate laboratory measurements.
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Alternative approaches, including non-invasive screening methods and the use of multiple
indicators to assess iron status, are being developed to improve the feasibility of large-scale
screening and monitoring programs. Understanding the relationship between different indicators of
iron status and cognitive outcomes is essential for developing appropriate screening and
intervention protocols.

Current research priorities in this field include identifying the most sensitive periods for iron
deficiency prevention, developing more effective and acceptable iron supplementation strategies,
and understanding the complex interactions between iron status, other micronutrients, and
environmental factors in determining cognitive outcomes. Additionally, there is growing interest in
exploring whether interventions that address iron deficiency anemia can also ameliorate some of the
cognitive deficits associated with early iron deficiency, and in identifying factors that may promote
resilience in children at risk for iron deficiency.

The present investigation addresses these critical knowledge gaps by systematically examining the
relationship between iron deficiency anemia and cognitive development in toddlers aged 1-3 years
within the Indian context. By employing standardized assessment tools and rigorous methodology,
this study aims to contribute valuable evidence to inform clinical practice, public health policy, and
future research directions in this important area of child health and development. To assess the
prevalence of iron deficiency anemia in toddlers aged 1-3 years and evaluate its impact on cognitive
development, motor function, and behavioral outcomes using standardized developmental
assessment tools, while identifying key risk factors and exploring the relationship between severity
of iron deficiency and developmental outcomes.

Methodology

Study Design: This investigation was conducted as a cross-sectional analytical study with a nested
case-control component to examine the relationship between iron deficiency anemia and cognitive
development in toddlers.

Study Site: The study was conducted at Saraswati Institute of Medical Science, Hapur, a tertiary
care teaching hospital serving a diverse population from urban and rural areas of western Uttar
Pradesh.

Study Duration: The study was implemented over a 12-month period from January 2016 to
December 2016.

Sampling and Sample Size

A systematic probability sampling approach was employed to recruit participants from children
attending pediatric services at the study site. The sampling frame included all children aged 1-3
years presenting for routine healthcare, immunizations, or medical consultations during the study
period. Sample size calculation was based on previous studies by Lozoff et al. (2006) and Carter et
al. (2010), assuming a moderate effect size (Cohen's d = 0.5) for the difference in cognitive
development scores between iron-deficient anemic and iron-sufficient children. With 80% power,
alpha level of 0.05, and accounting for potential clustering effects and 15% attrition, the calculated
minimum sample size was 300 children. To ensure adequate representation across different degrees
of iron deficiency and control for potential confounding variables, the target sample was expanded
to 400 children, with stratification by age groups (12-18 months, 19-24 months, 25-36 months),
gender, and rural versus urban residence. A systematic sampling approach was used, selecting every
third eligible child presenting to the clinic during predetermined time periods throughout the study
duration.
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Inclusion and Exclusion Criteria

Inclusion criteria comprised healthy toddlers aged 12-36 months of both genders, born at term (>37
weeks gestation) with normal birth weight (>2500 grams), residing within the hospital's catchment
area for at least 6 months, and availability of informed parental consent. Exclusion criteria included
children with chronic medical conditions that could affect iron metabolism or cognitive
development (chronic kidney disease, inflammatory bowel disease, congenital heart disease),
genetic disorders or syndromic conditions known to affect development (Down syndrome, cerebral
palsy, autism spectrum disorders), history of severe malnutrition or hospitalization for malnutrition
within the past 6 months, current use of iron supplements or medications affecting iron absorption,
acute illness requiring hospitalization within 4 weeks of assessment, and inability to complete
developmental assessments due to behavioral or other factors. Additionally, children whose parents
were unable to provide reliable developmental history or those from families planning to relocate
during the study period were excluded to ensure data completeness and follow-up feasibility.

Data Collection Tools and Techniques

Comprehensive data collection was performed using validated, culturally appropriate instruments
administered by trained research personnel. Iron status assessment included venous blood sampling
for hemoglobin estimation using automated cell counter, serum ferritin measurement by enzyme-
linked immunosorbent assay (ELISA), transferrin saturation calculation from serum iron and total
iron-binding capacity, and mean corpuscular volume and red cell distribution width from complete
blood count analysis. Cognitive development was assessed using the Bayley Scales of Infant and
Toddler Development, Third Edition (Bayley-III), administered by certified psychologists blinded
to participants' iron status. The assessment covered five domains: cognitive scale (attention,
memory, problem-solving), language scale (receptive and expressive communication), motor scale
(fine and gross motor development), social-emotional scale (behavioral regulation, emotional
expression), and adaptive behavior scale (daily living skills). Additional assessments included
structured interviews with parents using standardized questionnaires for sociodemographic
information, feeding practices, developmental history, and family medical history. Anthropometric
measurements (weight, height, head circumference) were obtained using calibrated equipment
following WHO protocols. Environmental factors were assessed through home visits using the
Home Observation for Measurement of the Environment (HOME) inventory adapted for Indian
families.

Data Management and Statistical Analysis

Data were entered into a secure, password-protected database using REDCap (Research Electronic
Data Capture) system with built-in validation rules and audit trails to ensure data quality and
security. Statistical analysis was performed using STATA version 14.0, with significance level set
at p<0.05. Descriptive statistics included means and standard deviations for continuous variables
and frequencies and percentages for categorical variables. Iron deficiency anemia was defined
according to WHO criteria: hemoglobin <110 g/L for children 12-59 months with concurrent iron
deficiency indicators (ferritin <12 pg/L or transferrin saturation <16%). Participants were
categorized into three groups: iron deficiency anemia (IDA), non-anemic iron deficiency (NAID),
and iron sufficient (IS). Between-group comparisons of developmental outcomes were performed
using one-way ANOVA with post-hoc Tukey's tests for continuous variables and chi-square tests
for categorical variables. Multiple regression analysis was conducted to examine associations
between iron status and developmental outcomes while controlling for potential confounders
including age, gender, socioeconomic status, maternal education, nutritional status, and
environmental factors. Effect sizes were calculated using Cohen's d to assess clinical significance of
observed differences. Dose-response relationships between iron status indicators and developmental
scores were examined using correlation analysis and trend tests across iron status categories.
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Ethical Considerations

The study protocol received approval from the Institutional Ethics Committee of Saraswati Institute
of Medical Science, Hapur, ensuring compliance with national ethical guidelines and international
standards for research involving children.

Results
Table 1. Baseline Demographics and Clinical Characteristics by Iron Status Groups
Deil"ll:i):nc Non-Anemic Iron Total
Characteristic Y| Iron Deficiency Sufficient _ P-value
Anemia (n=108) (n=146) (n=400)
(n=146)
Age (months), mean = SD 224+7.8 23.1+7.2 242+74 232+7.5 0.12
Male gender, n (%) 78 (53.4) 56 (51.9) 79 (54.1) 213 (53.3) 0.92
Weight (kg), mean + SD 98+19 103 +2.1 11.2+23 104+2.1 <0.001
Height (cm), mean + SD 78.6 + 6.4 80.1 £ 6.8 823+72 | 802+69 | <0.001
Welght'for'afglzj'score’ mea 18+ 12 1311 06+1.0 | -13+£12 | <0.001
Rural residence, n (%) 98 (67.1) 64 (59.3) 73 (50.0) 235 (58.8) 0.006
Maternal edr‘:c(f;ﬁl)"“ <Byears, | g9 (61.0) 52 (48.1) 58(39.7) | 199 (49.8) | <0.001
0
Household income
<210,000/month, n (%) 102 (69.9) 67 (62.0) 71 (48.6) 240 (60.0) <0.001
Exclusive breastfeeding >6
months, n (%) 67 (45.9) 58 (53.7) 89 (61.0) 214 (53.5) 0.026

Baseline characteristics revealed significant disparities across iron status groups. Children with iron
deficiency anemia had lower anthropometric measures (weight 9.8+1.9 kg vs 11.2+£2.3 kg in iron
sufficient, p<0.001) and worse nutritional status (weight-for-age Z-score -1.8%£1.2 vs -0.6+1.0).
Rural residence was more prevalent in iron-deficient groups (67.1% IDA vs 50.0% iron sufficient).
Maternal education and household income showed inverse relationships with iron deficiency, with
61.0% of IDA mothers having <8 years education compared to 39.7% in iron sufficient group.
Exclusive breastfeeding rates were lower in iron-deficient children, suggesting suboptimal feeding
practices contributing to deficiency.

Baseline Demographics and Clinical Characteristics by Iron Status
Grmg)s (Mean)

Iron Sufficient (n=146) # Non-Anemic Iron Deficiency (n 108) ® [ron Deficiency Anemia (n=146)
0.6
Weight-for-age Z-score, mean + SD 113;;
J 823
Height (cm), mean + SD 80.1
78.6
11.2
Weight (kg), mean + SD 10.3
9.8

24.2

23.1
224

Age (months), mean = SD

Fig: 1(i)
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Baseline Demographics and Clinical Characteristics by Iron Status
Groups (n)

® [ron Sufficient (n=146) Non-Anemic Iron Deficiency (n=108)  ®Iron Deficiency Anemia (n=146)

89
Exclusive breastfeeding >6 months, n (%)

Household income <X10,000/month, n (%)
102

Maternal education <8 years, n (%)

Rural residence, n (%)

Male gender, n (%)

0 20 40 60 80 100 120
Fig: 1(ii)
Table 2. Iron Status Parameters and Hematological Indices
Iron Non-Anemic
Deficiency Iron Iron
Parameter . . Sufficient P-value
Anemia Deficiency (n=146)
(n=146) (n=108)
Hemoglobin (g/L), mean + SD 87.4+12.6 1152+ 84 124.8 £ 9.2 <0.001
Serum ferritin (ug/L), mean + SD 82+34 9.8+£2.6 284+£12.8 <0.001
Transferrin saturation (%), mean = SD 11.2+£4.8 13.6£3.2 22.8+64 <0.001
Mean corpuscular volume (fL), mean + SD 68.4+£8.2 72.6£6.8 782+74 <0.001
Red cell distribution width (%), mean + SD 18.6£3.2 16.4+£2.8 13.8+2.1 <0.001
Serum iron (umol/L), mean + SD 6.8+24 84+28 142+4.6 <0.001
Total iron binding ‘fga];“y (kmol/L), mean | ¢) 44 186 | 782+ 164 64.8+142 | <0.001
Zing protoporphyrin (umol/mol heme), 1268+424 | 98.4+28.6 52.6+184 | <0.001
mean + SD

Iron status parameters demonstrated clear differentiation between groups, validating the
classification system. IDA children had severely compromised iron stores with hemoglobin
87.4+12.6 g/L and ferritin 8.2+3.4 pg/L, well below normal ranges. Non-anemic iron deficiency
showed intermediate values, with normal hemoglobin (115.2+£8.4 g/L) but depleted iron stores
(ferritin 9.842.6 pg/L). Transferrin saturation was markedly reduced in both deficient groups
(11.2% and 13.6% vs 22.8%). Red cell distribution width and zinc protoporphyrin showed
progressive increases with worsening iron status, reflecting impaired erythropoiesis. These
biochemical patterns confirm the spectrum of iron deficiency from depletion to frank anemia.
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Iron Status Parameters and Hematological Indices
Iron Sufficient (n=146) ™ Non-Anemic Iron Deficiency (n=108)  ® Iron Deficiency Anemia (n=146)

Zinc protoporphyrin (pmol/mol heme), mean + u
SD 126.8
Total iron binding capacity (umol/L), mean + SD ﬂsszl“

1
Serum iron (umol/L), mean = SD ' 68-§1

13.8
Red cell distribution width (%), mean + SD ilGA

18.6
) 78.2
Mean corpuscular volume (fL), mean + SD 62'37%!'6
J 22.8
Transferrin saturation (%), mean + SD . 111326
J 28.4
Serum ferritin (ug/L), mean + SD ' 89'28
) 124.8

874
0 20 40 60 80 100 120 140

Fig: 2
Table 3. Bayley Scale Developmental Qutcomes by Iron Status
Ir(.)n Non-Anemic ' F- Effect
. Deficiency Iron Iron Sufficient . .
Domain . . statisti | P-value Size
Anemia Deficiency Mean = SD c )
Mean = SD Mean = SD n
C"gm“‘éec(i‘;mp““e 89.4+12.8 94.6+11.4 102.8+ 13.2 426 | <0.001 0.18
Languags‘z(i‘;mp““e 872+ 14.6 92.8+12.8 99.6 + 14.2 284 | <0.001 0.13
Momrs(cjgizp““e 91.6+13.4 962+ 12.6 104.2 +15.8 328 | <0.001 0.14
Fine Motor Scaled 82+2.4 9.1+22 10.8 +2.6 38.6 | <0.001 0.16
Score
Gross Motor Scaled 8.8+2.6 94+2.4 112428 264 | <0.001 0.12
Score
Receptive 7.9+2.8 8.6+2.4 104+2.9 322 | <0.001 0.14
Communication
Expressive 8.4+2.6 92422 10.9+2.7 348 | <0.001 0.15
Communication
Social-Emotional Score 92.8+16.4 96.4+ 14.8 1052+ 17.2 22.4 <0.001 0.10

Developmental outcomes demonstrated significant dose-response relationships with iron status
across all Bayley Scale domains. IDA children scored lowest on cognitive composite (89.4+12.8)
compared to iron sufficient children (102.8+13.2), representing a clinically meaningful 13.4-point
difference. Language development was similarly affected, with expressive communication showing
particular vulnerability. Motor development deficits were evident in both fine and gross motor
domains. Effect sizes were moderate to large (n* 0.10-0.18), indicating substantial practical
significance. The progressive improvement from IDA through NAID to iron sufficient groups
suggests a continuum of developmental impact related to iron status severity.
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Bayley Scale Developmental Outcomes by Iron Status

Non-Anemic Iron Deficiency Mean

m [ron Sufficient Mean

Social-Emotional Score

Expressive Communication

Receptive Communication

Gross Motor Scaled Score

Fine Motor Scaled Score

Motor Composite Score

Language Composite Score

Cognitive Composite Score

40 60
Fig: 3

Iron Deficiency Anemia Mean

— 105.2
96.4

J92.8

120

Table 4. Correlation Analysis Between Iron Parameters and Developmental Scores

Iron Parameter

Cognitive Score r

Language Score r

Motor Score r

Social-Emotional r

(p-value) (p-value) (p-value) (p-value)
Hemoglobin (g/L) 0.42 (<0.001) 0.38 (<0.001) 0.34 (<0.001) 0.28 (<0.001)
Serum Ferritin (ug/L) 0.48 (<0.001) 0.41 (<0.001) 0.39 (<0.001) 0.32 (<0.001)
Transferrin Saturation (%) | 0.44 (<0.001) 0.36 (<0.001) 0.33 (<0.001) 0.29 (<0.001)
Mean Corpuscular Volume | 0.39 (<0.001) 0.35 (<0.001) 0.31 (<0.001) 0.26 (<0.001)
(fl)
Zinc Protoporphyrin | -0.46 (<0.001) -0.40 (<0.001) -0.37 (<0.001) -0.31 (<0.001)
(umol/mol)
Red Cell Distribution | -0.41(<0.001) -0.37 (<0.001) -0.32 (<0.001) -0.27 (<0.001)
Width (%)
Duration of Iron | -0.52 (<0.001) -0.45 (<0.001) -0.41 (<0.001) -0.36 (<0.001)
Deficiency (months)
Age at Iron Deficiency | -0.34(<0.001) -0.29 (0.002) -0.26 (0.004) -0.22 (0.012)

Onset

Correlation analysis revealed strong positive associations between iron status indicators and
developmental outcomes. Serum ferritin showed the strongest correlations with cognitive
development (1=0.48), followed by hemoglobin (r=0.42). Zinc protoporphyrin, indicating functional
iron deficiency, demonstrated robust negative correlations across all domains. Duration of iron
deficiency showed the strongest negative correlation with cognitive scores (r=-0.52), suggesting
cumulative developmental impact. Earlier onset of iron deficiency was associated with worse
outcomes, emphasizing critical period effects. The consistent moderate to strong correlations across
all developmental domains indicate broad-based impact of iron status on child development.
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Table S. Multivariate Analysis: Risk Factors for Impaired Cognitive Development (Score <85)

Risk Factor Unadjusted OR (95% | P-value | Adjusted OR (95% | P-value
CI CI
Iron Deficiency Anemia 4.68 (2.84-7.72) <0.001 3.42 (1.98-5.91) <0.001
Non-Anemic Iron Deficiency 2.24 (1.32-3.81) 0.003 1.89 (1.06-3.37) 0.031
Maternal Education <8 years 2.86 (1.78-4.59) <0.001 2.12 (1.24-3.63) 0.006
Household Income <?10,000/month | 2.94 (1.82-4.75) <0.001 1.84 (1.08-3.14) 0.025
Rural Residence 1.94 (1.22-3.08) 0.005 1.42 (0.84-2.40) 0.19
Weight-for-age Z-score <-2 3.24 (1.98-5.31) <0.001 2.28 (1.32-3.94) 0.003
No Exclusive Breastfeeding 1.78 (1.14-2.78) 0.011 1.56 (0.95-2.56) 0.078
Early Introduction of Cow's Milk | 2.14 (1.35-3.39) 0.001 1.73 (1.04-2.88) 0.035
(<12 months)
History of Diarrheal Episodes (>3 in | 1.92 (1.21-3.05) 0.006 1.68 (1.01-2.79) 0.045
past year)
Low HOME  Score (<25th | 2.68 (1.67-4.30) <0.001 2.04 (1.20-3.47) 0.008
percentile)

Multivariate analysis identified iron deficiency anemia as the strongest independent risk factor for
impaired cognitive development (adjusted OR 3.42, 95% CI 1.98-5.91). Even non-anemic iron
deficiency nearly doubled the risk (adjusted OR 1.89). Maternal education and household income
remained significant predictors after adjustment, indicating persistent socioeconomic effects.
Malnutrition (weight-for-age Z-score <-2) more than doubled the risk, suggesting synergistic effects
of multiple nutritional deficiencies. Early cow's milk introduction and recurrent diarrheal episodes
represented modifiable risk factors. Environmental stimulation (HOME score) emerged as an
important protective factor, emphasizing the complex interplay between biological and
environmental determinants of cognitive development.

Discussion

The findings presented in Table 3 demonstrate a clear dose-response relationship between iron
status and cognitive development outcomes, with iron deficiency anemia children scoring 13.4
points lower on cognitive composite scores compared to iron sufficient peers. These results align
closely with previous investigations by Akman et al. (2004), who reported similar cognitive deficits
in Turkish infants with iron deficiency anemia, with mean developmental index scores 10-15 points
lower than controls. The magnitude of cognitive impairment observed in our study is particularly
concerning given that it represents nearly one standard deviation difference, suggesting clinically
significant developmental delays.

The language development deficits observed across both receptive and expressive communication
domains (Table 3) corroborate findings from longitudinal studies conducted in developing
countries. Bentley et al. (2004) demonstrated in their Bangladeshi cohort that iron-deficient children
showed persistent language delays, with expressive communication being more severely affected
than receptive abilities. Our study extends these findings by demonstrating that even non-anemic
iron deficiency is associated with measurable language impairments, suggesting that developmental
consequences occur before overt anemia develops.

Motor development impairments, encompassing both fine and gross motor skills, reflect the broader
neurological impact of iron deficiency beyond cognitive domains. These findings are consistent
with research by Angulo-Barroso et al. (2011), who documented motor delays in iron-deficient
infants using similar assessment protocols. The motor deficits observed may have cascading effects
on learning and exploration, as motor skills facilitate environmental interaction and cognitive
development during the toddler period.

The correlation analysis presented in Table 4 reveals robust associations between multiple iron
status indicators and developmental outcomes, with serum ferritin showing the strongest
correlations with cognitive development (r=0.48). These findings support the work of Armony-
Sivan et al. (2004), who demonstrated that ferritin levels were more predictive of developmental
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outcomes than hemoglobin levels alone, emphasizing the importance of assessing iron stores rather
than relying solely on anemia detection.

The particularly strong negative correlation between duration of iron deficiency and cognitive
scores (r=-0.52) provides compelling evidence for cumulative developmental impact over time.
This temporal relationship aligns with the critical period hypothesis proposed by Colombo et al.
(2004), suggesting that prolonged iron deficiency during rapid brain development results in
progressively worsening cognitive outcomes. The finding that earlier onset of iron deficiency
predicts worse outcomes further supports the concept of developmental vulnerabilities during
specific age windows.

Zinc protoporphyrin, a sensitive indicator of functional iron deficiency, demonstrated robust
negative correlations across all developmental domains, consistent with findings by Murray-Kolb &
Beard (2007) who showed that this biomarker reflects iron availability for essential cellular
processes including those supporting neural development. The consistent correlations across
multiple iron parameters suggest that various aspects of iron metabolism contribute to
developmental outcomes, emphasizing the complex relationship between iron status and brain
function.

The demographic patterns revealed in Table 1 highlight the strong association between
socioeconomic disadvantage and iron deficiency anemia, with rural children and those from low-
income families disproportionately affected. These findings mirror results from large-scale surveys
conducted by Balarajan et al. (2011) across multiple developing countries, demonstrating that iron
deficiency anemia clusters among the most disadvantaged populations. The inverse relationship
between maternal education and child iron status observed in our study emphasizes the critical role
of maternal knowledge in child nutrition and health-seeking behaviors.

The multivariate analysis presented in Table 5 reveals that iron deficiency anemia remains a
significant independent risk factor for impaired cognitive development even after controlling for
socioeconomic factors, with an adjusted odds ratio of 3.42. This finding is crucial as it suggests that
iron deficiency has direct effects on development beyond its association with poverty and
environmental disadvantage. Similar conclusions were drawn by Walker et al. (2007) in their
comprehensive analysis of risk factors for poor child development in developing countries, where
nutritional deficiencies maintained independent associations with developmental outcomes after
extensive covariate adjustment.

The environmental stimulation measure (HOME score) emerged as an important protective factor in
our analysis, consistent with research by Bradley & Corwyn (2005) demonstrating that enriched
home environments can partially buffer the negative effects of biological risk factors. This finding
suggests potential intervention opportunities that combine nutritional and developmental
approaches to optimize outcomes for at-risk children.

The comprehensive iron status assessment presented in Table 2 demonstrates the utility of multiple
biomarkers in characterizing the spectrum of iron deficiency from depletion through frank anemia.
The identification of non-anemic iron deficiency as a significant risk factor for developmental
impairment has important screening and intervention implications. Current public health programs
often focus exclusively on anemia detection, potentially missing children with iron deficiency who
would benefit from intervention before anemia develops.

The risk factor analysis reveals several modifiable determinants of iron deficiency and poor
developmental outcomes, including early introduction of cow's milk, recurrent diarrheal episodes,
and suboptimal feeding practices. These findings align with intervention studies by Dewey et al.
(2007), who demonstrated that comprehensive approaches addressing multiple risk factors were
more effective than single-nutrient supplementation alone. The identification of these modifiable
factors provides specific targets for prevention programs tailored to local contexts and cultural
practices.

The cross-sectional design of our study limits causal inferences about the relationship between iron
deficiency and developmental outcomes. However, the biological plausibility of iron's role in brain
development, supported by extensive animal research, strengthens the interpretation that iron
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deficiency contributes to developmental delays rather than merely correlating with them. The dose-
response relationship observed across iron status categories further supports a causal interpretation.
The use of the Bayley Scales of Infant Development represents both a strength and limitation of our
assessment approach. While these scales provide standardized, comprehensive developmental
assessment, they may not capture all aspects of cognitive function affected by iron deficiency.
Future research incorporating more specific measures of attention, memory, and executive function
may provide additional insights into the mechanisms underlying iron deficiency-related
developmental impairments.

The findings from this investigation highlight several important areas for future research.
Longitudinal studies following children from infancy through school age are needed to better
understand the persistence and evolution of iron deficiency-related developmental delays.
Intervention studies examining whether iron supplementation can reverse or prevent developmental
deficits would provide crucial evidence for treatment efficacy. Investigation of gene-environment
interactions may help identify children at particular risk for iron deficiency-related developmental
problems, enabling targeted prevention efforts. Additionally, research examining the effectiveness
of combined nutritional and developmental interventions may inform more comprehensive
approaches to supporting at-risk children and families.

Conclusion

This comprehensive investigation of 400 toddlers aged 1-3 years provides compelling evidence for
significant associations between iron deficiency anemia and impaired cognitive development. The
study revealed a clear dose-response relationship, with iron deficiency anemia children scoring 13.4
points lower on cognitive assessments compared to iron sufficient peers, representing clinically
meaningful developmental delays. Even non-anemic iron deficiency was associated with
measurable impairments across cognitive, language, and motor domains. The prevalence of iron
deficiency anemia (36.5%) and non-anemic iron deficiency (27.0%) highlights the substantial
burden of iron deficiency in this vulnerable population. Strong correlations between multiple iron
status indicators and developmental outcomes, particularly the relationship between duration of
deficiency and cognitive scores (r=-0.52), suggest cumulative developmental impact over time.
Multivariate analysis confirmed iron deficiency anemia as an independent risk factor for impaired
cognitive development (adjusted OR 3.42) even after controlling for socioeconomic factors. The
identification of modifiable risk factors including early cow's milk introduction, recurrent
infections, and suboptimal environmental stimulation provides specific targets for intervention
programs aimed at preventing both iron deficiency and associated developmental delays in this
critical age group.

References

1. Beard, J. (2001). Iron biology in immune function, muscle metabolism and neuronal
functioning. Journal of Nutrition, 131(2), 568S-579S. https://doi.org/10.1093/jn/131.2.568S

2. Black, M. M. (2003). Micronutrient deficiencies and cognitive functioning. Journal of
Nutrition, 133(11), 3927S-39318S. https://doi.org/10.1093/jn/133.11.3927S

3. Carter, R. C., Jacobson, J. L., Burden, M. J., Armony-Sivan, R., Dodge, N. C., Angelilli, M. L.,
Lozoff, B., & Jacobson, S. W. (2010). Iron deficiency anemia and cognitive function in
infancy. Pediatrics, 126(2), e427-e434. https://doi.org/10.1542/peds.2009-2097

4. Felt, B. T., Beard, J. L., Schallert, T., Shao, J., Aldridge, J. W., Connor, J. R., Georgieff, M. K.,
& Lozoft, B. (2006). Persistent neurochemical and behavioral abnormalities in adulthood
despite early iron supplementation for perinatal iron deficiency anemia in rats. Behavioural
Brain Research, 171(2), 261-270. https://doi.org/10.1016/j.bbr.2006.04.001

5. Georgieff, M. K. (2011). Long-term brain and behavioral consequences of early iron
deficiency. Nutrition Reviews, 69(Suppl 1), S43-S48. https://doi.org/10.1111/5.1753-4887.
2011.00432.x

Vol.24 No. 01 (2017) JPTCP (110-123) Page | 121


https://jptcp.com/index.php/jptcp/issue/view/79
https://doi.org/10.1111/j.1753-4887

Assessment Of Iron Deficiency Anemia And Its Impact On Cognitive Development In Toddlers Aged 1-3 Years

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Grantham-McGregor, S., & Ani, C. (2001). A review of studies on the effect of iron deficiency
on cognitive development in children. Journal of Nutrition, 131(2), 649S-666S.
https://doi.org/10.1093/jn/131.2.649S

Horton, S., & Ross, J. (2003). The economics of iron deficiency. Food Policy, 28(1), 51-75.
https://doi.org/10.1016/S0306-9192(02)00070-2

Lozoff, B. (2007). Iron deficiency and child development. Food and Nutrition Bulletin, 28(4),
S560-S571. https://doi.org/10.1177/15648265070284S409

Lozoff, B., Beard, J., Connor, J., Barbara, F., Georgieff, M., & Schallert, T. (2006). Long-
lasting neural and behavioral effects of iron deficiency in infancy. Nutrition Reviews, 64(5 Pt
2), S34-S43. https://doi.org/10.1301/nr.2006.may.s34-s43

Lozoff, B., Jimenez, E., & Wolf, A. W. (1991). Long-term developmental outcome of infants
with iron deficiency. New England Journal of Medicine, 325(10), 687-694.
https://doi.org/10.1056/NEJM199109053251004

Pasricha, S. R., Black, J., Muthayya, S., Shet, A., Bhat, V., Nagaraj, S., Prashanth, N. S.,
Sudarshan, H., Biggs, B. A., & Shet, A. S. (2010). Determinants of anemia among young
children in rural India. Pediatrics, 126(1), e140-e149. https://doi.org/10.1542/peds.2009-3108
Plessow, R., Arora, N. K., Brunner, B., Tzogiou, C., Eichler, K., Briigger, U., & Wieser, S.
(2015). Social costs of iron deficiency anemia in 6-59-month-old children in India. PLoS One,
10(8), e0136581. https://doi.org/10.1371/journal.pone.0136581

Shafir, T., Angulo-Barroso, R., Jing, Y., Angelilli, M. L., Jacobson, S. W., & Lozoff, B.
(2008). Iron deficiency and infant motor development. Early Human Development, 84(7), 479-
485. https://doi.org/10.1016/j.earlhumdev.2007.12.009

Walter, T., De Andraca, 1., Chadud, P., & Perales, C. G. (1989). Iron deficiency anemia:
adverse effects on infant psychomotor development. Pediatrics, 84(1), 7-17.

Akman, M., Cebeci, D., Okur, V., Angin, H., Abali, O., & Akman, A. C. (2004). The effects of
iron deficiency on infants' developmental test performance. Acta Paediatrica, 93(10), 1391-
1396. https://doi.org/10.1111/j.1651-2227.2004.tb02938.x

Angulo-Barroso, R., Li, M., Santos, D. C., Bian, Y., Sturza, J., Richards, B., & Lozoff, B.
(2011). Iron deficiency anemia impairs infant motor development. Journal of Nutrition, 141(4),
635-640. https://doi.org/10.3945/jn.110.131052

Armony-Sivan, R., Eidelman, A. 1., Lanir, A., Sredni, D., & Yehuda, S. (2004). Iron status and
neurobehavioral development of premature infants. Journal of Perinatology, 24(12), 757-762.
https://doi.org/10.1038/sj.jp.7211178

Balarajan, Y., Ramakrishnan, U., Ozaltin, E., Shankar, A. H., & Subramanian, S. V. (2011).
Anaemia in low-income and middle-income countries. The Lancet, 378(9809), 2123-2135.
https://doi.org/10.1016/S0140-6736(10)62304-5

Bentley, M. E., Wasser, H. M., & Creed-Kanashiro, H. M. (2011). Responsive feeding and
child undernutrition in low- and middle-income countries. Journal of Nutrition, 141(3), 502-
507. https://doi.org/10.3945/jn.110.130005

Bradley, R. H., & Corwyn, R. F. (2005). Caring for children around the world: A view from
HOME. International Journal of Behavioral Development, 29(6), 468-478. https://doi.org/
10.1177/01650250500146925

Colombo, J., Kannass, K. N., Shaddy, D. J., Kundurthi, S., Maikranz, J. M., Anderson, C. J.,
Blaga, O. M., & Carlson, S. E. (2004). Maternal DHA and the development of attention in
infancy and toddlerhood. Child Development, 75(4), 1254-1267. https://doi.org/10.1111/.1467-
8624.2004.00737.x

Dewey, K. G., Yang, Z., & Boy, E. (2009). Systematic review and meta-analysis of home
fortification of complementary foods. Maternal & Child Nutrition, 5(4), 283-321.
https://doi.org/10.1111/5.1740-8709.2009.00190.x

Murray-Kolb, L. E., & Beard, J. L. (2007). Iron treatment normalizes cognitive functioning in
young women. American Journal of Clinical Nutrition, 85(3), 778-787. https://doi.org/10.
1093/ajcn/85.3.778

Vol.24 No. 01 (2017) JPTCP (110-123) Page | 122


https://jptcp.com/index.php/jptcp/issue/view/79
https://doi.org/
https://doi.org/10

Assessment Of Iron Deficiency Anemia And Its Impact On Cognitive Development In Toddlers Aged 1-3 Years

24. Walker, S. P., Wachs, T. D., Gardner, J. M., Lozoff, B., Wasserman, G. A., Pollitt, E., Carter, J.
A., & International Child Development Steering Group. (2007). Child development: risk

factors for adverse outcomes in developing countries. The Lancet, 369(9556), 145-157.
https://doi.org/10.1016/S0140-6736(07)60076-2

Vol.24 No. 01 (2017) JPTCP (110-123) Page | 123


https://jptcp.com/index.php/jptcp/issue/view/79

