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Abstract
Background: Some small cohort studies have noted that obesity co-exists
with lower serum iron levels. The present study aimed to examine the association between being overweight and iron deficiency (ID) in a large cohort
of Greek children and adolescents.
Methods: A representative sample of 2492 primary schoolchildren aged
9–13 years old was examined. Anthropometric, biochemical, clinical, dietary
intake and physical activity data were collected.
Results: The prevalence of ID and iron deficiency anaemia (IDA) was
higher in obese boys and girls compared to their normal-weight peers
(P < 0.05). Serum ferritin was higher in obese compared to normal-weight
boys (P = 0.024) and higher in obese compared to normal-weight and overweight girls (P = 0.001). By contrast, a negative association was found
between transferrin saturation and adiposity in both boys and girls
(P = 0.001 and P = 0.005). Furthermore, obese girls had significantly higher
fibre intake than normal-weight girls (P = 0.048) and also overweight and
obese boys and girls recorded significantly fewer pedometer steps than their
normal-weight peers (P < 0.001). Finally, obesity more than doubled the
likelihood of ID in both boys (odds ratio = 2.83; 95% confidence
inteval = 1.65–4.85) and girls (odds ratio = 2.03; 95% confidence interval = 1.08–3.81) after controlling for certain lifestyle and clinical indices as
potential confounders.
Conclusions: The present study shows that obese children and adolescents
were at greater risk for ID and IDA than their normal-weight peers. Low
grade inflammation induced by excessive adiposity may be a reason for the
observed low iron levels. This is also strengthened by the elevated serum
ferritin levels, comprising an acute phase protein that is plausibly increased
in inflammation.

Introduction
Wenzel et al. (1962) were the first to report lower serum
iron levels in obese compared to non-obese adolescents.
Subsequently, this association has received little attention.
However, some recent studies have shown that overª 2012 The Authors
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weight children and adolescents are at higher risk for iron
deficiency (ID) compared to normal-weight counterparts
(Pinhas-Hamiel et al., 2003; Nead et al., 2004; del
Giudice et al., 2009). The exact aetiology of this double
burden (i.e. obesity and ID) remains uncertain. Suggested
contributing factors include a poor dietary iron intake,
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probably as a result of repeated short-term restrictive
diets, in overweight individuals and genetics (PinhasHamiel et al., 2003; Nead et al., 2004). Still, the exact
aetiology of obesity-related hypofaerremia in children
remains uncertain (Menzie et al., 2008).
Considering that obesity represents a low-grade chronic
inflammatory state, the hypofaerremia associated with
obesity could be attributed to certain metabolic and
molecular adaptations induced by inflammation. This
hypothesis is supported by the significant inverse correlations observed in overweight and obese individuals
between serum iron concentration and the concentrations
of a variety of adipocytokines and pro-inflammatory
cytokines after controlling for iron intake, iron needs and
iron losses (Chung et al., 2007; Tussing-Humphreys et al.,
2009). Furthermore, certain acute-phase peptides (e.g.
hepcidin) that are usually elevated in obesity have also
been found to regulate iron haemostasis, mainly via their
iron-binding effects (Menzie et al., 2008; del Giudice
et al., 2009).
Impaired iron status in children and adolescents could
have several important clinical implications for future
physical and cognitive development and maturation.
Thus, identifying overweight/obese children as a high-risk
group for ID could be very important from a public
health perspective for designing and implementing tailored-made dietary intervention approaches to correct
both excess body weight and poor iron status, even in
developed countries. The present study aimed to examine
the association between being overweight and iron status
in children and adolescents in Greece and to identify the
main risk factors for ID.
Materials and methods
Sampling
The Healthy Growth Study was a large scale cross-sectional epidemiological study, initiated in May 2007.
Approval to conduct the study was granted by the Greek
Ministry of National Education and the Ethical Committee of Harokopio University of Athens. The population
under investigation comprised schoolchildren aged
9–13 years old, who were attending the fifth and sixth
grades of primary schools located in municipalities within
the prefectures of Attica, Aitoloakarnania, Thessaloniki
and Iraklio. The sampling of schools was random, multistage and stratified by parents’ educational level and the
total population of students attending schools within
these municipalities, as described in more detail elsewhere
(Moschonis et al., 2010). The multistage, random sampling procedure yielded 77 primary schools that
responded positively when they were invited to participate in the study. Weight and height were measured in
2

all pupils attending the fifth and sixth grades in these primary schools as a part of a school-based health and
nutrition education programme. Full medical examination (i.e. anthropometric and body composition measurements, blood collection, clinical examination, etc.) and
questionnaire data were obtained from a subgroup of
pupils whose parents provided their written informed
consent form. Signed parental consent forms were collected for 2655 out of 4145 children (a response rate of
64.1%).
Physical examination and anthropometry
Participants underwent a physical examination by two
trained members of the research team. The protocol and
equipment used were the same in all schools. Weight was
measured to the nearest 10 g using a Seca digital scale
(Seca Alpha, Model 770; SECA, Hamburg, Germany).
Pupils were weighed without shoes in the minimum
clothing possible. Height was measured to the nearest
0.1 cm using a commercial stadiometer (Leicester Height
Measure; Invicta Plastics, Oadby, UK) with the pupil
standing barefoot, keeping the shoulders in a relaxed
position, arms hanging freely and head in Frankfurt horizontal plane. Weight and height were used to calculate
body mass index (BMI) using Quetelet’s equation [weight
(kg)/height (m)2]. The International Obesity Task Force
cut-off points (Cole et al., 2007, 2000) were used to categorise participants as ‘underweight’, ‘normal weight’,
‘overweight’ or ‘obese’ (cut-off points for ‘Overweight’
ranged from 19.10 to 21.91 for boys and 19.07 to 22.58
for girls; cut-off points for ‘Obesity’ ranged from 22.77 to
26.84 for boys and 22.81 to 27.76 for girls). Furthermore,
one well-trained and experienced female paediatrician in
each prefecture determined pubertal maturation (Tanner
stage) after a thorough visual inspection of breast development in girls and genital development in boys (Tanner,
1955). Finally, each girl was asked by the paediatrician
about her menstruation status and age of menarche.
Haematological and biochemical indices
Blood samples were obtained for biochemical and haematological screening tests between 08.30 h and 10.30 h after
a 12-h overnight fast. Professional staff performed venipunctures to obtain a maximum of 10 mL of blood. A
CELL-DYN haematological auto analyser (Abbott Diagnostics, Abbott Park, IL, USA) was used to assess red
blood cell count (RBC), haemoglobin, haematocrit, mean
corpuscular volume (MCV), mean corpuscular haemoglobin (MCH) and mean corpuscular haemoglobin concentration (MCHC). The remaining blood was centrifuged to
collect serum, divided into aliquots of 2 mL and stored at
ª 2012 The Authors
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80 °C. All serum samples were transported in dry ice to
the Laboratory of Nutrition and Clinical Dietetics at Harokopio University, where biochemical analyses took place.
Serum iron and total iron binding capacity (TIBC) were
determined by colorimetric assays (Roche Diagnostics SA,
Basel, Switzerland). Transferrin saturation (TSAT) was
calculated by dividing serum iron by TIBC and multiplying by 100. Finally, serum ferritin was measured using a
chemiluminescence immunoassay (Siemens Healthcare
Diagnostics, Tarrytown, NY, USA).
ID (with or without anaemia) and iron deficiency
anaemia (IDA) were defined using the age- and sexspecific thresholds proposed by UNICEF and the World
Health Organization (WHO, 2001): ID was defined as
TSAT <16%; IDA was defined as ID with blood haemoglobin concentration <12 g dL 1, which is the threshold
value for anaemia for children aged 9–13 years. The
Mentzer Index [MCV(fL)/RBC (M lL 1)] (Mentzer,
1973) of all the children and adolescents with anaemia
was also calculated to differentiate thalassemia minor
from IDA. On the basis of this index, children and adolescents with thalassemia minor (18 cases) were excluded
from further analysis.
Dietary assessment
Dietary intake data were obtained for two consecutive
weekdays and one weekend day, using the 24-h recall
technique. Specifically, all study participants were asked
to describe the type and amount of foods, as well as all
beverages consumed during the previous day, provided
that it was a usual day according to the participant’s perception. To improve the accuracy of food description,
standard household measures (cups, tablespoons, etc.)
and food models were used to define amounts where
appropriate. At the end of each interview, the interviewers, who were dieticians rigorously trained to minimise
the interviewer’s effect, reviewed the collected data with
the respondent to clarify entries, servings and possibly
forgotten foods. Food intake data were analysed using
NUTRITIONIST V diet analysis software, version 2.1 (First
Databank, San Bruno, CA, USA), which was extensively
amended to include traditional Greek recipes, as
described previously (Trichopoulou, 2004). Furthermore,
the database was updated with nutritional information of
processed foods provided by independent research institutes, food companies and fast-food chains.
Physical activity assessment
To assess physical activity, study participants were provided with and instructed to wear a waist-mounted
pedometer (Yamax SW-200 Digiwalker; Yamax Corporaª 2012 The Authors
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tion, Tokyo, Japan) for 1 week (i.e. from Monday to Sunday). The pedometer was positioned in accordance with
the manufacturer’s instructions on the right waistband,
vertically aligned with the patella. The pedometer used in
the present study displayed the cumulative number of steps
from the time it was worn in the morning until the time it
was removed at bedtime. Participants were provided with
a diary template and instructed to record the total number
of daily steps displayed by the pedometer at bedtime and
then zero the pedometer. Participants were also instructed
to take off the pedometers when bathing or swimming and
to record these activities in the diary. Finally, in cases
where some children or adolescents forgot to wear the
pedometer for a whole day, the relevant cells in the diary
were left blank and the calculation for total mean steps per
day was made using the appropriate number of days.
Socio-economic and demographic variables
Data on parents’ educational level (i.e. total years of education for the father and mother) were collected from the
parents (mainly the mother) during scheduled interviews
at school. For those parents not being able to attend
(approximately 5% of the total sample), data were collected via telephone interviews. All interviews were conducted with the use of a standardised questionnaire by
researchers that were rigorously trained to minimise the
interviewer’s effect.
Statistical analysis
Normality of the distribution of continuous variables was
tested using the Kolmogorov–Smirnov test and homogeneity of variances was tested using Levene’s test. Continuous
variables are expressed as the mean (SD), and categorical
variables are reported as frequencies (%). Comparisons
between levels of the continuous variables were conducted
using one-way analysis of variance for normally distributed
variables and the nonparametric Kruskal–Wallis test for
variables that remained non-normally distributed, even
though logarithmic transformations were made. Comparisons between levels of the categorical variables were conducted using the chi-squared test or the Fisher’s exact test,
as appropriate. The two-sample Z-test was also used to
make pairwise comparisons on the prevalence of ID and
IDA between weight groups. To test the effect of the independent variables examined on ID and IDA, multivariate
logistic regression analysis was conducted and adjusted
odds ratios (OR) with 95% confidence intervals (CI) were
computed. All reported P-values refer to two-sided tests.
The level of statistical significance was set at a = 0.05.
Statistical analysis was conducted using SPSS, version 16.0
(SPSS Inc., Chicago, IL, USA).
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Results
Voluntary participation did not affect the representativeness of the population under study because there were
no significant differences observed between respondents
and nonrespondents with regard to children’s weight
status and parental educational level (data not shown).
Data were available for 2492 out of 2655 participating
children and adolescents in the fifth and sixth grades of
primary school. Table 1 presents the characteristics of
the study population. The mean (SD) age of the study
participants was 11.2 (0.7) years. No significant differences were found between boys and girls with respect to
nationality and socio-economic characteristics (i.e. socioeconomic level of school region, paternal and maternal
educational level and family income). Similarly, no significant sex differences were found with respect to the
prevalence of ID, anaemia and IDA. On the other hand,
more girls than boys were found to be at Tanner stages
3–5 (P < 0.05), whereas the prevalence of obesity was
higher in boys compared to girls (13.3% versus 9.6;
P < 0.05).
Furthermore, regarding children and adolescents with
ID and IDA, there were no significant differences either
within or between groups in terms of dietary intake of
iron, calcium, vitamin C and fibre, steps count, Tanner
stage and prevalence of being overweight and obesity.
Nevertheless, BMI was found to differ significantly
between ID and IDA study participants (20.6 versus
22.7 kg m 2; P < 0.001; data not shown).
Table 2 displays the haematological and biochemical
indices of iron status across weight groups in both boys
and girls. In boys, MCH, MCHC, serum iron and TSAT
differed significantly among weight groups (P < 0.05),
being lower in obese compared to normal-weight groups.
By contrast, serum ferritin and TIBC were lowest in
normal-weight boys (P < 0.05). In girls, significant
differences across weight groups were found in nine haematological and biochemical indices of iron status
(P  0.05). Of those, haemoglobin, MCV, serum iron
and TSAT exhibited lower values in obese than normalweight girls; MCH and MCHC were lower in obese and
overweight girls compared to their normal-weight peers.
By contrast, RBC was higher in obese and overweight
compared to normal-weight girls; ferritin was higher in
obese compared to overweight or normal-weight girls;
and TIBC exhibited higher values in overweight compared to normal-weight girls (in states of iron depletion,
the iron-binding capacity of transferin, and thus TIBC
levels, increases). Moreover, the prevalence of ID was
higher in obese boys and girls compared to their overweight and normal-weight peers (P < 0.001 in boys and
P = 0.002 in girls). Similarly, the prevalence of IDA was
4

Table 1 Characteristics of the study population

Age (years)
9–11
11–13
SEL of school
Lower
Medium
Higher
Grade
5th
6th
Nationality
Greek
Other
Tanner stage
1
2
3
4
5
Menarche
Yes
No
Paternal education (years)
<9
9–12
>12
Maternal education (years)
<9
9–12
>12
Family income (€/year)
<12 000
12 000–20 000
20 000–30 000
30 000–40 000
40 000–50 000
>50 000
Weight group
Normal-weight
Overweight
Obese
Iron status groups
Normal iron status
Iron deficiency
(TSAT < 16%)
Anemia (Ηgb <12 g dL 1)
Iron deficiency anemia
(TSAT < 16% and Ηgb <
12 g dL 1)

Boys %
(n = 1241)

Girls %
(n = 1251)

Total %
(n = 2492)

41.4
58.6

41.9
58.1

41.6
58.4

26.7
39.2
34.1

25.1
32.6
42.3

25.9
35.9
38.2

47.6
52.4

49.2
50.8

48.5
51.5

85.8
14.2

83.1
16.9

84.4
15.6

44.4
40.0
11.2
3.9
0.5

21.0*
39.6
26.4*
10.5*
2.5*

32.7
39.8
18.8
7.2
1.5

–
–

77.1
22.9

–
–

26.0
38.7
35.3

26.9
37.8
35.3

26.3
38.1
35.6

19.2
40.8
40.0

23.9
38.1
38.0

21.6
39.4
39.0

21.1
26.9
23.3
14.5
8.0
6.3

24.1
26.5
23.9
13.7
5.6
6.1

22.6
26.7
23.6
14.1
6.8
6.2

55.2
31.5
13.3

60.0
30.4
9.6*

57.6
30.9
11.4

73.6
16.7

76.4
14.0

75.0
15.3

7.4
2.4

6.7
2.9

7.1
2.6

*P < 0.05, significantly different from boys.
Hgb, haemoglobin; SEL, socio-economic level; TSAT, transferring saturation.

higher in obese compared to normal-weight boys
(P = 0.029) and in obese compared to overweight or normal-weight girls (P = 0.003).
ª 2012 The Authors
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(34.1)
(54.0)
(10.1)b,c
(20.3)

(0.38)
(0.95)
(2.3)
(5.4)
(2.3)
(1.4)

20.3b,c
2.8

84.0
348.0
24.5
33.0

(35.6)a
(54.1)
(10.4)a,b
(21.0)a

89.4
339.1
26.7
31.1

15.5a,b
1.4a

4.93
13.1
39.1
79.6
26.8
33.6

(0.42)
(0.87)
(2.3)
(6.1)
(2.5)a
(1.3)a

4.88
13.2
39.0
80.2
27.0
33.8
(30.9)a
(48.4)a
(8.1)a,c
(20.7)a

(0.38)
(0.74)
(2.0)
(5.0)
(2.1)a
(1.2)a

28.6a,c
5.3a

76.0
351.2
21.6
36.5

4.94
13.0
38.9
79.1
26.5
33.4

14.3a
2.0a

<0.001†
0.029†

(37.4)a
(55.2)b
(12.4)a
(16.1)a

(0.35)a,b
(0.85)a
(2.1)
(5.5)a
(2.3)a,b
(1.3)a,b

91.4
348.5
26.7
27.4

4.82
13.1
39.1
81.5
27.4
33.6

0.001*
0.013*
0.001*
0.024*

0.219*
0.069*
0.717*
0.094*
0.020*
0.011*
(36.3)
(57.1)b
(9.9)
(19.3)b

(0.41)b
(0.85)
(2.1)
(6.1)
(2.6)b
(1.4)b

18.2b
3.3b

90.0
364.6
25.0
30.3

4.90
13.1
39.3
80.6
26.9
33.3

Overweight
(n = 380)

(37.4)a
(81.6)
(10.7)a
(21.5)a,b

(0.45)a
(0.91)a
(2.4)
(6.1)a
(2.5)a
(1.2)a

28.9a,b
8.2a,b

81.6
357.3
23.2
35.6

4.93
12.9
39.0
79.6
26.3
33.1

Obese
(n = 120)

0.002†
0.003†

0.050*
0.001*
0.005*
0.001*

0.002*
0.028*
0.646*
0.002*
0.001*
0.001*

P-value*

Values marked with the same superscript letters are significantly different (P < 0.05 after post-hoc multiple comparisons using the Bonferroni rule or after two-sample Z-test, as appropriate).
*Derived from analysis of variance.
†
Derived from the Pearson chi-squared test.
ID, iron deficiency (with or without anaemia); IDA, iron deficiency anaemia; MCH, mean corpuscular haemoglobin; MCHC, mean corpuscular haemoglobin concentration; MCV, mean corpuscular
volume; RBC, red blood cell count; TIBC, total iron-binding capacity; TSAT, transferrin saturation.

Haematological indices, mean (SD)
RBC (M lL 1)
Haemoglobin (g dL 1)
Haematocrit (%)
MCV (fL)
MCH (pg)
MCHC (g dL 1)
Biochemical serum indices, mean (SD)
Iron (lg dL 1)
TIBC (lg dL 1)
TSAT (%)
Ferritin (ng mL 1)
Iron status categories (% of total)
ID
IDA

P-value

Normal-weight
(n = 751)

Obese
(n = 165)

Normal-weight
(n = 685)

Overweight
(n = 391)

Girls

Boys

Table 2 Haematological and biochemical indices of iron status across weight groups in children and adolescents
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Tables 3 and 4 summarise the intakes of nutrients that
affect iron status, adjusted for energy intake, and the
walking/running activity across weight groups in both
sexes. No significant differences among weight groups in
either boys or girls were found in iron, calcium or vitamin C intakes. Nevertheless, obese girls had a higher
intake of fibre compared to normal-weight girls
(P = 0.048). Overweight and obese boys and girls
recorded significantly fewer steps than their normalweight peers (P < 0.001).
Based on the results of the multivariate logistic regression analysis shown in Table 5, obesity was the only factor that significantly increased the likelihood of ID and
IDA in both boys and girls. Furthermore, a higher maternal educational level decreased the likelihood of ID in
boys, whereas boys with higher walking/running activity
(fourth quartile of number of steps) were more likely to
be iron deficient. Finally, a high stage of pubertal
maturation in girls (Tanner stage 4) significantly
increased the likelihood of ID.

Discussion
The present study showed a considerably high prevalence
of ID and IDA in obese male (28.6% and 5.3%, respectively) and female (28.9% and 8.2%, respectively) children and adolescents. This prevalence was comparable to
the prevalence of ID reported for overweight Swiss and
Israeli children and adolescents (i.e. 20% and 12%,
respectively; Pinhas-Hamiel et al., 2003; Aeberli et al.,
2009). In the latter studies, the definition of ID was based
on certain biochemical markers of iron status, such as
serum transferrin receptor concentration, free erythrocyte
protoporphyrin levels and TSAT, which was the sole
index used in the present study to assess ID. However,
the prevalence of ID reported by the present and the two
studies cited above is considerably higher compared to
data reported from the USA (Nead et al., 2004). Specifically, the prevalence of ID reported for obese children
and adolescents in the Third National Health and
Nutrition Examination Survey (NHANES) was 2.4% and

Table 3 Dietary intake and physical activity levels across weight status categories in male children and adolescents
Boys
Normal-weight (n = 685)
Iron (mg/4184 kJ§ day 1)
Calcium (mg/4184 kJ§ day 1)
Vitamin C (mg/4184 kJ§ day 1) *
Fibre (g/4184 kJ§ day 1) *
Steps (number of steps day 1)

5.9
571.8
52.3
7.8
15745

(2.5)
(181.4)
(48.6)
(3.5)
(5202)a,b

Overweight (n = 391)
6.1 (4.2)
594.5 (179.8)
56.0 (44.3)
8.2 (3.8)
13362 (4912)b

Obese (n = 165)

P-value

5.8
572.1
51.4
7.4
12842

0.680†
0.131†
0.238‡
0.077‡
<0.001‡

(2.6)
(206.4)
(42.5)
(3.4)
(6591)a

Values marked with the same superscript letters are significantly different (P < 0.05) after post-hoc multiple comparisons using the Bonferroni
rule.
*Parameters were log-transformed.
†
Derived from Kruskal–Wallis test.
‡
Derived from analysis of variance.
§
4184 kJ is equal to 1000 kcal.

Table 4 Dietary intake and physical activity levels across weight status categories in female children and adolescents
Girls

Iron (mg/4184 kJ§ day 1)
Calcium (mg/4184 kJ§ day 1)
Vitamin C (mg/4184 kJ§ day 1)*
Fibre (g/4184 kJ§ day 1)*
Steps (number of steps day 1)

Normal-weight (n = 751)

Overweight (n = 380)

6.0
576.8
59.7
7.5
12299

6.7
610.8
56.2
8.0
11263

(3.8)
(200.1)
(48.7)
(3.6)a
(4027)a,b

(3.8)
(372.2)
(47.9)
(3.6)
(4467)b

Obese (n = 120)
6.3
576.2
55.6
8.2
10281.4

(3.4)
(195.0)
(43.6)
(4.3)a
(5335)a

P-value
0.064†
0.577†
0.228‡
0.048‡
<0.001‡

Values marked with the same superscript letters are significantly different (P < 0.05) after post-hoc multiple comparisons using the Bonferroni
rule.
*Parameters were log-transformed.
†
Derived from Kruskal–Wallis test.
‡
Derived from analysis of variance.
§
4184 kJ is equal to 1000 kcal.
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Table 5 Adjusted odds ratios (95% confidence intervals) for iron deficiency and iron deficiency anaemia among children and adolescents
Boys (n = 1241)
ID
Weight group
Normal-weight
1.00
Overweight
1.48 (0.99–2.18)
Obese
2.46 (1.52–3.96)
Tanner stage
Stage 1
1.00
Stage 2
1.49 (0.99–2.17)
Stage 3
1.39 (0.79–2.42)
Stage 4
1.06 (0.28–3.92)
Stage 5
–
Mother’s education (years)
<9
1.00
9–12
1.05 (0.65–1.70)
>12
0.56 (0.36–0.88)
Steps quartiles (number of steps day 1)
1st Quartile
1.00
2nd Quartile
1.22 (0.74–2.02)
3rd Quartile
1.57 (0.96–2.57)
4th Quartile
1.85 (1.13–2.04)

Girls (n = 1251)
IDA

ID

IDA

1.00
1.90 (0.69–5.21)
3.13 (1.01–9.71)

1.00
1.30 (0.88–1.94)
2.05 (1.19–3.51)

1.00
1.29 (0.51–3.26)
3.28 (1.15–9.33)

1.00
1.20 (0.44–3.24)
2.51 (0.76–8.29)
2.29 (0.24–21.7)
–

1.00
1.57
1.55
3.03
0.30

(0.94–2.62)
(0.88–2.73)
(1.51–6.09)
(0.36–2.46)

1.00
1.10 (0.32–3.82)
1.70 (0.48–6.06)
3.12 (0.73–13.3)
–

1.00
0.79 (0.27–2.34)
0.38 (0.09–1.47)

1.00
1.29 (0.81–2.05)
0.93 (0.59–1.47)

1.00
1.04 (0.36–3.02)
1.43 (0.54–3.80)

1.00
1.13 (0.34–3.72)
1.20 (0.35–4.06)
1.09 (0.31–3.86)

1.00
1.20 (0.73–1.97)
0.97 (0.58–1.61)
1.41 (0.86–2.31)

1.00
0.79 (0.28–2.24)
0.80 (0.28–2.31)
0.56 (0.17–1.78)

All odds ratios were adjusted for dietary iron, calcium, vitamin C and fibre, paternal educational level and menarche (girls only).
Bold values indicate statistical significance.
ID, iron deficiency; IDA, iron deficiency anaemia.

9.1%, respectively (Nead et al., 2004). The use of serum
ferritin as one of the diagnostic criteria for ID in this previous study on USA children and adolescents could probably provide an explanation for this discrepancy. Ferritin
is an acute-phase protein whose serum levels are plausibly
elevated in states of chronic or acute inflammation
(Wisse, 2004). Considering that obesity represents such a
state, the increased levels of serum ferritin in overweight
and obese children could have led to an underestimation
of the true magnitude of ID in this cohort. This hypothesis is supported by a more recent study that also used
NHANES data to examine the incidence of ID among
overweight female adolescents (Tussing-Humphreys et al.,
2009). In that study, serum ferritin was not included in
the definition of ID, leading to a prevalence rate of
30.8%. As a confirmation of the above, the present study
showed that the prevalence of ID and IDA was lower
when using serum ferritin as a diagnostic criterion compared to using TSAT (i.e. 15.1% for ID and 2.0% for
IDA using serum ferritin versus 18.5% for ID and 2.7%
for IDA using TSAT).
The prevalence of ID and IDA reported by the present
study was found to be significantly higher in obese boys
and girls compared to normal-weight children rather than
overweight ones (Table 2). In most cases, the prevalence
of ID and IDA in overweight children and adolescents
did not differ significantly compared to their normalª 2012 The Authors
Journal of Human Nutrition and Dietetics ª 2012 The British Dietetic Association Ltd.

weight counterparts. Similar to the prevalence of ID and
IDA, the values of several haematological and biochemical
indices of iron status differed significantly between obese
and normal-weight children and adolescents (Table 2).
These differences are consistent with those reported
for children and adolescents in similar studies examining
the association between iron and weight status (PinhasHamiel et al., 2003; Tussing-Humphreys et al., 2009).
Differences between obese and normal-weight children
and adolescents in dietary intakes of iron and nutrients
that either enhance (i.e. vitamin C) or reduce (i.e. calcium and fibre) iron bioavailability could provide an
explanation for the double burden of ID and obesity.
However, the present study, in line with other recent
studies (Menzie et al., 2008; Aeberli et al., 2009; TussingHumphreys et al., 2009), did not detect such differences
(Tables 3 and 4), with the exception of dietary fibre
intake, which was higher in obese compared to normalweight girls. Still, at a multivariate analysis level
(Table 5), dietary fibre intake in girls was not significantly
associated with either ID or IDA. Similarly, as shown by
multivariate analyses, physical activity, assessed in the
present study as number of steps measured by pedometers, was not associated with the prevalence of ID in girls
or IDA in both sexes, in accordance with another study
(Tussing-Humphreys et al., 2009). On the other hand,
boys with higher walking/running activity (fourth quartile
7
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of number of steps) were more likely to be iron deficient
than their peers in the first quartile of number of steps.
Although ID is a common disorder in professional athletes (Peeling et al., 2008), the exact aetiology of this
association in children is hard to interpret.
Another important finding of the present study was the
positive association observed between Tanner stage and
ID in girls only (Table 5). Although more girls than boys
were found to be at a higher level of sexual maturation,
as indicated by Tanner stage, when comparing the prevalence of ID and IDA between boys and girls, no statistically significant differences were observed (Table 1). This
could probably indicate that although iron losses as a
result of menstruation increases the risk of ID in girls,
this might not add any further risk of impaired iron
status in relation to boys.
The positive associations found in the present study
between obesity and either ID or IDA in both sexes
(Table 5) support the hypothesis that the bioavailability
of iron may be modulated by factors linked to chronic
inflammation induced by excess adiposity. In particular,
the increased levels of inflammatory cytokines found in
obese individuals (Subramanian & Ferrante, 2009) have
been inversely associated with serum iron levels (TussingHumphreys et al., 2009). Low iron bioavailability as a
result of increased sequestration by high amounts of ferritin has also been proposed as a factor contributing to the
hypoferraemia of obesity (Zafon et al., 2009). Furthermore, serum levels of hepcidin, which is the main regulatory hormone of iron absorption and recirculation, were
higher in overweight children, adolescents (Aeberli et al.,
2009; del Giudice et al., 2009) and adults (TussingHumphreys et al., 2009) compared to their normalweight peers. Adipose tissue-derived cytokines (such as
interleukin-6 and leptin), produced in response to obesity
related-inflammation, promote hepcidin gene transcription (Verga Falzacappa et al., 2007). This results in
increased serum hepcidin levels that lead to the sequestration of iron within the reticuloendothelial system and to
decreased dietary iron absorption from the intestine by
controlling the expression of ferroportin 1 at the basolateral membranes of the enterocytes. Consequently, there
is hypoferraemia and diminished availability of iron for
erythropoiesis (Munoz et al., 2009).
The cross-sectional design of the present study is its
main limitation because it cannot provide cause-and-effect
relationships. Another limitation could be the use of BMI
as a measure of adiposity because it is not a reliable index
of body fat and fat-free mass, especially in children (Taylor et al., 2002; Reilly et al., 2010). Nevertheless, BMI
remains an acceptable and easy-to-use screening tool for
identifying excess adiposity in the general population
(Duncan et al., 2009). The use of pedometers could be an
8

additional limitation because it is not considered as the
gold standard method for estimating physical activity levels in children and adolescents (Sirard & Pate, 2001).
However, the sample size (n = 2492) could not permit the
use of accelerometers in terms of cost to assess participants’ physical activity levels. Besides, previous studies
have shown that the use of pedometers is a valid objective
method for assessing physical activity levels in children
and adolescents (McNamara et al., 2010).
Furthermore, the use of TSAT and serum ferritin for
the definition of ID instead of multiple indicators of iron
status (e.g. soluble transferin receptor levels) could have
possibly affected the true magnitude of ID in the present
study. Finally, there were no inflammatory marker data
(i.e. C-reactive protein and/or interleukin-6) available in
the present study, thus making the understanding of the
mechanistic relationship between iron status and body fat
rather difficult.
In conclusion, the present study reports significant
positive associations of obesity with ID and IDA in children and adolescents of both sexes. These associations
may have important public health implications because
they indicate the need to take into account children and
adolescents’ weight status when providing recommendations for dietary iron intake or when assessing their iron
status.
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