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RÉSUMÉ 

Contexte : L’anémie et la carence en fer sont fréquentes chez les enfants des Premières 

Nations et ont plusieurs effets néfastes sur la santé. Le fer est un métal divalent qui partage 

des voies d’absorption intestinale communes avec le cadmium (Cd), le cobalt (Co), le 

manganèse (Mn), le plomb (Pb) et le zinc (Zn) ; une déficience en fer augmente l’absorption 

de ces métaux ainsi que leur possible toxicité chez les humains. La présente étude examine 

la prévalence de l’anémie et la carence en fer, leurs déterminants ainsi que les associations 

entre la carence en fer et les concentrations sanguines de métaux divalents chez des jeunes 

des Premières Nations. Méthodologie : En 2015, l’étude pilote Jeunes Environnement et 

Santé (JES! - YEH!) a été menée chez des enfants et des adolescents (3 à 19 ans, n = 198) de 

quatre communautés de Premières Nations du Québec. Les concentrations d’hémoglobine, 

de ferritine sérique, et de métaux sanguins ainsi que de Mn dans les cheveux, de cotinine 

urinaire et de hs-CRP plasmatique ont été mesurées. Des mesures anthropométriques ont 

aussi été recueillies. Des déterminants (y compris la consommation d’aliments traditionnels 

et du marché) ont été évalués à l’aide d’un questionnaire administré par un assistant de 

recherche qui a ensuite servi pour le calcul des apports en nutriments. Une analyse descriptive 

a été réalisée et des modèles d’équations structurelles ont été utilisés pour tester les 

associations. RÉSULTATS : La prévalence respective de l’anémie et de la carence en fer 

était élevée (17.7% et 20.8% respectivement) dans la population d’étude. Les consommations 

de la viande traditionnelle, de fruits et de jus de fruits (naturel et en poudre) - par 

l’intermédiaire de leur association positive avec l’apport en vitamine C - étaient les variables 

alimentaires positivement associées à la ferritine sérique. Le sexe masculin était également 

associé à une ferritine sérique plus élevée. Le statut inflammatoire était inversement associé 

à l’hémoglobine, alors que la ferritine sérique était positivement associée à l’hémoglobine. 

Comme pour la ferritine, la consommation de fruits et de jus était positivement associée à 

l’hémoglobine via l’apport en vitamine C et la ferritine sérique, et ce, bien que la plupart des 

participants présentaient un apport suffisant en fer et en vitamine C. Les niveaux de Mn 

sanguin étaient significativement plus élevés que ceux des enfants des mêmes groupes d’âge 

rapportés dans l’enquête canadienne de mesures de santé. La ferritine sérique était 

inversement associée au Mn et au Co sanguins. Encore une fois, la consommation de fruits 

et de jus était inversement associée au Mn et au Co sanguins via l’apport en vitamine C et la 

ferritine sérique. Aucune association significative entre la ferritine sérique et d’autres métaux 

divalents n’a été observée. CONCLUSIONS : Nos résultats suggèrent que des interventions 

réduisant l’inflammation et favorisant des environnements alimentaires plus sains ainsi 

qu’une augmentation de la consommation de viande traditionnelle et d’aliments 

naturellement riches en vitamine C, qui est connue pour améliorer l’absorption du fer, 

pourraient contribuer à contrer l’anémie et la déficience en fer et à restaurer l’homéostasie 

du Mn et du Co dans l’organisme. 

 

Mots-clés: Anémie de l'enfance; carence en fer; Premières Nations; vitamine C; 

inflammation; manganèse; cobalt 
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SUMMARY 

Context: In First Nations communities, anemia and iron deficiency (ID) are frequent 

pediatric conditions with diverse adverse health outcomes. Iron is a divalent metal that shares 

absorptive pathways with cadmium (Cd), cobalt (Co), manganese (Mn), lead (Pb) and zinc 

(Zn) in the gastrointestinal tract; ID upregulates their uptake and likely their toxicity in 

humans. The present study examines the prevalence of anemia, ID and their determinants as 

well as study associations between ID status and other divalent metals among First Nations 

youth. METHODS: The 2015, First Nation Youth Environment and Health (JES!-YEH!) 

pilot study was conducted among children and teenagers (3 to 19 y, n = 198) from four First 

Nations communities in Quebec. Blood, hair, urine samples and anthropometric 

measurements were collected. Hemoglobin, serum ferritin (SF), blood Cd, Pb, Mn, and Co, 

plasma Zn and hs-CRP, hair Mn and urinary cotinine levels were measured. Determinants 

(including traditional and market food consumption) were assessed using an interview-

administered questionnaire, based on which nutritional intakes were calculated. Descriptive 

analyses were performed, and structural equation models were used to test associations. 

RESULTS: The prevalence of anemia and ID was elevated (17.7% and 20.8% respectively) 

in JES!-YEH! study participants. Traditional meats, fruit and fruit juice consumption (natural 

and powdered) - via their positive association with vitamin C intake – were the food variables 

positively associated with SF. Male sex was also associated with higher SF. The 

inflammatory status was associated with lower hemoglobin, while higher SF was in turn 

associated with higher hemoglobin. As for SF, fruit and juice consumption were positively 

associated with hemoglobin, via vitamin C intake and SF, and this although, most participants 

presented sufficient iron and vitamin C intakes. Blood Mn was significantly higher than in 

the Canadian Health Measures Survey of the same age groups, and SF was inversely 

associated with blood Co and Mn. Again, fruits and juice consumption were inversely 

associated with blood Mn via vitamin C intake and SF. No significant association between 

SF and other divalent metals was found. CONCLUSIONS: Our findings suggest that 

interventions fighting inflammation and fostering healthier food environments as well as 

higher consumption of traditional meats and foods naturally rich in vitamin C, which is 

known to enhance iron absorption, could decrease anemia and ID and ultimately, restore 

blood Mn and Co homeostasis.  

 

Key words: Childhood anemia; iron deficiency; First Nations; vitamin C; inflammation; 

manganese; cobalt  
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Introduction 

Anemia results in impaired tissue oxygenation due to a decrease in the number of circulating 

red blood cells (RBCs) and/or hemoglobin (Hb) (Lutter, 2008; WHO, 2001). Globally, 

anemia is considered as one of the ten most prevalent health problems worldwide. It affects 

approximately 2.2 billion people, among which 47% are preschool children and 

approximately 25% are teens and adolescents (De Benoist et al. 2008; Mclean et al. 2008). 

Moreover, Anemia is also responsible for more than 68 million years lived with disability in 

2010 (Kassebaum et al., 2014). 

 

Childhood anemia is associated with growth, developmental, cognitive and psychomotor 

impairments (Jáuregui-lobera, 2014). It may also cause a reduction in the exercise span, 

muscle weakness, claudication and easy fatigability, cold sensitivity, reduced immunity, 

fainting and anorexia. Older female children and adults may suffer from menstrual 

irregularities and loss of libido (Balarajan, Ramakrishnan, Özaltin, Shankar, & Subramanian, 

2011). If treatment is delayed, anemia will result in permanent sequelae (Cooper, Greene-

Finestone, Lowell, Levesque, & Robinson, 2012). 

 

The etiology of anemia is very complex and multifactorial, but generally, any factor causing 

an imbalance between RBCs production and turnover results in anemia. Commonly, a 

decrease in marrow stimulation due to iron and micronutrient deficiencies, inflammation 

from: chronic diseases, infections and obesity, lead (Pb) exposure or genetic diseases result 

in impaired RBCs and Hb synthesis, and in turn, anemia (Hammond, 1977; Mclean et al., 

2008; Weiss & Goodnough, 2005). 

 

Iron deficiency (ID) is the commonest nutritional deficiency; its stages start with depleted 

iron stores, iron deficiency erythropoiesis and iron deficiency anemia (IDA) in severe cases 

(WHO, 2001). IDA is the most common cause of anemia. Solely, it accounts for more than 

half of childhood anemia that is estimated to affect 750 million children around the world (de 

Benoist et al., 2008; Mclean et al., 2008; WHO, 2001). In industrialized countries, it only 

affects 6% of children, whereas the percentage is especially higher in other countries facing 

important nutritional issues (WHO, 2007). 
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Canada is among countries with the lowest prevalence of anemia. In 2009, only 3% of 

Canadian teens (6-11 years) and adolescent females (12-19 years) were known to be anemic, 

whereas the prevalence of anemia in adolescent males (12 -19 years) and preschool children 

(3-5 years) was as low as 1% (Cooper et al., 2012). However, anemia prevalence tends to be 

invariably higher among Indigenous People all over North America, where anemia is often 

rated as a moderate to severe public health concern (Christofides, Schauer, & Zlotkin, 2005). 

In addition to the dietary shifting from traditional foods (largely composed of wild meats and 

fish) to poor-quality market foods (lower in iron and other nutrients), Indigenous populations 

are still facing precarious housing conditions and higher rates of infections including 

Helicobacter pylori (Jamieson & Kuhnlein, 2008). Furthermore, vitamin deficiencies, food 

insecurity and prolonged breastfeeding with inadequate complementary feeding are common 

in Inuit and First Nations contexts and known as major risk factors for anemia and ID 

(Christofides et al., 2005; Gessner, 2009; Jamieson, Weiler, Kuhnlein, & Egeland, 2012). 

Iron is a divalent metal that is provided entirely through diet. However, its intestinal  

absorption is enhanced by the concurrent presence of iron absorption enhancers (i.e. vitamin 

C, beta-carotenes, and meat, poultry and fish factor (i.e. proteins) but decreased by the iron 

absorption inhibitors such as tannins, phytate, calcium and polyphenols (Jamieson & 

Kuhnlein, 2008). Iron is known to interact with other metals with a similar valence such as 

cadmium (Cd), cobalt (Co), manganese (Mn), Pb and zinc (Zn) and possibly predispose to 

their toxicity (Anne et al., 2012; Yangho Kim & Lee, 2011; Yeni Kim et al., 2009; Kwong, 

Friello, & Semba, 2004; WHO, 2001). 

 

Pb and Cd are xenobiotics known to cause various health problems, including neurocognitive 

issues in case of exposure to Pb, whereas skeletal problems (inadequate bone mineralization), 

cardiovascular, reproductive and hematological side effects are related to Cd exposure (Järup, 

Berglund, & Elinder, 1998; Satarug & Moore, 2004). Conversely, Mn, Zn and Co are 

nutrients essential for the metabolism of lipids, vitamin B12, proteins and carbohydrates 

(WHO, 1996). These metals share common absorptive pathways with iron (Flanagan, Haist, 

& Valberg, 1980). Therefore, a state of ID may trigger the upregulation of intestinal divalent 

metal transporters, thereby increasing divalent metals’ intestinal absorption, concentration in 
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circulation and possibly, their toxicity (Anne et al., 2012; Meltzer et al., 2010). This has a 

particular concern in Indigenous context, where ID and elevated exposure to environmental 

contaminants are common and often simultaneously found (Fenge & Downie, 2003; Muckle, 

Ayotte, Dewailly E, Jacobson, & Jacobson, 2001; Plante, Blanchet, Rochette, & O’Brien, 

2011). 

 

Data on anemia and ID from First Nations’ children and young adults are sparse since First 

Nations children and youth living on-reserve are not included in the ongoing Canadian Health 

Measures Surveys (CHMS) (St-Amand, 2017), and in 2010, the First Nations Biomonitoring 

First Initiative only targeted adults (FNBI) (La Corte & Wuttke, 2012). Moreover, the very 

few existing studies on anemia and ID in First Nations are confined to preschool children and 

adults (Christofides et al., 2005). Furthermore, data regarding the interaction of iron status 

with several divalent metals (Cd, Co, Mn, Pb and Zn) are limited in Canada and elsewhere. 

This cross-sectional study sought to document the prevalence, types and severity of anemia 

and ID, and to explore their determinants as well as to study the association between the iron 

status and other divalent metals in blood or plasma among First Nations children from 3 to 

19 years old. 
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CHAPTER 1: LITERATURE REVIEW 

 

1.1. Health, social disparities and childhood anemia among First Nations in Canada 

First Nations are the largest group of Indigenous People (65%), the native inhabitants of 

Canada. Collectively they represent 4% of the Canadian population (Kelly-Scott & Smith, 

2015). With almost 46% younger than 25 years of age, First Nations are a relatively younger 

population when compared with non-Indigenous Canadians (Kelly-Scott & Smith, 2015). 

First Nations and other Indigenous groups in Canada, namely Inuit and Métis, have very 

distinct diets, sociocultural realities, and lifestyle (Government of Canada, 2002). 

Conversely, all three groups share a common unresolved historical grief as a result of colonial 

assimilation during the past century (Brave Heart & DeBruyn, 1998). The repercussion of 

this assimilation, presumed to be transmitted from one generation to the next, includes higher 

rates of unemployment, poor health and unfavorable socioeconomic status as well as high 

rates of health issues including anemia (Kelly-Scott & Smith, 2015). 

 

According to Christofides et al. (2005), anemia is a moderate-to-severe public health problem 

among preschool children of First Nations and Inuit children from northern Ontario and 

Nunavut, where the prevalence of anemia among children less than two years of age is 36%. 

This rate is eight times higher than rates on preschool non-Indigenous Canadian children 

(Christofides et al., 2005). It is likewise the case for depleted iron stores which affect 53% of 

those children, of whom 27% had IDA (Christofides et al., 2005). 

 

To our knowledge, few studies have been done to assess anemia and ID among children aged 

three years and older among First Nations communities. Until today, only four studies have 

documented the prevalence of anemia and ID among Indigenous children counting the age 

of 3 to 19 years, and most of the available studies were conducted among Inuit children from 

different circumpolar regions. Table 1 below summarizes the main studies among Indigenous 

children and youth populations of North America in comparison to the data from the southern 

Canadian population. 
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Table 1: Childhood anemia in Canadian and Indigenous contexts 

Region/nations Age/y Number 

of 

children 

Prevalence of 

anemia (%) 

Prevalence 

of ID (%) 

Prevalence of 

IDA (%) 

Southern Canada1 3-19 2428 <3 <4 - 

Inuit, Nunavik2 8 -15 292 12.6 30 8.7 

Inuit, Nunavut3 3 -5 388 16.8 18 5.4 

Inuit, Nunavut4 <17 399 11.5 - - 

Alaska natives5 

> 5 1576 9 -17 - - 

Males 12-17y - 9 - - 

Females 12-

17y 
- 15 - - 

First Nations6 0-5y 127 19.8 - - 
1Cooper et al. (2012); 2Pirkle et al. (2014) ; 3Pacey (2009); 4Thika R, Moffatt ME (1994); 5Petersen et al. (1996); 
6Whalen, Caulfield, & Harris, (1997) 

 

1.2. Anemia 

The following sections introduce relevant basic knowledge of anemia (types, classification 

and related health effects) and iron metabolism, followed by a brief description of 

determinants of anemia and iron status in the Indigenous context. 

 

1.2.1. Definition and pathophysiology 

According to the World Health Organization (WHO), anemia is defined as Hb concentration 

below specific threshold levels (Table 2) for age and sex (WHO, 2001). Hb is the protein that 

gives the red color of the blood and exclusively found in RBCs. It is structurally formed of 

four dissimilar protein chains, two alpha subunits and two beta subunits, called globins 

(Winslow, 2006). In the center of each globin, there is an iron atom attached to a 

protoporphyrin ring and responsible for the oxygen-carrying characteristic of Hb (Winslow, 

2006). 
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Table 2:Cut-off points of hemoglobin (Hb), packed cells volume (PCV) and mean corpuscular 

volume (MCV) to diagnose anemia 

1 Hb cut-off values to be adjusted for smoking as shown in Figure 4 WHO (2001) 
2 NHANES (1999); 3 MCV = Hct %*10/RBCs count 

 

Originally, RBCs are differentiated from the hemopoietic progenitors stem cells (Hall, 2006). 

Both, RBCs and Hb are synthesized mainly in the bone marrow of the long and flat bones 

(Turkoski, 2003). Unlike other cells in the human body, RBCs have special structural and 

metabolic particularities (Turkoski, 2003). First, in order to increase their capacity to 

transport Hb, RBCs are the only identified cells in the human body known to lose their 

nucleolus while they mature. In fact, Hb constitutes 96% of the dried weight of a mature RBC 

(Hall, 2006; Turkoski, 2003). Second, RBCs have a unique biconcave shape formed and 

maintained by the integrity of the cell membrane, intracellular proteins and intracellular 

enzymes. This particular shape, increases their surface area and flexibility for effective 

exchange and easy passage through small blood vessels (Hall, 2006). Third, since the 

nucleolus is a house of many components responsible for cell replication and energy 

Anemia 

parameters 

Age/sex 
Cut-off values 

Mild 

anemia 

Moderat

e anemia 

Severe 

anemia 

Advantages/Disadvantage

s of the biomarker 

 

 

Hb 1 (g/L) 

6 months to 4 y 

5 - 11 y 

12 - 14 y 

Males > 15 y 

Non-pregnant 

Females > 15y 

and pregnant 

females 

110 

115 

120 

≥ 130 

 

≥ 120 

≥ 110 

 100 – 109 

110 – 114 

110 – 119 

110 – 129 

 

110 – 119 

100 – 109 

80 to 99 

80 to 109 

80 to 109 

80 to 109 

 

80 to 109 

80 to 99 

< 80 in 

all 

groups  

 but 

pregnant 

women < 

70 

 

 

- Simple affordable 

measure to evaluate 

anemia but cannot be 

used to identify the 

cause; adjustment of 

altitudes, smoking 

status should be done. 

- Requires fresh blood 

samples 

Hematocrit 

(Hct) or 

PCV1 

 

 

 

3 – 5 y 

5 - 11 y 

12 - 14 y 

Females > 15 y 

Pregnant 

females 

Males > 15 y 

mmol/

L 

 

6.83 

7.13 

7.45 

7.45 

6.83 

8.07 

L/L 

 

0.33 

0.34 

0.36 

0.39 

0.33 

0.39 

    

 

- Same as Hb 

- Requires fresh blood 

samples 

MCV2,3 

(femtoliters

) 

 

Males 3–5 y 

6 – 11 y 

12 – 19 y 

Females 6 - 11 y 

12 -19 y 

 

83 (83–84) 

84 (83–85) 

88 (87–89) 

85 (83–87) 

89 (88–90) 

   - Useful to classify 

anemia as microcytic 

or macrocytic, but not 

specific in identifying 

the cause 

- Affected by several 

factors (thalassemia, 

Pb poisoning, ID, 

vitamin B12 and folate 

status) 

- Requires fresh blood 

samples 
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production, RBCs are unable to replicate and have a relatively short half-life of only 120 

days. At the end of this period, senescent RBCs fail to maintain their biconcave shape and 

are rapidly removed from the circulation (Hall, 2006; Turkoski, 2003). 

 

For previously mentioned reasons, RBCs and Hb must continually be produced and released 

into the circulation (Balarajan et al., 2011). The rate of RBC synthesis is steady and tightly 

controlled by erythropoietin and the availability of the essential elements (iron, vitamins and 

amino-acids) required for Hb synthesis and RBC maturation. Thus, factors causing an 

imbalance between RBC synthesis, maturation or turnover results in a decrease in the 

circulating RBCs and Hb, and eventually anemia. The health effects and classification of 

anemia rely on these factors with varying clinical and public health importance for diagnosis, 

management and/or follow-up (Balarajan et al., 2011). 

 

1.2.2. Types of anemia among children and young adults 

Clinically, anemia is classified based on severity according to the Hb concentrations as mild, 

moderate or severe anemia. Another useful indicator of anemia other than Hb is the 

hematocrit concentration or packed cell volume, which is a simple measure that estimates the 

volume percentage of RBCs in whole blood but is less commonly used to assess severity 

(WHO, 2001). Table 2 is showing cut-off values for Hb and hematocrit, identifying severity 

of anemia by age groups and sex according to the WHO (2001) and NHANES (1999). 

Because erythropoietin production increases in response to the relative hypoxia produced by 

smoking and living at high altitude, which in turn enhances RBCs and Hb production, it is 

important to adjust for smoking status and altitude while using the Hb measures (Aitchison 

& Russell, 1988). 

 

Based on the RBC size – reported as mean corpuscular volume (MCV) – anemia is also 

classified into normocytic, macrocytic and microcytic anemia (Fishman, Christian, & West, 

1999; Mclean et al., 2008). The size of RBCs varies according to underlying causes of 

anemia, as outlined in Table 3. Equally, according to the RBC content of Hb, known as mean 

corpuscular hemoglobin (MCH), anemia can also be classified as normochromic or 
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hypochromic anemia with or without a decrease in the total number of RBCs (Fishman et al., 

1999). 

 

 

Table 3: Morphological types and etiologies of anemia 

Normocytic anemia Macrocytic anemia Microcytic anemia 

- Hereditary: 

o Hereditary 

spherocytosis; 

o Glucose-6-

Phosphate 

Dehydrogenase 

Deficiency 

o Sickle Cell: 

predominant in 

African 

descendants 

- Acute blood loss  

- Vitamin A deficiency 

- Folate deficiency 

- Vitamin B12 

deficiency 

- Vitamin C deficiency 

- Excess energy and 

deficient protein 

intake  

- Or any condition 

interfering with the 

function of the above-

mentioned vitamins: 

malabsorption 

disease, pernicious 

anemia, drugs 

 

- Microcytic hypochromic anemia: small 

size RBCs with impaired Hb synthesis 

commonly caused by: 

o Iron deficient diet progressively 

leading to depletion of iron stores, 

ID and IDA 

o Decreased protein synthesis 

o Negative iron balance due menstrual 

blood loss  

o H. pylori infection, gastric and GI 

malignancies 

o Parasitic infections such as 

hookworm, schistosomiasis, 

trichuriasis, amebiasis. 

- Microcytic normochromic anemia: small 

size RBCs with normal or increased 

erythrocyte Hb content as in thalassemia 

or in cases of Pb poisoning which leads to 

reduces Hb synthesis. 

Fishman, Christian, & West, 1999; Mclean et al., 2008 

 

Finally, an etiological classification more centered on the identification of the inherent causes 

of anemia in order to assign appropriate pharmacological treatment is commonly used in 

clinical practices. However, in a population-based research, blood tests requiring fresh blood 

samples such as MCV are costly and not often available. In such a context, anemia is 

classified using multiple blood iron and inflammation biomarkers, to categorize anemia into 

three main types: IDA, anemia due to chronic inflammation (ACI) and unexplained anemia 

(UA) (Cash & Sears, 1989; Patterson, Brown, & Roberts, 2001) as also proposed by (Plante 

et al., 2011).  An iron deficient diet leads to ID, and ultimately, to IDA. In the absence of ID, 

chronic inflammation resulting from infections or obesity also leads to impaired Hb synthesis 

and then ACI (WHO, 2001). The very large category of UA includes other micronutrient 

deficiencies such as vitamins and amino-acid deficiencies that are also prevailing causes of 

anemia in children (WHO, 2011). This classification is also useful for easy planning of public 

health interventions and prevention plans. 
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1.2.3. Health effects of anemia among children and young adults and its public 

health significance 

Anemia presents with variable symptoms depending on the severity, the underlying cause 

and physical activity. Individuals with a mild acute form of anemia may exhibit subtle or no 

symptoms during normal daily activities. Those with moderate to severe acute anemia may 

show fatigability, shortness of breath (dyspnea), palpitations, dizziness and muscle weakness 

even at rest. Very severe cases of acute anemia can progress to heart failure and even death 

(Turkoski, 2003). 

 

Long-standing or chronic anemia in children is a public health concern. According to the 

WHO (2001), a prevalence of chronic anemia beyond 5% in a specific group is considered 

abnormal and immediate action should be undertaken. When anemia prevalence is between 

5 and 19 %, it is defined as a mild public health problem, whereas between 20% to 39.9%, a 

moderate public health problem, and if it affects more than 40 % of a specific population, 

then anemia is considered as a severe public health problem (WHO, 2011). 

 

1.3. Iron deficiency and iron deficiency anemia 

1.3.1. Childhood iron deficiency manifestation and common causes according 

to life stage 

In addition to anemia, childhood ID may manifest with specific symptoms such as reduced 

memory and attention, defective thermoregulatory mechanisms and increased susceptibility 

to infections. However, other symptoms, related to rapid epithelial-cell turnover such as dry 

and rough skin, hair loss, soft and spoon-shaped finger nails, cracked lips skin and the skin 

in the angle of the mouth and loss of tongue papillae, may occur (Lopez, Cacoub, 

Macdougall, & Peyrin-Biroulet, 2016). Less frequently documented, ID state is also known 

to increase the absorption of some metals such as cadmium (Cd), cobalt (Co), manganese 

(Mn), Pb and zinc (Zn) and possibly predispose to their toxicity (Anne et al., 2012; Yangho 

Kim & Lee, 2011; Yeni Kim et al., 2009; Kwong et al., 2004; WHO, 2001). 

 

ID results mainly from inadequate iron intake or reduced iron absorption to meet the 
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increased iron requirements in developing children and puberty in adolescents. Young 

women are particularly vulnerable and more often affected by ID due to negative iron balance 

caused by menstruation (IOM, 2001). Although not common in Canada, ID can also result 

from gastrointestinal parasitic infestation (Coad & Conlon, 2011; WHO, 2001).  

 

1.3.2. Iron homeostasis 

Iron is an essential element that is only supplied through diet and extremely important for the 

proper functioning of almost all mammalian cells to accomplish their metabolic functions of 

energy production and utilization (Wang & Pantopoulos, 2011). The iron attached to Hb in 

RBCs has a key role to carry oxygen from the lungs to muscles and other tissues (CDC, 

1998). The total body contents of iron in the human body are greatly stable and estimated to 

be around 3.8 grams (g) in an adult male and 2.3 g in an adult female. In children, these 

values vary with age and child’s body weight (Health Canada, 2005). Iron status in the human 

body is a dynamic process involving iron intake from diet, absorption at intestinal level, 

storage in the liver, muscle and intracellular ferritin, and iron loss due to skin and mucosal 

cells turnover and menstruation (WHO, 2001). Overall, 70% of body iron is functional iron, 

the rest is either stored or circulating iron (IOM, 2001). 

 

1.3.3. Iron intake and absorption 

Iron bioavailability is the amount of ingested iron readily available for absorption (Hurrell & 

Egli, 2010). Factors affecting iron bioavailability are the types of iron, dietary composition 

of meals, and gastric acidity that increases the solublilization of iron and then facilitates its 

absorption at the intestinal level (Hurrell & Egli, 2010; IOM, 2001). 

 

Dietary iron is found in two forms. First, the heme or ferrous iron exclusively found in animal 

sources of diet, in which the protoporphyrin ring and iron are derived from Hb or muscle 

cells myoglobin (Hurrell & Egli, 2010; IOM, 2001). Second, the non-heme iron, which is 

mainly found in plants and iron-fortified foods and supplements but also in diet from animal 

sources (CDC, 1998; Wang & Pantopoulos, 2011). Non-heme iron absorption is influenced 
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by gastric acidity and dietary composition of meals such as the presence of iron absorption-

enhancers or inhibitors. 

 

Meals rich in iron absorption-enhancers such as vitamin C, beta-carotenes (vitamin A) as 

well as meat, poultry and fish factor  increases the availability of non-heme iron for 

absorption, whereas tannins, phytate, calcium and polyphenols decrease its bioavailability 

(Jamieson & Kuhnlein, 2008). Dietary vitamin C is one of the most potent iron absorption-

enhancer, which increases the absorption of dietary non-heme iron up to four-fold (if 

consumed within 30 minutes of meals), and also enhances later iron mobilization and storage 

(Fishman et al., 1999; WHO, 2001). On the other hand, polyphenols (in some vegetables, 

berries, black tea, coffee, and spices such as cinnamon), phytates (in whole grains and 

legumes), calcium in dairy products as well as egg proteins are major non-heme iron 

absorption-inhibitors; thus a diet rich in these elements will lower the iron bioavailability 

(Balarajan et al., 2011; Hurrell & Egli, 2010). In contrast to non-heme iron, the bioavailability 

of the heme iron is less influenced by the presence of iron absorption-enhancers or inhibitors; 

consequently, its absorption rates are two to three times higher than that of the non-heme iron 

(Jackson, Williams, McEvoy, MacDonald-Wicks, & Patterson, 2016; Pantopoulos, Porwal, 

Tartakoff, & Devireddy, 2012). 

 

The bioavailable iron is then taken up by an energy-dependent process involving a metal 

transporter (divalent metal transporter [DMT1] protein) located in the apical cellular 

membrane of the duodenal cells (IOM, 2001). The quantity of DMT1 is inversely 

proportional to the iron content of enterocytes during their early development in the crypts 

of Lieberkuhn (IOM, 2001). The absorbed iron is then transported through the enterocyte to 

be delivered to their basolateral surface with the help of the Feroportin-1 transporter, where 

it binds to plasma transferrin, and then transported to all body cells (IOM, 2001; Weiss & 

Goodnough, 2005). The concentration of Feroportin-1 is tightly controlled by the hepcidin 

hormone and the iron status of the organism (IOM, 2001). After a brief period of 

functionality, the turnover of the enteric mucosal cells takes place between 48 and 72 hours 

where they are shed into the lumen together with their contents of iron that entered the cells 

but had not yet been excreted to the plasma (IOM, 2001). 
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1.3.4. Iron storage, transport and iron biomarkers  

Iron state is a spectrum of ranges from iron overload, to normal iron stores, and ID. Iron 

overload is rare to occur and usually related to internal homeostatic failure and chronic 

hemolytic anemias (IOM, 2001). The spectrum of ID starts with negative iron balance and 

iron depletion, followed by iron-deficient erythropoiesis, and finally IDA (Cooper et al., 

2012). Negative iron balance and iron depletion are referred to a progressive decreased in 

iron stores in liver and spleen, despite the normal circulating serum iron (SI) concentration. 

SI constitutes a very small fraction of the total body iron pool (less than 1%) in which iron is 

transit in the circulation and then rapidly transported from absorption sites to sites of storage 

and utilization in bone marrow and other cells. Therefore, SI is characterized by a large 

postprandial and diurnal variability (CDC, 1998). The stage of iron-deficient erythropoiesis 

happens when the tissue functions are impaired because of prolonged negative iron balance. 

It is characterized by the diminution of iron carried by serum transferrin and the increase of 

tissue transferrin receptors (WHO, 2001). 

 

Knowing that free iron is highly toxic to human cells, following its absorption from the 

intestine, iron must be transported attached to plasma proteins, and mainly transferrin (IOM, 

2001). Transferrin normally carries approximately 3 mg of iron on its two binding sites 

(Pantopoulos et al., 2012). With its turnover rate of more than ten times per day, this makes 

it the most dynamic iron pool in the human body. It delivers iron to hepatocytes, bone 

marrow, reticuloendothelial cells and other body cells (IOM, 2001). Iron usually occupies 

one third of all serum transferrin binding sites; this proportion is an indicator of iron status 

and known as transferrin saturation (TSAT) (Pantopoulos et al., 2012). Conversely, the 

unbound iron binding capacity (UIBC) is defined as the amount of iron that can bind to vacant 

transferrin receptors (Åsberg, Thorstensen, & Borch-Iohnsen, 2012). This must not be 

mistaken with the total iron binding capacity (TIBC), obtained by adding UIBC and SI, which 

is the maximum amount of iron that can be carried bound to transferrin receptors. A TSAT 

percentage less than 15% has a specificity of 93% in estimating ID. TSAT is calculated by 

dividing the SI concentration by TIBC (μg/L) and then multiplying by 100, as it is usually 

expressed as a percentage (CDC, 1998). 
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Iron can also bind to an intracellular protein called ferritin that may also be found in small 

amounts in the circulation and known as serum ferritin (SF). The ferritin is the main iron 

storage protein; a decrease in the level of intracellular ferritin is accompanied by a decrease 

in SF in early ID (stage of iron-deficient erythropoiesis). Levels of SF vary according to sex, 

age, and inflammatory condition (Table 3). A concentration of 1 μg/L of SF is roughly 

equivalent to 10 mg of stored iron (CDC, 1998; Yangho Kim & Lee, 2011). Generally, SF 

measurement is a sensitive and specific iron status biomarker (CDC, 1998). However, a 

careful interpretation of SF is needed in cases of severe ID and/or of infection and 

inflammation, where this measure is rather insensitive (Engle-Stone & Nankap, 2013). 

Indeed, measuring only SF in the case of inflammation will underestimate the iron status 

since SF is an acute phase reactant and inflammation always lead to an increased release of 

SF in the circulation (Cooper et al., 2012; Gibson, 2005; WHO, 2001). Another iron 

biomarker with an increasingly popularity in population-based studies is soluble transferrin 

receptor levels (sTfR) because it is less influenced by inflammatory status (WHO, 2001). 

Other less commonly used iron status biomarkers are Zn-protoporphyrin (ZPP), erythrocyte 

protoporphyrin and hepcidin levels. Details on the cut-off reference values, advantages and 

disadvantages associated with all these iron status biomarkers are summarized in Table 4. 
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Table 4:Cut-off reference values for iron status assessment 

Iron status biomarkers Age and 

sex 

Cut-off values for 

ID 

Advantages of the 

biomarker 

Disadvantages of the biomarker 

SI (μmol/L) 1 Not specific 

to age or sex 

<10 µmol/L Very sensitive in early iron 

depletion 

- Large postprandial and diurnal variability 

Specific measuring technique (need fasting 

individuals) 

- Variation between meals and subjects 

SF (μg/L)2.3 

 

 

 

All ages 

 

- <15 μg/L without 

inflammation: hs-

CRP ≤5 mg/L 

- <50 μg/L with 

inflammation: hs-

CRP >5 mg/L 

Useful as early ID biomarker - Upregulated in inflammatory status, and 

down regulated by malnutrition. 
- In severe ID, ferritin concentrations lack 

sensitivity2 

TSAT (%)4 Not specific 

to age or sex 

<15% Sensitive in early ID - Not sensitive in case of protein malnutrition 

- Day to day variation 

- Specific measuring technique (avoid 

postprandial times), variation between 

subjects 

- Not sensitive in severe ID 

Serum transferrin (g/L)5 Not specific 

to age or sex 

<2 g/L Same as TSAT - Same as TSAT 

TIBC (μmol/L)6 Not specific 

to age or sex 

68 μmol/L More stable than SI with little 

day-to-day and individual 

variation 

- Only sensitive when iron stores are 

exhausted (SI <40–60 µg/dl) 

- Maybe diminished in any condition that 

modifies protein metabolism 

UIBC (μmol/L)6  58 µmol/L Same as TIBC Same as TIBC 

 sTfR7 (mg/L) 

 

Not specific 

to age or sex 

>1.95 mg/L - Sensitive to the inadequate 

delivery of iron to bone 

marrow and tissue 

- Relatively stable and not 

strongly affected by 

concurrent infection and 

inflammation states 

- Fixed value for all age and 

sex 

- Affected by erythropoiesis due to any cause 

- Not useful in early ID 

- Expensive cost of analysis 

 

ZPP (μmol/mol)7 

 

Not specific 

age or sex 

>80 µmol/mol - Useful in young children - Increases in ID, inflammatory disorders, 

exposure to Pb 
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1Patterson, Brown, & Roberts(2001); 2D. I. Thurnham & McCabe (2010); Turgeon O’Brien, Blanchet, Gagné, Lauzière, & Vézina (2016); Guyatt et al. 

(1992);3Turgeon O’Brien et al. (2016); 4Engle-Stone & Nankap (2013); 5Gibson (2005); 6 Plante et al. (2011); 7WHO (2001);8Pantopoulos et al. (2012)

- Very useful test in the 

absence of infection 

- Less sensitive to early ID 

- Not helpful to detect daily variation 

- Complex and costly procedure 

Erythrocyte protoporphyrin7 

 

<5 years: 

 

 

 

≥ 5 years: 

 

>70 μg/dL RBCs 

>2.6 μg/g Hb 

>61 mmol/mol Hb 

 

>80 μg/dL RBCs 

>3.0 μg/g Hb 

>70 mmol/mol Hb 

- Useful in young children 

- Very useful test in the 

absence of infection 

 

 

 

- Increases in ID, inflammatory disorders, 

exposure to Pb 

- Less sensitive to early ID 

- Not helpful to detect daily variation 

- Complex and costly procedure 

Hepcidin8   - Sensitive measure for 

depleted iron stores 

- Methods and interpretation of results are 

under development 
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1.4. Anemia of chronic inflammation (ACI) 

Inflammation may impair RBCs production and disturb iron metabolism via several mechanisms 

as shown in Figure 1. First, excessive inflammatory cytokines release reduces erythropoietin 

production as well as the sensitivity of the bone marrow to erythropoietin, and consequently, 

disturb RBCs production in bone marrow (Jamieson et al., 2012; Weiss & Goodnough, 2005). 

Moreover, this condition provokes oxidative stress in RBCs resulting in their deformation and their 

premature turnover (Zarychanski & Houston, 2008). 

 

  

Figure 1: Diagram showing the mechanism of anemia in chronic inflammation or disease. Reprinted from Zarychanski & 

Houston (2008) © Canadian Medical Association  

 

Second, chronic diseases and inflammation are known to provoke a functional state of ID, by 

causing a sequestration of iron in its stores and preventing its transport and utilization, and thus 

preventing the integration of iron into Hb and then leading to the development of anemia 

(Zarychanski & Houston, 2008). Inflammation also leads to the up-regulation of SF and down-

regulation of the ST in response to the inflammatory process. Conversely, it stimulates the 

production of hepcidin from the liver, which is an acute-phase reactant with antimicrobial activity 

that degrades Feroportin-1, and thus reduces the rates of intestinal absorption of iron (Anne et al., 
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2012; Weiss & Goodnough, 2005). Third, obesity is now considered as a chronic inflammatory 

condition due to its association with adipose tissue necrosis and a potent contributor to ACI (Nead, 

Halterman, Kaczorowski, Auinger, & Weitzman, 2004). Obesity is prevalent in FN, and reaching 

an alarming rate in children (Public Health Agency of Canada, 2018). 

 

These series of inflammatory mediated metabolic changes due to chronic diseases collectively lead 

to ID and IDA in absence of dietary iron deficiency or result in microcytic hypochromic anemia 

very similar to IDA in approximately 25% of individuals. This usually leads to a diagnostic 

dilemma in population-based studies (Zarychanski & Houston, 2008). An inflammatory workup 

using acute-phase reactants, such as the hs-CRP and alpha1-acid glycoprotein may not completely 

distinguish ACI from IDA (Subramaniam & Girish, 2015). The gold standard method mainly used 

by the clinician to differentiate IDA from ACI in such a case is a bone marrow biopsy, which is 

invasive and of limited use in population-based studies (Turgeon O’Brien et al., 2016; WHO, 

2007). 

 

1.5. Other types of anemia 

 

Other types of anemia are those that can be explained by neither ID nor chronic diseases and 

inflammation. It includes all other forms of anemia such as those related to hereditary causes, 

elevated Pb exposure or nutritional issues other than ID such as vitamin A, vitamin C, vitamin B12, 

folate and vitamin D (WHO, 2001). In epidemiological studies, these are often referred as 

Unexplained Anemia (UA) since most epidemiological studies does not dispose of sufficient 

biomarker measurements needed to explain the causes of anemia other than ID and inflammation 

(Plante et al., 2011).  

 

1.5.1. Lead (Pb) exposure 

At higher levels of exposure, Pb is known to cause anemia. Elevated Pb exposure decreases heme 

synthesis and Hb production by inhibiting the activity of the delta-aminolevulinic acid dehydratase 

and ferrochelatase enzymes, thus generating microcytic anemia similar to IDA (Bellinger & 

Bellinger, 2006; Counter, Buchanan, Ortega, Rifai, & Shannon, 2007). These enzymes are 
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responsible for the incorporation of iron into the protoporphyrin ring. Furthermore, due to the pro-

oxidant activity of Pb, it alters the RBCs membrane architecture and predisposes to a premature 

removal of these abnormal RBCs from the blood (Levander, 1979). 

 

1.5.2. Vitamins A deficiency 

Vitamin A is a fat-soluble vitamin essential for normal vision, gene expression and reproduction 

as well as growth and immunity in humans (IOM, 2001). Its deficiency is among the commonest 

vitamin deficiencies that affect iron metabolism and cause anemia (IOM, 2001). 

 

The mechanism by which anemia occurs in vitamin A-deficient children is not completely 

understood. However, it was observed that vitamin A-deficient individuals have disrupted 

hematopoiesis and a defective proliferation and differentiation of the pluripotent hemopoietic cells 

(Fishman et al., 1999). Furthermore, it is also suggested that vitamin A deficiency decreases 

erythropoietin synthesis and release from kidneys, which may lead to RBCs underproduction and 

anemia. This type of anemia manifests as hypochromic anemia similar to IDA because of the 

alteration in iron supply to bone marrow, reduced iron mobilization and its accumulation in the 

form of hemosiderin in the spleen (Fishman et al., 1999; Jamieson & Kuhnlein, 2008). 

 

Vitamin A deficiency occurs as a result of inadequate dietary intake. In general, animal-derived 

foods are rich in vitamin A (Kuhnlein, Receveur, Soueida, & Egeland, 2004), particularly the liver, 

whereas red palm oil and dark colored vegetables and fruits contain significant concentrations of 

vitamin A precursor (provitamin A carotenoid), which needs to be activated into vitamin A 

following ingestion (IOM, 2001). 

 

1.5.3. Folate and vitamin B12 deficiency 

Chronic folate (B9) and vitamin B12 deficiencies are both possible causes of macrocytic anemia. 

Chronic folic acid deficiency impairs thymidine formation, which further impair erythropoiesis 

and delays RBCs maturation. As a result, abnormal large-sized nucleated RBCs (megaloblasts) are 

released into the circulation. The removal of these abnormal cells in circulation by bone marrow 

macrophages is high, and possibly leads to macrocytic hypochromic anemia (Fishman et al., 1999; 
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WHO, 2001). 

 

Folic acid is found in leafy green vegetables, while vitamin B12 is provided only via animal food 

sources. Vitamin B12 is stored in large quantities sufficient to accomplish body functions for 

several years (3 to 4 years) of non-intake. Its deficiency is common in exclusive vegetarians or in 

case of a defective absorption resulting from reduced or lack of intrinsic factor secretion (a 

glycoprotein needed for B12 transport across the intestinal wall) (Fishman et al., 1999; Kuhnlein et 

al., 2004). Among Indigenous communities, several traditional foods are known to be high in 

vitamin B12 but deficient in folate. But nowadays, since nutritional policies in Canada recommend 

the addition of folic acid to almost all cereals and grains from the market, folic acid deficiency is 

not common either in non-Indigenous or Indigenous context (Health Canada, 2005; Kuhnlein et 

al., 2004). 

 

1.5.4. Vitamin C deficiency (ascorbic acid)  

Human beings are lacking the enzyme (L-gulono-γ-lactone oxidase) responsible for vitamin C 

(ascorbate) synthesis. Therefore, ascorbic acid must be entirely supplied through diet (Lane & 

Richardson, 2014). Sources of vitamin C in Indigenous context include traditional foods such as 

wild fruits (berries) as well as market fruits and vegetables, primarily green and red pepper, 

citrus and tomatoes (Food and Agriculture Organization-United Nations [FAO], 2009; IOM, 

2001b). Vitamin C deficiency is uncommon in children but it can be seen in children exclusively 

fed on cow milk (Fishman et al., 1999). 

 

Vitamin C is known to enhance the absorption of iron from the gut, and especially for iron with 

reduced bioavailability such as non-heme iron (Lane & Richardson, 2014). This effect is mainly 

conveyed by its ability to reduce iron from ferric state to the more soluble and more absorbable 

ferrous form (Fishman et al., 1999). However, the action of vitamin C on iron is not limited to 

the gut since it was also identified that vitamin C modulates the iron intake and metabolism by 

mammalian cells (Lane & Richardson, 2014). Indeed, ascorbate stimulates ferritin synthesis and 

inhibits its degradation by the lysosomal ferritin that decreases cellular iron efflux (Lane & 

Richardson, 2014). Furthermore, it was observed that in iron non-deficient individuals, ascorbic 

acid increased the uptake of iron by the low-molecular-weight iron-citrate complexes in some 
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areas such as the brain (Lane & Richardson, 2014). In addition, the antioxidant activity of 

vitamin C prevent premature oxidative damage of RBCs (Lane & Richardson, 2014). 

 

1.5.5. Vitamin D deficiency 

Vitamin D is essential for bone marrow health, the site of erythropoiesis, because of its important 

role in maintaining normal bone structure and mineralization (Souberbielle et al., 2010). 

Moreover, it is suggested that vitamin D increases the sensitivity of bone marrow to 

erythropoietin. A recent study revealed up to 2-fold increase in risk of anemia associated with 

vitamin D deficiency (Sim et al., 2010). 

 

In addition to fish and meats which are rich in vitamin D, other Indigenous traditional diet contains 

variable amounts of vitamin D (Center for Indigenous Peoples’ Nutrition and Environment 

[CINE], 2005). However, all milk and cereals sold in Canada are fortified with vitamin D (IOM, 

2006). The intrinsic synthesis of vitamin D led by sun light is often suboptimal in Indigenous 

people because of their relatively darker color of skin compared to individuals with fare-colored 

skin. This most likely predisposes them to vitamin D deficiency related anemia (Libon, Cavalier, 

& Nikkels, 2013). 

 

1.5.6. Other vitamins and micronutrients deficiencies  

Vitamin E (alpha tocopherol), thiamine, niacin, and vitamin B6 are essential antioxidants that help 

maintain the cellular integrity of RBCs by preventing the oxidation of its cellular membrane by 

free radicals. Hence, they prevent premature RBC destruction and anemia (Fishman et al., 1999; 

Jamieson & Kuhnlein, 2008). 

 

1.6. Other determinants of anemia and ID in First Nation context 

Anemia in First Nations children is a complex and multifactorial issue, in which biological, 

individual lifestyle, social and community factors as well as sociodemographic cultural and 

environmental factors are interrelated. To understand how these factors interact, we are proposing 

a holistic framework composed of three zones inspired by the model of social determinants of 

health ( Whitehead & Dahlgren  (1991, p. 11).  
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In the central zone of this framework lies biological and individual characteristics of First 

Nations’ children (age, sex and inherited factors) which may explain the individual vulnerability 

of certain children to develop anemia or ID. This is followed by an intermediate zone comprising 

individual lifestyle factors (exposure to cigarette smoke and dietary habits), the social and 

community factors (social and community networks and the living and working conditions 

including education, built and food security and traditional activities, etc.) that continuously 

interfere with each other and directly or indirectly with the biological and lifestyle factors in the 

central zone as well as with the external outermost zone. The outer zone represents the general 

sociocultural, political and economic as well as natural environments, and health services at 

regional (Public Health directions) and federal (Health Canada) levels. All previously mentioned 

factors are tightly governed by factors in the outermost zone of the framework which are the 

community sociocultural issues, politico-economical (provincial and federal) and even 

international issues. 

 

The present master thesis in public health focuses on the determinants of anemia and ID related to 

individual lifestyles and socio-community factors, since factors in the inner zone are not 

modifiable and usually dealt by doctors in clinical practice to barely withstand complications, and 

factors in the outer zone are out of our scope of this study. The next section outlines the socio-

community determinants of anemia and ID with a specific focus on First Nation children context. 

 

1.6.1. Housing conditions and overcrowding 

Data from Canadian Aboriginal Health Survey in 2012 report poorer rates of socioeconomic 

indicators among First Nations and other Indigenous population compared to other Canadian 

population (Rotenberg, 2012). First Nations and other Indigenous populations tend to have less 

education attainment, higher unemployment and lower incomes than the rest of the Canadian 

population (Statistics Canada, 2011). These rates are reflected on the overall poor health and an 

average of 10 years less in life expectancy of populations compared to their counterparts of the 

non-Indigenous Canadian population (Rotenberg, 2012). Indigenous populations also often live in 

overcrowded dwellings and have poorer housing and water supplies conditions (Statistics Canada, 

2011). In 2011, 43% of the First Nations claimed living in poor housing conditions that need 
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important repairs compared to only 7% of non-Indigenous Canadians (Statistics Canada, 2011). 

Moreover, while 27% of First Nations were living in overcrowded dwellings compared to only 4% 

among non-Indigenous Canadians (Statistics Canada, 2015). Inadequate housing with 

overcrowding increase the risk of transmission of bacterial infection including Helicobacter pylori, 

viral and parasitic infections, which contribute to higher inflammatory rates and eventually higher 

prevalence of ACI (WHO, 2004). 

 

1.6.2. Food insecurity, traditional activities and food transition  

In Indigenous communities, food insecurity is estimated to be three times higher than in non-

Indigenous context (Rotenberg, 2012). Food insecurity is an important determinant of anemia and 

ID since it means lower food intake, which results insufficient iron and other macro- and 

micronutrients required to meet the demands for Hb and RBCs synthesis (Balarajan et al., 2011; 

Pirkle et al., 2014). 

 

The concept of food security is large and may encompass food and water access, quality, 

availability and preferences (Jamieson & Kuhnlein, 2008). Indigenous Peoples in the past were 

dependent on natural resources from the land, the rivers and the sea (traditional foods) via hunting, 

fishing, trapping and gathering of wild fruits (Institut national de santé publique du Québec 

[INSPQ], 2015). These activities provide households with traditional foods rich in heme and non-

heme iron and other essential dietary nutrients. Heme iron from animal sources include fish, 

seafood as well as the wild bird’s meat and eggs, caribou, moose, deer, bear, hare and beaver meat 

(Jamieson et al., 2012; Kuhnlein, Receveur, Soueida, & Egeland, 2004). Several other essential 

elements (proteins, vitamins, magnesium, zinc, Mn, phosphorus, potassium, copper, and selenium) 

are also provided via consumption of traditional meats and wild fruits (INSPQ, 2015). Thus, the 

presence of a hunter/trapper/fisherman in a household was shown to be positively associated with 

household food security and adequate iron intake in men from 36 Inuit communities form 

Canadian arctic (Jamieson et al., 2012). 

 

Nowadays, unfortunately, traditional foods are often replaced by a cereal-based market diets, 

especially among younger generations (INSPQ, 2015). This is largely related to the arrival of the 

European colonialism, where urbanization promotes market foods, including foods lower in 
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hemopoietic elements and higher in iron absorption-inhibitors (INSPQ, 2015). Moreover, food 

preparation methods with extreme heat exposure and dilution led to a remarkable decline in 

valuable dietary nutrients (Jamieson et al., 2012; Kuhnlein et al., 2004). Individuals who are 

exposed to food insecurity are usually susceptible to develop multiple deficiencies of these 

essential elements, which will have synergetic effects on the development of ID and anemia 

(Balarajan et al., 2011). 

 

1.7. Divalent metals and their interactions with iron, iron deficiency and/or iron deficiency 

anemia  

The divalent metal cations such as Cd, Co, Pb, Mn and Zn are characterized by two valences 

exactly like iron (Fe+2). Since all these metals and iron may concurrently be found in the diet with 

variable concentrations; several studies suggested their metabolic interactions with iron at different 

levels in the human body (Garrick et al., 2006; Meltzer et al., 2010). First, after the ingestion of 

diet, iron and some metals bind to a glycoprotein called mucin which facilitates their subsequent 

absorption preventing their hydrolysis and the subsequent precipitation throughout the 

gastrointestinal tract (Anne et al., 2012; Powell, Jugdaohsingh, & Thompson, 1999). Second, it 

has been suggested that iron and other divalent cations share the same binding sites and 

transporters in the small intestine, mainly in the duodenum (Kwong et al., 2004; Powell et al., 

1999; Tuschl, Mills, & Clayton, 2013). Indeed, the transport of these metals from the intestinal 

lumen into the enterocytes is fulfilled mainly via the transmembrane transporter called DMT1as 

well as Ferroportin-1, an enterocytes basolateral transport protein (Barton et al., 1978; Cheong et 

al., 2004; Garrick et al., 2006; I Bannon et al., 2002; Kwong et al., 2004; Roth & Garrick, 2003). 

DMT1 exhibits a greater affinity for Mn and Cd than iron and to a lesser extent for other divalent 

cations such as Pb, Zn and Co (Garcia, Gellein, Syversen, & Aschner, 2007), (Anne et al., 2012; 

Garcia et al., 2007). Thus, diets rich in iron can prevent other divalent metals to be over absorbed 

because of competitive inhibition on these transporters. Inversely, a diet deficient in iron enhances 

the absorption and the uptake of Cd, Co, Pb, Mn and Zn in the intestine if these elements are found 

in the diet (Barton et al., 1978; Cheong et al., 2004; I Bannon et al., 2002; Roth & Garrick, 2003).  

 

An increased uptake of divalent metals such as Pb and Mn may lead to adverse health effects 

somewhat similar to those of ID e.g. cognitive, intellectual quotient (IQ) psychomotor impairment 
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as well as disturbed memory performance (Burhans et al., 2005; Carvalho et al., 2014; Yeni Kim 

et al., 2009; Morrow-Tesch & McGlone, 1990). Moreover, the overexposure to Cd, Co and Zn 

may also be associated with other health outcomes.  

 

1.7.1. Cadmium exposure and health-related outcomes 

Cd is a toxic metal with no known beneficial effect on health. Exposure to Cd occurs in the work 

place and environment. Cd was considered as one of the six toxic contaminants that represent an 

imminent threat to the human being (Zhang et al., 2015). Besides the occupational contact with Cd 

in batteries’ factories, steel production, paints, plastics and diet, the most common source of 

exposure is cigarette smoke since the tobacco plant naturally accumulates Cd present in soils 

(Zhang et al., 2015). According to the FNBI, Cd exposure among First Nations adults is 

significantly higher than among CHMS adult participants (CHMS, 2013; La Corte & Wuttke, 

2012).   

 

Dietary exposure in non-smokers may occur through the accumulation of Cd in mollusks, and liver 

and kidneys of some animals such as cervids that are commonly consumed by First Nations Cd is 

also absorbed by some crops and vegetable plants even when soil Cd levels are normal, however, 

its uptake from the soil secondary contaminated by fossil fuel combustion, phosphorous fertilizers 

and sewage sludge is also common (WHO, 2010). Other studies points to external contamination 

of the diet via atmospheric deposition (Zhang et al., 2015). Cd exposure via the ambient air 

contamination is not common because of generally low Cd concentrations in ambient air (Zhang 

et al., 2015). Similarly, Cd concentrations in drinking water are generally low in the province of 

Quebec (Government de Quebec, 2017). 

 

Cd has a relatively long half-life ranging from 10 to 35 years in the human organism (WHO, 2010). 

Elevated blood Cd concentrations may lead to the formation of renal stones that may progress to 

kidney damage in the form of renal tubular damage and glomerular damage (WHO, 2010). 

Elevated blood Cd concentrations can also impair vitamin D metabolism causing skeletal 

problems, more specifically widespread osteomalacia (inadequate bone mineralization) (Järup et 

al., 1998; Satarug & Moore, 2004). Furthermore, individuals with elevated Cd concentration may 

present cardiovascular, reproductive and hematological side effects (Järup et al., 1998). Finally, 
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prolonged elevated blood Cd concentrations are also linked to some cancers in humans such as the 

respiratory, gastrointestinal, breast, renal and prostatic cancers. Accordingly, the International 

Agency for Research on Cancer (IARC) has classified Cd in group 1 carcinogenic to humans 

(IARC, 1993; WHO, 2010). 

 

1.7.2. Cobalt exposure and health-related outcomes 

The Co is an essential element found in organic and non-organic forms. The organic Co is an 

essential component of vitamin B12 (Cyanocobalamin), which is an important element for the 

proper functioning of the nervous system and enters in the synthesis of RBC as well (Fishman et 

al., 1999; WHO, 2001). However, non-organic Co is used widely in steel production and the 

production of glass and ceramic pigments. It also has important medical uses among which Co is 

used in orthopedic prosthesis (ATSDR, 2004). As for vitamin B12, the main dietary sources of 

organic Co are animal products. Other sources of organic Co include green leafy vegetables, fish 

and fresh cereals (Finley, Monnot, Gaffney, & Paustenbach, 2012). 

 

Exposure to non-organic Co is mainly via inhalation. There are also many therapeutic applications 

of Co as it is still used to control hypersecretion of estrogen secondary to hormone replacement 

therapy in women (Finley et al., 2012). However, it is now obsolete, Co was prescribed in the past 

as supplements for anemic children to stimulate RBC production (Saravanabhavan et al., 2017). 

Other than these, Co exposure is related to heavy beer consumers since some alcoholic companies 

used Co as a beer foam stabilizer (B. L. Finley et al., 2012). The health effects associated with oral 

exposure and elevated Co may include polycythemia and cardiomyopathy (Saravanabhavan et al., 

2017). Nonetheless, exposure to Co through inhalation is associated with neurologic side effects 

as well as cancers. IARC classifies Co and its compounds as Group 2B (possibly carcinogenic to 

humans) (Nordberg et al., 1992). 

 

1.7.3. Manganese exposure and health-related outcomes 

Similarly to Co, Mn is also an essential element, nearly found in all human cells. It acts as a 

cofactor for several enzymes (e.g. oxidoreductases, lyases, hydrolases, transferases, isomerases, 

and ligases) responsible for lipids, proteins, and carbohydrates metabolism (Aschner & Aschner, 
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2005; Roth & Garrick, 2003). Mn is necessary to the integrity of bones, clotting system and the 

growth of connective tissues. In humans, systemic Mn homeostasis is tightly controlled by 

regulating the rate of its intestinal uptake and hepatic elimination. The adequate intake of Mn in 

humans is usually provided through regular diet. Only 1 to 5% of dietary Mn is absorbed depending 

on the age and diet concentration in Mn (Davidsson, Cederblad, Hagebø, Lönnerdal, & Sandström, 

1988). Salmon, white fish, moose and caribou meat and liver are First Nations traditional foods 

that are known to be naturally high in Mn as well as some wild berries and tea (CINE, 2005). Nuts, 

grains and green leafy vegetables are also high in Mn, but these foods are often less consumed by 

First Nations (Health Canada, 1994). Intracellularly,  Mn concentration is controlled via the 

cellular uptake, retention and release (Roth & Garrick, 2003). Any perturbation of systemic or 

cellular homeostasis may lead to hypo- or hypermanganesemia; however, its deficiency is quite 

uncommon in normal circumstances (IOM, 2001). 

 

At high doses, Mn is toxic and depending on the pathways of exposure, it has been associated with 

several neurological outcomes (Chen, Parmalee, & Aschner, 2014). Mn toxicity is widely reported 

in the literature due to occupational exposure such as airborne Mn inhalation, especially in the 

mining and metal welding industries (Chen et al., 2014). Nonetheless, in some regions of Quebec 

where groundwater is known to be naturally high in Mn, Mn exposure through drinking water 

consumption has been shown to be associated with IQ impairment, low attention and behavioral 

changes in children (Bouchard, Laforest, Vandelac, Bellinger, & Mergler, 2007b; Bouchard, 

Sauvé, Barbeau, Legrand, & Brodeur, 2011). 

 

In human populations, ID has been shown to increase intestinal absorption of Mn, and eventually 

increase its toxicity (Aschner & Aschner, 2013; Hansen et al., 2010). Hypermagnesemia due to ID 

was first reported in 1969 by Mena et al. when 13 patients were diagnosed with IDA. These 

patients had erythrocytic Mn concentration up to 6 times higher than the control group, composed 

of 11 healthy laboratory workers (130 ± 40 g/L versus 20 ± 6 g/L respectively) (Mena, Horiuchi, 

Burke, & Cotzias, 1969). Similarly, in 1999, Finley reported significantly higher manganese 

absorption (up to 5-fold) among 15 women aged 20-45 years with low SF, compared to 11 women 

with normal SF concentrations, even with the administration of a low Mn diet (Finley, 1999). In 

the Korean National Health and Nutritional Examination Survey (KNHANES), ID was found to 
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be associated with hypermagnesemia (Yangho Kim & Lee, 2011). More recently, Anne et al. 

(2013) reported a significant positive association between blood manganese and ID among 225 

children aged between 1 and 6 years in the United Kingdom (Anne et al., 2012). Interestingly, in 

a case-control study, iron supplementation with (160 to 240 mg/day) for four months has been 

shown to decrease blood Mn concentrations from (GM± SD) 20.5 ± 4.4 g/L to 16.9 ± 4.4 g/L 

in 17 adults suffering from IDA, where control groups were having Mn concentration of 12.8 ± 

02.7 g/L (Kim et al., 2005). 

 

1.7.4. Lead exposure and health-related outcomes 

Unlike Mn, Pb is a xenobiotic and exposure to Pb occurs via different sources since Pb is found in 

many consumer goods (Couture et al., 2012; Plusquellec et al., 2010). Indigenous children are at 

risk of elevated Pb exposure since hunting using Pb-based ammunitions are still common in several 

communities (Couture et al., 2012; Fillion et al., 2014; Muckle et al., 2001). Other sources of Pb 

exposure in First Nations may be related to poor housing conditions (old paint), ammunition dust 

(from cleaning guns inside the house) and water ingestion from leaded water ducts (Dapul & 

Laraque, 2014; Fillion et al., 2014). Blood Pb guidelines are 10 µg/dL in Canada and Quebec 

(Health Canada, 2013), but the Quebec guideline has recently been revised and decreased at 5 

µg/dL for children aged 0 to 11 years old (INSPQ, 2016). Indeed, several evidences are pointing 

towards the absence of a safe level for Pb and prolonged exposure to even lower levels of blood 

Pb may lead to neurological dysfunctions, especially in children (Bellinger, 2004; INSPQ, 2016). 

 

Beside the hematological effects of high Pb exposure levels, Pb-induced multiple adverse 

neurologic effects as a result of low-dose chronic exposure (less than 10 µg/dL). During pregnancy 

and/or childhood Pb exposure produces reduced fetal growth, mild developmental delays, 

behavioral changes, increased antisocial behavior, neurocognitive impairment, shortened attention 

spans, reduced IQ, and reduce educational attainment (Couture et al., 2012; Lanphear et al., 2005; 

Muckle et al., 2001). 
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1.7.5. Zinc exposure and health-related outcomes 

Zn is an essential element and ubiquitous within human cells since it enters in the composition of 

more than 300 enzymes and accomplishes vital catalytic, structural and regulatory functions 

(Nriagu, 2007). Like all essential elements, Zn is primarily provided through diet. Similar to Mn, 

Co and iron, the absorption rates of an orally consumed Zn depended on the concentration and 

chemical form of Zn and the dietary composition (Roohani, Hurrell, Kelishadi, & Schulin, 2013). 

The presence or absence of Zn absorption-enhancers or inhibitors highly influence the quantity of 

absorbed Zn, e.g. Zn administered with liquid solutions have higher absorption rates reaching up 

to 60% than Zn ingested with the solid food, which is limited to 33%. Generally, the ingestion of 

phytates and calcium impairs Zn absorption. In contrast to iron which is usually transported bound 

to transferrin proteins, 70% of the Zn in the blood circulate attached to albumin (Roohani et al., 

2013). 

 

Zn deficiency has gained wide attention because of its impact on growth, hypogonadism and 

wound healing (Nriagu, 2007). Overexposure to Zn usually occurs secondary to ingestion of Zn 

supplements. Health effects from high levels of Zn are rare and limited to mild impairment of 

immune function observed with excessive supplementation of zinc. Otherwise, health effects are 

due to the copper deficiency that is usually associated with Zn overexposure. These health effects 

are due to alterations in lipid profiles, such as increased in concentration of circulating low-density 

lipoprotein and low levels of high-density lipoproteins (Fosmire, 1990). 
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CHAPTER 2: RESEARCH PROBLEM AND OBJECTIVES 

 

2.1. Research hypothesis and objectives  

The First Nations Youth Environment and Health (JES! -YEH!) Pilot Study is a cross-sectional 

study realized in 2015. The study was conducted in collaboration with two Anishinaabe 

communities of Abitibi-Témiscamingue and two Innu communities of the North Shore and the 

Minganie regions in the Province of Quebec and involved 198 participants aged from 3 to 19 years 

old. The present research project is a sub-project of the overall JES! -YEH! Study. 

 

2.2. The research questions guiding the present project are:  

1. What is the prevalence of anemia and ID and their determinants among study participants 

involved in JES!-YEH!? What are the most vulnerable age and sex subgroups? Are there 

differences by studied nations? 

2. What are the associations between ID and blood concentrations of divalent metals (Cd, Co, 

Mn, Pb and Zn) among these participants? 

 

2.3.  The underlying hypotheses for this project are:  

1. Like most other Indigenous communities of Canada, First Nations’ children and youth living 

in the regions of Abitibi-Témiscamingue, North Shore and Minganie regions are having 

higher prevalence of ID and anemia than the general Quebec population because of their 

poor socioeconomic status, poor nutritional environment, overcrowding, and high infection 

rates and obesity. There may be a great variability in the prevalence of ID and anemia 

between age subgroups, and this would be related to physiological variations and increase 

demand for essential elements and iron due to rapid growth in early childhood and puberty 

and menstruation in young adults, combined with other factors like nutrition transition 

profile. 

2. Children with ID and IDA are at greater risk to present elevated blood concentrations of Cd, 

Co, Mn, Pb and Zn because of molecular and metabolic interactions between iron and these 

metals. 
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The general objective of the present project is to understand the prevalence of anemia and 

nutrition-related issues in children of these First Nations communities in order to support the 

development of strategies to address simultaneously anemia, ID, and divalent metals interactions 

and to identify possible solutions to foster healthier food environments in First Nation 

communities. 

 

2.4. The specific objectives are:  

(i) To investigate the prevalence of anemia and ID, its severity and types, for the overall 

JES! -YEH! Study and by studied nations, age and sex subgroups; 

(ii) To examine determinants of anemia and ID by age, sex or nation depending on 

Objective 1 findings; 

(iii) To study possible associations between blood Cd, Co, Mn, Pb and plasma Zn and iron 

biomarkers, considering relevant co-variables. 
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CHAPTER 3: METHODOLOGY 

 

3.1. Study design and areas  

The JES! -YEH! study is a population-based cross-sectional study carried out in 2014–2017 in 

collaboration with four First Nation communities (indicated in Figure 2) among children and 

young adults of 3 to 19 years old (n = 198). Field research in Winneway and Lac Simon was 

conducted in May-June 2015 and in Nutashkuan and Unamen shipu, in September-October 2015. 

These dates were selected carefully with community partners to minimally interfere with hunting 

and fishing seasons and other important events in the community. 

 

The cross-sectional and pilot nature of the study was aimed at biomonitoring youth exposure to 

more than 90 environmental contaminants for the first time in these communities, studying 

prevalence of several health indicators and determinants and documenting the feasibility of the 

future pan-Canadian JES -YEH! Study. All steps of the study were conducted in collaboration with 

community partners. The present study objectives were assessed as part of a sub-study of the 

overall JES! -YEH! Study, and again, in collaboration with community partners. 

 

Figure 2: Quebec First Nations - study areas highlighted in red rectangles 
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The four communities are located in two distinct regions of Quebec: two Anishinaabe communities 

of Abitibi-Témiscamingue and two Innu communities of the Minganie and Lower-North-Shore 

regions. Winneway is a small Anishinaabe (Algonquin) community of 850 inhabitants 

(Government of Canada, 2014) located in a forested area between Val-d’Or and Notre-Dame-du-

Nord and at more than an hour and a half drive from a supermarket. Lac Simon is a large 

Anishinaabe community of 2,105 inhabitants located in a forested area but also surrounded by 

several mining sites and at half-hour drive from Val-d’Or, a large city with all facilities. A food 

supermarket (owned by the community) has also been recently inaugurated in Lac Simon. 

Nutaskuan is an average size Innu community accessible by the road with 1,097 inhabitants, has a 

small supermarket, and is located on the North Shore of the St. Lawrence estuary. This community 

is 15 minutes’ drive from Natashquan, which also has a larger supermarket. Unamen Shipu is an 

average size Innu community of 1161 inhabitants, also located on the North Shore coast, but only 

accessible by boat in the summer, by skidoo in winter and by plane all year long. Unamen Shipu 

has two local supermarkets, which are subsidized by the Nutrition North program since the 

community is not accessible by road. All communities have a local health center, with whom the 

study was realized in collaboration, and except for Lac Simon, the presence of a physician is 

sporadic. Full-time nutritionists are working at the health centers of Lac Simon and Nutashkuan. 

 

3.1.1. Participant recruitment 

This study was conducted in the province of Quebec since no Quebec First Nations’ community 

was included in FNBI (La Corte & Wuttke, 2012). The Abitibi-Témiscamingue and North Shore 

regions were selected based on the First Nations of Quebec and Labrador Health and Social 

Services Commission (FNQLHSSC) recommendation and their higher percentage of residents per 

community (500 residents as minimum). After community consultations in December 2014–

February 2015, two Anishinaabe and two Innu communities, out of six Anishinaabe communities 

and seven Innu communities, were selected based on lifestyles, language, rural vs. urban areas, 

physical and built environment differences, the feasibility as well as the expressed needs of the 

communities in the capacity building in environmental health. Thereafter, a second consultation 

took place in the four communities to present and discuss the study with different local audiences, 

sign community research agreements, organize a logo competition with schools, assess band lists 

and/or health center lists members (3–19 years old). In this visit, a plan was set to organize 
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information sessions, distribute project fact sheets (Appendix A), promote the project via (radio 

and Facebook announcements, posters in strategic locations), discuss and improve consent forms 

(Appendix B). Accordingly, a Facebook page for the JES! –YEH! project! was created. The visit 

also aimed to pilot test the questionnaires (Appendix C), develop traditional food posters with 

photos, and the names of animal and plant species consumed in each region (in English, French, 

and Anishinaabe or Innu languages) and adapt food questionnaires accordingly and other research 

tools. All project documents were written in French and English. During this visit, the local staff 

was recruited and the location to carry out the data collection was selected. 

 

Our target was to recruit randomly 200 participants according to ages (3–5 years, 6–11 years and 

12–19 years) and from both sexes based on children and youth lists that were provided by each 

community. Recruitment was conducted by a local recruiter hired from the community by phone, 

in person or via Facebook messenger. Inclusion criteria were participants had to be between 3 and 

19 years old and reside most of the time in the studied communities. Adolescent girls or young 

adult women should not be pregnant. All participants who were under 18 years old (age of majority 

in Quebec) had to be accompanied by his biological parent or a legal guardian with whom they 

spent the majority of their time. 

 

A complete random selection of 177 participants was firstly achieved out of 297 candidates 

contacted from a list of potential participants provided by the four community partners. These were 

recruited according to the underlying population distribution in each of the four communities (3–

5y, 6–11y, 12–19y for both sexes) based on the 2014 Statistics Canada Census (Government of 

Canada, 2014). Further 21 participants were recruited on a voluntary basis but in accordance with 

recruitment targets by age groups and sex. Overall, 81.4% of participants (n = 16/87) from the two 

Innu communities were selected randomly compared to 95.5% of participants (n = 5/111) from the 

two Anishinaabe communities. In Lac Simon and Unamen Shipu, participation rates were 76 and 

88% respectively, and all participants were invited to participate on a random basis. However, due 

to recruitment challenges associated with time constraints in Winneway and Nutashkuan, 

participation rates on a random basis was lower (55 and 33% for Winneway and Nutashkuan 

respectively) therefore, volunteers were included in the study (5 out of 21 participants in 

Winneway (24%) and 16 out of 42 in Nutashkuan (38%)) in order to reach our recruitment targets 
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in each of the age and sex groups. More details on participants’ recruitment target and number of 

participants recruited per age, sex and communities are presented in Appendix D. 

 

For the parents/legal guardian and their child (3–18 years old) or the young adult (18–19 years 

old) who agreed to participate in the study, an appointment was made at the study site (health 

center, family house, or day care). The study was carefully explained to them, before signing the 

consent form. For children aged (3–17 years old), verbal assent has also been granted before the 

collection of biological samples. 

 

3.1.2. Data collection 

First, the parent/legal guardian was asked to answer the medical history interview-administered 

questionnaire for their child with the research nurses. Thereafter, anthropometric measurements 

were taken (height, waist, and weight with a Tanita Body Composition Analyzer (TBF-300A)) and 

biological samples were collected (urine, blood and hair). Hb was measured in situ using a 

HemoCue Hb 201+ Analyzer. To facilitate recruitment, children were not asked to be in fasting 

conditions. After the clinical session, parents or legal guardian were asked to answer the second 

part of the questionnaire about education and socioeconomic status, housing conditions, household 

food security, traditional and market food consumption and practice of traditional activities. 

During this time, the children were taken in charge by a local babysitter recruited for the study. If 

the participant was 14 years and older, the teenager was invited to directly answer questionnaires’ 

sections on food consumption habits. If the participant was 18 or 19 years old, they could answer 

directly the entire questionnaire. The whole session took approximately 1.5 hours. At the end, a 

$50 food voucher coupon was given to the participant and parent/legal guardian as a compensation 

for their time. Hb result was also given to the parent, together with the signed consent form and 

further information about the study and contact persons. If Hb result was abnormal and the parent 

granted consent, the child was referred on the same day to the local nutritionist or nurse. 

 

Biological samples were kept frozen à -20 C and transported to be analyzed at the “Centre de 

Toxicologie du Québec (CTQ)” at the INSPQ, and the “Institut Universitaire de Cardiologie et 

Pneumologie de Québec (IUCPQ)”. Analytical methods and detection limits are described in 

Appendix E. 
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3.2. Dataset and measurements  

The high-quality dataset of the JES! -YEH! Study was used to evaluate the objectives of the study. 

JES! -YEH! data has been collected previously by the team of the “Centre de Recherche CHU de 

Québec—Université Laval”, in collaboration with FNQLHSSC and the INSPQ, and funded by 

Health Canada. 

 

To assess objectives 1 and 3 of the present study, Hb concentrations and iron status biomarkers, 

blood Cd, Co, Mn, Pb and plasma Zn concentrations data were used. For objective 2, we used the 

JES -YEH! data on children’s nutritional status indicators (vitamin A, B12, and D) and 

anthropometric measurements, data about traditional and market food consumption, inflammatory 

biomarker (hs-CRP), urinary cotinine levels, socio-demographic and education indicators 

(children, parents and/or household), hunting, trapping and fishing habits (child and household) as 

well as housing conditions, overcrowding index, and household food security score. Intakes of 

iron, Mn, calcium and vitamin A, B12, C and D, and thiamin and folate were estimated based on 

the food frequency questionnaire (FFQ) (method detailed in Chapter 5). The details of 

methodology for calculating nutrient intakes are explained in the methodology section of the 

inserted article in chapter 4 and more details on study variables and their methods of evaluation 

are presented in Appendix E. 

 

3.2.1. Assessment of anemia and iron deficiency  

As illustrated in Figure 3, SF <15 μg/L is the single best estimate of depleted iron stores in the 

absence of inflammation; when hs-CRP ≤ 5 mg/L (D. I. Thurnham & McCabe, 2010; Turgeon 

O’Brien et al., 2016). This hs-CRP cut-off at 5 mg/L as an indicator of chronic inflammation was 

chosen since the CRP increases in the first 48 hours following acute infection or inflammation then 

gradually decreases to less than 10 mg/L and reaches 5 mg/L in approximately 10 days (Calvin, 

Neale, Fotherby, & Price, 1988; D. I. Thurnham & McCabe, 2010). Indigenous children have 

higher prevalence of acute infections than non-Indigenous children (MacMillan, MacMillan, 

Offord, & Dingle, 1996). Thus, choosing a cut-off value at 5 mg/L for the hs-CRP instead of higher 

levels will better determine the inflammatory window for children as well as the adjustment for it 

(Calvin et al., 1988). 
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Moreover, SF is a positive acute phase protein that increases independently of iron status in the 

presence of inflammation or infection (classified as hs-CRP> 5 mg/L (. In such case, using the SF 

levels <15 μg/L as cut-off value underestimate iron depletion especially when infectious and 

inflammatory rates are elevated (Guyatt et al., 1992). The exclusion of participants with 

inflammation could bias results, accordingly higher cut-off value for SF in these cases is to be used 

(Thurnham et al., 2010). Using SF <30 μg/L instead of SF <15 μg/L has a sensitivity of more than 

92% without changing the specificity (98%) (Mast, Blinder, Gronowski, Chumley, & Scott, 1998). 

Furthermore, this criterion improves accuracy in estimating depleted iron stores at all ages (Mast 

et al., 1998), but in acute and chronic inflammation condition at SF ≥ 30 μg/L, ID may still be 

underdiagnosed (Guyatt et al., 1992). Therefore, when working with children populations with 

frequent inflammatory and infectious conditions, choosing SF <50 μg/L as the cut-off will be more 

appropriate (Turgeon O’Brien et al., 2016). 

 

Figure 3: Algorithm of diagnosis of iron deficiency (ID) 

In population-based research conducted in remote regions, blood tests requiring fresh blood 

samples such as mean cell volume (CV) are rarely available. In such a context, anemia is classified 

as absent, mild, moderate or severe using age groups and sex appropriate WHO Hb cut-off values 

as explained in the algorithm at Figure 4 in the inserted manuscript. Hb levels will be adjusted for 

smoking based on urinary cotinine levels (WHO, 2001). Adjusting for smoking is important since 
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erythropoietin production increases in response to the relative hypoxia created by smoking, which 

in turn enhances RBCs and Hb production (Aitchison & Russell, 1988). To categorize anemia as 

IDA, ACI and UA, a multiple-indices model is suggested due to increase confusion between IDA 

and ACI in children (Patterson et al., 2001; Plante et al., 2011). In such a context, WHO Hb cut-

off values need to be combined with ID results (detailed above), and abnormal TIBC and/or TSAT. 

Using TIBC> 68 µmol/L and TSAT <16% are found to improve diagnosis of IDA in children 

(Patterson et al., 2001). Low SI <10 µmol/L is a consistent feature of chronic inflammation (Sears, 

1992), thus anemia will be considered of ACI if low Hb is combined with low SI without evidence 

of ID (normal or higher values of TSAT and TIBC); otherwise UA will be considered (Cash & 

Sears, 1989). However, since SI is subject to diurnal variation, using SI for participants in non-

fasting conditions may lead to underestimate ACI in favor of UA (WHO, 2001). 

 

3.3. Ethical considerations 

This is an add-on to the JES! -YEH! study which was carried out by the research team at the “CHU 

de Quebec”, funded by Health Canada and approved by the ethical board of the “CHU de Québec 

– Université Laval” (C14-08-2105) and Health Canada (2014-0043). Community project leaders 

signed a community research agreement for their respective community, inspired by the research 

protocol of First Nations of Quebec and Labrador (FNQL) and respecting the ownership, control, 

access and possession principles (Basile et al., 2014). Community partners and FNQLHSSC were 

involved at all steps of the study, from study design to sharing results in the communities and at 

the regional level. Community partners were also invited to comment and to be co-author of the 

inserted article in chapter 4. Finally, the study results were communicated with each community 

partners and personalized letters with the study results were sent to all participants (Appendix F). 

 

The statistical analysis of data was carried out at the “Centre de Recherche du CHU de Québec – 

Université Laval” located in the Saint-Sacrement Hospital, where computers and network are 

secured with passwords, and only authorized individuals can access to data. As part of community 

research agreements, all research assistants and graduated students signed the Declaration of 

confidentiality and the conduct of research form. 
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4.1. Résumé 

OBJECTIFS : L’anémie et la carence en fer sont fréquentes chez les enfants autochtones de 

Canada, mais il y a peu d’études au Québec. Dans des communautés des Premières Nations, la 

carence en fer et autres micronutriments, les maladies chroniques, les infections, l'obésité et 

l'exposition au plomb (Pb) sont des causes possibles de l'anémie. Le fer est un métal divalent qui 

partage des voies d’absorption intestinale communes avec le cadmium (Cd), le cobalt (Co), le 

manganèse (Mn), le plomb (Pb) et le zinc (Zn); une déficience en fer augmente l’absorption de ces 

métaux, leur concentration sanguine, ainsi que leur possible toxicité. La présente étude examine : 

(i) la prévalence de l’anémie et la carence en fer, (ii) leurs déterminants ainsi que (iii) les 

associations entre la carence en fer et les concentrations sanguines de métaux divalents chez des 

jeunes des Premières Nations au Québec.  

 

MÉTHODOLOGIE : En 2015, l’étude pilote Jeunes Environnement et Santé (JES! - YEH!) a 

été menée chez les enfants et les adolescents (3 à 19 ans; n = 198) de quatre communautés de 

Premières Nations du Québec. Des échantillons de sang, d’urine et des mesures anthropométriques 

ont aussi été recueillies. Les concentrations d’hémoglobine, de ferritine sérique, et de métaux 

sanguins ainsi que de Mn dans les cheveux, de cotinine urinaire et de hs-CRP plasmatique ont été 

mesurées. Des déterminants (y compris la consommation d’aliments traditionnels et du marché) 

ont été évalués à l’aide d’un questionnaire administré par un assistant de recherche qui a ensuite 

servi pour le calcul des apports en nutriments. Une analyse descriptive a été réalisée et des modèles 

d’équations structurelles ont été utilisés pour tester les associations entre les variables.  

 

RÉSULTATS : La prévalence de l’anémie et de la carence en fer était élevée (17.7%) et 20.8% 

respectivement) Les consommations de la viande traditionnelle, de fruits et de jus de fruits (naturel 

et en poudre) - par l’intermédiaire de leur association positive avec l’apport en vitamine C - étaient 

les variables alimentaires positivement associées à la ferritine sérique (coefficient [95% IC]: 0.017 

[0.000, 0.114], 0.090 [0.027, 0.161] et 0.237 [0.060, 0.411]). Le sexe masculin était également 

associé à une ferritine sérique plus élevée (0.295 [0.093, 0.502]). Alors que, la ferritine sérique 

était positivement associée à l’hémoglobine (0.066 [0.040, 0.096]). La consommation de fruits et 

de jus était positivement associée à l’hémoglobine via l’apport en vitamine C et la ferritine sérique 

(0.004[0.001, 0.010]; 0.008 [0.003, 0.017]). Le statut inflammatoire (CRP > 5 mg/L) était 
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inversement associé à l’hémoglobine (-0.015[-0.025, -0.005]). Les niveaux de Mn sanguin étaient 

significativement plus élevés que ceux des enfants des mêmes groupes d’âge rapportés dans 

l’Enquête canadienne de mesures de santé (cycle 2). La ferritine sérique était inversement associée 

au Co et Mn sanguins (-0.263 [-0.344, -0.191]; -0.145[-0.190, -0.102]). Encore une fois, la 

consommation de fruits et de jus était inversement associée au Co sanguin (-0.020 [-0.054, -0.005]; 

-0.033 [-0.062, -0.011]) et au Mn sanguin (-0.011 [-0.030, -0.003]; -0.018 [-0.034, -0.006]) via 

l’apport en vitamine C et la ferritine sérique. Aucune association significative entre la ferritine 

sérique et les autres métaux divalents n’a été observée.  

 

CONCLUSIONS : Nos résultats montrent une prévalence élevée d’anémie et de carence en fer 

chez une sous-population de jeunes autochtones au Canada. La carence en fer était associée à des 

niveaux de Mn et Co sanguins plus élevés. Nos résultats suggèrent que des interventions réduisant 

l’inflammation et favorisant des environnements alimentaires plus sains ainsi qu’une augmentation 

de la consommation de viande traditionnelle et d’aliments naturellement riches en vitamine C, qui 

est connue pour améliorer l’absorption du fer, pourraient contribuer à contrer l’anémie et la 

déficience en fer et à restaurer l’homéostasie du Mn et du Co dans l’organisme. 

 

Mots-clés: Anémie de l'enfance; carence en fer; Premières Nations; vitamine C; inflammation; 

manganèse; cobalt
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4.2. Abstract  

OBJECTIVES: The anemia and iron deficiency (ID) are frequent among Indigenous children of 

Canada, but few data are available in Quebec. In First Nations communities, iron and other 

micronutrient deficiencies, chronic diseases, infections, obesity, and lead (Pb) exposure are 

possible causes of anemia. Being a divalent metal, iron competes in absorption pathways with 

cadmium (Cd), cobalt (Co), manganese (Mn), Pb and zinc (Zn). ID upregulates their 

concentrations in circulation, and possibly, their toxicity. The present study aimed to: (i) 

characterize anemia and ID prevalence and (ii) their determinants; and (iii) study associations 

between iron status and other divalent metals among First Nation youth in Quebec.  

 

METHODS: The 2015 First Nation (JES!-YEH!) pilot study was conducted among children and 

adolescents (3 to 19 y; n = 198) from four First Nations communities in Quebec. Blood and urine 

samples and anthropometric measurements were collected. Hemoglobin (Hb), serum ferritin (SF), 

blood Cd, Co, Pb, Mn and hair Mn, plasma Zn and hs-CRP and urinary cotinine levels were 

measured. Determinants of anemia and ID (including traditional and market food consumption) 

were assessed using an interview-administered food frequency questionnaire, based on which 

nutritional intakes were calculated. Structural equation models were used to test associations.  

 

RESULTS: The prevalence of anemia and ID was elevated (17.7% and 20.8% respectively). 

Traditional meat, fruit and fruit juice consumption (natural and powdered) – via their positive 

association with vitamin C intake – were the only food variables positively associated with SF 

(coefficient [95% CI]: 0.017 [0.000, 0.114], 0.090 [0.027, 0.161] and 0.237 [0.060, 0.411]). Male 

sex was also associated with higher SF (0.295 [0.093, 0.502]). Higher SF was in turn positively 

associated with Hb (0.066 [0.040, 0.096]). Fruit and juice consumption were positively associated 

with Hb, via vitamin C intake and SF (0.004[0.001, 0.010]; 0.008 [0.003, 0.017]). Inflammation 

status (CRP>5 mg/L) was inversely associated with Hb (-0.015[-0.025, -0.005]). Blood Mn was 

higher than in the Canadian Health Measures Survey (CHMS cycle 2) for the same age groups. SF 

was inversely associated with blood Co and Mn (-0.263 [-0.344, -0.191]; -0.145[-0.190, -0.102]). 

Again, fruits and juice consumption were inversely associated with blood Co (-0.020 [-0.054, -

0.005]; -0.033 [-0.062, -0.011]) and blood Mn (-0.011 [-0.030, -0.003]; -0.018 [-0.034, -0.006]), 

via increased vitamin C intake and SF. No significant association between SF and other divalent 
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metals was found.  

 

CONCLUSIONS: Our pilot study depicts an elevated prevalence of anemia and ID in young 

Indigenous sub-population of Canada. ID was associated with higher blood Mn and Co. Our 

findings suggest that interventions fighting inflammation and fostering healthier food 

environments as well as higher consumption of traditional meats and foods naturally rich in 

vitamin C, which is known to enhance iron absorption, could decrease anemia and ID and 

ultimately, restore blood Mn and Co homeostasis. 

 

Key words: Childhood anemia; iron deficiency; First Nations; vitamin C; inflammation; 

manganese; cobalt 
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4.3. Introduction 

Canada is among countries with the lowest prevalence of childhood anemia. In 2009-2011, 97% 

of Canadians’ children 6 to 11 years-old and adolescent females (12-19y) had sufficient 

hemoglobin (Hb). While for adolescent males (12-19y) and preschool children (3-5y), this 

prevalence was above 99% (Cooper et al., 2012). Yet, anemia prevalence is invariably higher 

among Indigenous populations all over North America (Christofides et al., 2005; Jamieson, 

Weiler, Kuhnlein, & Egeland, 2016). Individuals with anemia are physically limited by the 

fatigability, shortness of breath, dizziness and muscle weakness  due inadequate tissue supply 

of oxygen, and in severe cases, anemia can progress to heart failure and even death (Turkoski, 

2003). 

In the Canadian First Nations contexts, dietary shifting from traditional foods, largely composed 

of wild meat and fish, to poor-quality market foods lower in iron often results in iron deficiency 

(ID) (INSPQ, 2015) and iron deficiency anemia (IDA) (Christofides et al., 2005). Furthermore, 

inflammation secondary to infection and obesity disturbs Hb synthesis and results in anemia of 

chronic inflammation (ACI)(Cash & Sears, 1989; Jamieson et al., 2016). Other vitamin 

deficiencies, along with lead (Pb) intoxication are also known causes of anemia that some 

researchers in population studies regrouped as  unexplained (UA) (Christofides et al., 2005; 

Jamieson et al., 2012; Plante et al., 2011). Other possible causes of anemia are hemorrhagic, 

hemolytic and anemia linked to hemoglobinopathies, although they are less common in First 

Nation context and usually not considered in population research (Jamieson & Kuhnlein, 2008).    

 

Worldwide, ID is the most common nutritional deficiency (de Benoist et al., 2008; WHO, 2001). 

ID has detrimental side effects such as reduced memory and attention, defective thermoregulatory 

mechanisms, and defective immunity (Lopez et al., 2016). It may occur directly from inadequate 

iron intake, or indirectly due to reduce intestinal absorption rate of iron. Contrarily to iron from 

animal meats (heme iron) that has superior bioavailability, the intestinal absorption of non-heme 

iron, found in fruits, vegetables and cereals, is influenced positively by increased gastric acidity 

and concurrent intake of iron-absorption enhancers (vitamin C, vitamin A and proteins form 

animal meats) (WHO, 2001). On the other hand, the intake of iron-absorption inhibitors (dairy 

products, tea, egg protein, etc.) prevents non-heme iron absorption (WHO, 2001).  Moreover, 
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bacterial and parasitic infections such as Helicobacter pylori, which is common in regions facing 

precarious housing conditions and poor hygiene, reduces gastric acidity and then decreases non-

heme iron absorption. Also, H pylori infection further contributes to ID as a result of intestinal 

bleeding (Jamieson & Kuhnlein, 2008).  

 

Iron is known to interact with other divalent metals such as cadmium (Cd), cobalt (Co), manganese 

(Mn), Pb and zinc (Zn) (Anne et al., 2012; Yangho Kim & Lee, 2011; Kwong et al., 2004). Pb and 

Cd are xenobiotic and, in the Canadian First Nations context, often related to Pb ammunition use 

and/or smoking (Fontaine et al., 2008; Nieboer et al., 2017). Conversely, Mn, Zn and Co are dietary 

nutrients essential for the metabolism of lipids, vitamin B12, proteins, and carbohydrates (WHO, 

1996). These metals share common absorptive pathways with iron (Flanagan et al., 1980). ID 

triggers the upregulation of divalent metal transporters, thereby increasing the intestinal absorption 

of divalent metals, their circulating concentration and possibly, their toxicity (Anne et al., 2012; 

Meltzer et al., 2010). Mn and Pb-related toxicity and ID status have similar neurobehavioral and 

cognitive manifestations (Bellinger, 2004; Chen et al., 2014). High blood Co concentration has 

been associated with hypersecretion of estrogen and cardiac muscle failure (Saravanabhavan et al., 

2017), whereas high blood Cd has been linked to liver impairments, renal and prostatic cancers 

(IARC, 1993; Nordberg et al., 1992). No health effects related to high blood Zn levels have been 

identified apart from mild immunological impairments (ATSDR, 2012). 

 

The present study aims to document the prevalence of anemia and ID and their determinants, as 

well as to examine the associations between iron status and blood and plasma concentrations of 

other divalent metals for the first time among children and adolescents (3-19y) from four First 

Nations communities in Quebec. Data on anemia and ID prevalence are scarce in First Nation 

youth in Canada. Indeed, First Nations populations were not included in the Canadian Health 

Measures Survey (CHMS) (St-Amand, 2017). The First Nations Biomonitoring Initiative (FNBI) 

focused on adults and primarily assessed environmental contaminant exposures (La Corte & 

Wuttke, 2012). Moreover, the very few existing studies on anemia and ID among First Nations are 

limited to preschool children and adult populations (Christofides et al., 2005). 
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4.4. Materials and Methods 

Study population 

The project, Jeunes, Environnement et Santé / Youth, Environment and Health (JES!-YEH!), in 

collaboration with four First Nations communities in Quebec Province, is a cross-sectional pilot 

study in preparation for a pan-Canadian First Nations’ children and adolescent study. 

Communities’ involvement in the present project was primarily based on their interest in the pilot 

study. Study participants were 198 children and adolescents aged (3-19y) recruited from two 

Anishinaabe communities in the Abitibi-Témiscamingue region (May and June 2015), and two 

Innu communities of Minganie and Lower-North-Shore regions (September and October 2015). 

Field research periods were suggested by community partners to minimize interference with 

hunting and fishing activities and important local events.  

 

This study was funded by Health Canada and the Nasivvik Research Chair and approved by the 

ethical boards of the CHU de Québec-Université Laval and Health Canada. Community leaders 

signed a community research agreement, inspired by the research protocol of First Nations of 

Quebec and Labrador and respecting the OCAP (ownership, control, access and possession) 

principles (Basile et al., 2014). Communities and First Nations of Quebec and Labrador Health 

and Social Services Commission partners were involved at all steps of the study, from study design 

to data interpretation and sharing results in the communities and at the regional level. 

 

A total of 177 participants were randomly selected out of 279 candidates contacted from the lists 

of potential participants aged 3 to 19 years old and provided by the four community partners. These 

were recruited according to the underlying population distribution in each of the four communities 

(3-5y, 6-11y and 12-19y for both sexes) based on the 2014 Statistics Canada Census (Government 

of Canada, 2014). To reach our recruitment target, 21 additional participants were recruited on a 

voluntary basis but in accordance with recruitment targets by age and sex groups. Overall, out of 

the 198 participants recruited, 95% of participants (n = 106/111) from the two Anishinaabe 

communities and 82% of participants (n = 71/87) from the two Innu communities were selected 

on a random basis. 

 



 

47 

 

For data collection, parents or legal guardians accompanied study participants aged less than 18 

years old in all sessions, while older participants completed all sessions independently. After 

signing an informed consent form and seeking child verbal assent, two qualified nurses 

administered a short medical questionnaire, collected anthropometric measurements (height and 

weight), blood samples (by venipuncture) and a spot urine sample. A hair strand was collected 

using stainless steel scissors from the scalp in the occipital region. Then participants, parents or 

legal guardians were invited to answer an interview-administered questionnaire including 

education, housing conditions and household food security information as well as a traditional and 

market food frequency questionnaire (FFQ). The entire session lasted approximately 1.5 hours. To 

facilitate recruitment, participants were not asked to fast prior to data collection. 

 

Laboratory analyses 

Hb concentration was quantified in situ using a HemoCue Hb 201+. Biological samples were kept 

frozen at -20 C until analyzed. Serum ferritin (SF), transferrin saturation (TS), serum iron (SI), 

unsaturated iron binding capacity (UIBC) and plasma hs-CRP (high-sensitivity C-reactive protein) 

were measured at the Institut Universitaire de Cardiologie et Pneumologie de Québec using 

Modular P, Modular E170 and Cobas Integra 800 analyzers. The total iron binding capacity 

(TIBC) was calculated using the sum of UIBC and SI. Blood Cd, Co, Mn and Pb, and plasma Zn 

were measured by inductively coupled plasma mass spectrometry (ICP-MS), whereas cotinine was 

measured using high-performance liquid chromatography (HPLC) with tandem mass 

spectrometric (MS/MS) at the Centre de Toxicologie du Québec (CTQ) of the Institut national de 

santé publique du Québec. Hair strands (first centimeter from the scalp) were washed using the 

technique described in Eastman et al. (2013), digested and analyzed by ICP-MS at the CTQ. Limits 

of detection were respectively <0.04, <0.02, <0.55, <1.04, <32.7, <1.1 µg/L for blood Cd, Co, Mn 

and Pb, plasma Zn, urinary cotinine and <0.2 µg/g for hair Mn. 

 

Food consumption and dietary intakes data  

The FFQ was used to assess local traditional food consumption by seasons over the last year, and 

market food and beverage consumption over the past three months (Statistics Canada, 2012). 

Questions were developed based on previous First Nations and Inuit studies (Nieboer et al., 2013; 

Rochette & Blanchet, 2004), and piloted with community partners and volunteers from 



 

48 

 

Anishinaabe and Innu nations. Posters with images and names in English, French, Anishinaabe or 

Innu languages of all traditional foods were used to provide a visual support. 

 

To minimize the recall bias related to portion sizes estimation, adults’ standard portion sizes in 

grams (g) were estimated for each food item of the FFQ (281 items) based on portion size assessed 

in the 2005–2009 Nituuchischaayihtitaau Aschii Multi-community Environment-and-Health 

Study in Iiyiyiu Aschii (Cree) (Nieboer et al. 2013) and the 2004 Qanuippitaa Inuit Health Survey 

(Rochette & Blanchet, 2004). When a food item was available in both studies, the most 

conservative portion (i.e. the lesser of the two) was used. When a portion of a specific meat part 

of an animal was not available, portion size from another equivalent part in the same animal was 

used (i.e. heart to liver); if the information was not available (i.e. brain, bone marrow or intestines), 

portions of similar parts from another animal was used. Portions for some traditional foods were 

not available from either study (i.e. seafood like lobster, snow crab or shrimps), and in such cases, 

these were assumed to be equivalent to other similar foods (i.e. shrimps to scallops). Portions of 

beverages were used directly as they were surveyed directly in the FFQ. Age-adjusted portions 

were computed from adults’ standard portions or portions provided by the FFQ, and food 

frequencies were divided by their respective age-adjusted portions to assess each food item intake 

in grams per day. 

 

The average nutrient (iron, vitamins, Zn and Mn) daily intakes (in mg/day) were calculated based 

on food intakes (g/day). For traditional foods, food intake data for the past season (spring for 

Anishinaabe, and average of summer and fall for Innu communities) were used whereas for market 

foods, data for the past three months were used. The Canadian Nutrient File (CNF) was used to 

assess nutrient contents (per 100 g) of each traditional and market food. The CANDAT software 

(Godin, London, Ontario) was used to assign nutrients to specific food. If a food item was not 

available on the CNF, nutrient contents were derived from the CINE database for traditional food 

(CINE, 2005), other international databases such as INFOODS or an estimate of a similar food. 

To identify participants with adequate or inadequate intakes, age-specific cut-offs of estimated 

average intake and adequate intakes based on Health Canada reference values were used (Health 

Canada, 2006). 
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Assessment of anemia and ID  

Anemia was defined based on the World Health Organization (WHO) Hb cut-off values specific 

to each age group and sex (Figure 4), and classified as "no anemia", "mild", "moderate" or "severe" 

(WHO, 2001). Cigarette smoke exposure leads to relative hypoxia that increases erythropoietin 

production, and in turn RBCs and Hb production. Accordingly, Hb concentrations were adjusted 

by a factor of -0.3 g/L when urinary cotinine was >100 ng/mL, which reflects an active smoking 

status (Aitchison & Russell, 1988). No adjustment was made for the altitude given that all study 

participants were living at sea level (WHO, 2001). 

 

ID was assessed based on SF, hs-CRP and SI levels. Levels of SF is a reliable tool to diagnose ID 

in the absence of inflammation (hs-CRP ≤5 mg/L), where ID is defined with SF values <15 μg/L. 

However, in the presence of inflammation (hs-CRP >5 mg/L), which is frequent among children 

and in First Nations context (Turgeon O’Brien et al., 2016), a correction is necessary and ID is 

diagnosed with SF <50 μg/L (Turgeon O’Brien et al., 2016). Since the maximum level of CRP is 

reached 48 hours following an acute inflammation and decreases gradually to less than 10 mg/L 

in approximately 10 days, a lower cut-off value of 5 mg/L was used (Turgeon O’Brien et al., 2016). 
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Figure 4: Algorithm for classification of anemia 

Participants with anemia were categorized into IDA, ACI and UA using multiple-indices model as 

proposed by Plante et al. (2011). When anemic participants presented ID and abnormal TIBC 

and/or TS (> 68 µmol/L and/or <16%, respectively), they were categorized as IDA (Cash & Sears, 

1989). Since low SI is a consistent feature of chronic inflammation (Cash & Sears, 1989), anemic 

participants showing low SI (<10 µmol/L) but without evidence of ID were categorized as ACI, 

otherwise they were classified as UA (Plante et al., 2011). Participants diagnosed with anemia on 

the site of the study were readily referred to health centers and community nutritionists for a 

follow-up. Moreover, participants’ results for blood metals and nutritional status were returned in 
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person to the parents or legal guardian, and local clinical interventions were undertaken when 

relevant. 

 

4.5. Statistical analysis 

To respect the normality assumptions, a log-transformation was used for Hb, SF, blood and plasma 

metals, and dietary intake variables. Descriptive analyses were performed (Geometric means 

(GM), 95% confidence intervals (CI) or range). The student t-test was used to compare continuous 

variables, whereas chi-square (χ2) was used to compare proportions between the nations involved 

in the study. Dietary variables with extreme values (outliers) were winsorised to the 97.5th 

percentile. Frequently consumed food (fruits, vegetables and fruits juice, i.e. natural and powdered 

juice) and nutrient intakes were used as continuous variables in grams per day.  Less frequently 

consumed food variables such as fish, birds and game meat, beef meat, pork meat and chicken 

were dichotomized (above and below their median value since many participants negated their 

consumption). Determinants and confounding variables potentially associated with different 

outcomes (ID, anemia or blood and plasma metals) are listed in Table S1. Height and weight were 

used to calculate BMI (kg/m2). Since BMI is known to be a less sensitive single measurement to 

assess adiposity in children, its z-score equivalent to ±3 SD beyond the means of BMI for age and 

sex was calculated (Cole, Faith, Pietrobelli, & Heo, 2005). 

 

Structural Equation Modeling (SEM) was preferred over conventional multiple regression 

analyses since we were interested in better understanding the contribution of direct and indirect 

paths of variables associated with the outcomes (Nachtigall, Kroehne, Funke, & Steyer, 2003). 

SEM is made of two components: (i) a measurement model to assess co-linearity and create latent 

variables accordingly; and (ii) a structural model to evaluate the correlations between co-variables. 

The measurement part of SEM is based on confirmatory factor analysis, where correlated variables 

(Pearson r > 0.40) such as food frequencies or dietary intakes measuring common concepts were 

identified and combined into single latent variables. To improve models fit, some variables were 

excluded such as those for infrequently consumed food failing to converge into the latent variables 

or presenting negligible association with the outcome variables. More details on the complete list 

of the variables tested and included in the final models are presented in Table S1. 
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The structural component of SEM is depicted in Figures 5 and 6. First, the magnitude of the 

associations through direct and indirect paths between predictors/latent variables and SF (outcome 

variable) and via intermediate variables (vitamin C intake and other vitamins intakes) was 

evaluated using regression models. Second, a model evaluating the direct paths between 

independent variables and Hb (outcome variable) as well as their indirect paths via SF, vitamin C 

and other vitamins (intermediate variables) was assessed. The effect of juice consumption was 

presumed to be exclusively via the vitamin C intake and the other vitamins since processed fruit 

juices are low in iron and proteins which does not justify a direct path to SF and Hb. Similarly, a 

third model with Cd, Co, Mn, Pb and Zn as outcome variables was assessed. Sensitivity analysis 

testing models stratified by sex and by studied nations were also tested and provided in 

supplementary materials (Tables S6 and S7). SEM models fit was assessed based on p-value > 

0.05 (χ2 test), Root Means Square Error of Approximation (RMSEA) less than 0.07, Tucker-Lewis 

Fit Index (TLI) greater than 0.95, Comparative Fit Index (CFI) greater than 0.95, and Weighted 

Root Mean Square Residual (WRMR) > 0.05 (Hooper, Coughlan, & Mullen, 2008). The direct 

and mediated paths were evaluated using the bootstrap method in which random re-sampling with 

replacement for 10,000 bootstraps was done to improve estimate accuracy. The two-tailed 

statistical significance level was fixed at 0.05. The effect of variables was considered significant 

if p-value <0.05 and when the coefficient CI did not include zero. Descriptive statistics were done 

using SAS version 9.4. SEM analysis was conducted using Mplus software, which by default 

analyze maximum (n) of data using the full information maximum likelihood estimator to account 

for missingness i.e. SF; n=1.  
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Figure 5: SEM models 1 and 2, showing measured variables (rectangle boxes), latent variables (oval boxes), their items (white 

boxes) and their direct and indirect effects tested on SF and Hb. Direct effects of the variables on Hb and SF are depicted using 

uninterrupted lines. Indirect effects are shown using interrupted lines. Gray boxes indicate outcome variables. Black and dotted 

pattern boxes are predictors and intermediate variables, respectively. No lines were drawn for potentially confounding variables 

(age, sex, BMI z-score, studied nations and cigarette smoke exposure) since they may affect all associations. 

 

 

 

Figure 6: SEM model 3, showing measured variables (rectangle boxes), latent variables (oval boxes), their items (white 

boxes) and their direct and indirect effects tested on blood and plasma metals. Direct effects of the variables on metals 

are depicted using uninterrupted lines. Indirect effects are shown using interrupted lines. Gray boxes indicate outcome 

variables. Black and dotted pattern boxes are predictors and intermediate variables, respectively. No lines were drawn 

for potentially confounding variables (age, sex, BMI z-score, studied nations and cigarette smoke exposure) since they 

may affect all associations. 
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4.6. Results 

Out of the 198 participants recruited, five participants were excluded due to missing blood samples 

and two participants were excluded due to unrealistic very extreme values in the FFQ. Three 

additional participants reporting liver problems were also excluded, but only from the third 

objective analyses (Model 3). 

 

Anemia and ID prevalences were elevated among participants (17.7% and 20.8% respectively; 

Table 5), and their prevalence was not different between Anishinaabe and Innu participants 

(supplementary materials; Table S2). More than 20% of 6 to 11-year-old boys and 12 to 19-year-

old girls were classified as anemic and almost half (45.2%) of girls participants aged 12 to 19-

year-old displayed ID. Within both First Nations, IDA was the most frequent type of anemia 

(49.7%), and in most cases, anemia was classified as mild. 
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Table 5:  Characteristics of the study participants (n=193) 

 Characteristics N % (95%CI) GM [Min-Max] 

 Agea     10.1 [3, 19] 
  3 - 5y 35 18.1 [13.4, 24.2]  

  6 - 11y 78 40.4 [33.7, 47.5]  

  12 - 19y 80 41.5 [34.7, 48.5]  

 Girls  95 47.7 [40.7, 54.7]  

 BMI    23.1 [14.3, 64.7] 

  Underweight 2 1.0 [0.2, 3.6]  

  Normal 61 31.1 [25.1, 37.9]  

  Overweight 53 27.0 [21.3, 33.7]  

  Obese 80 40.8 [34.1, 47.9]  

 Parental education     

  Primary 48 25.4 [19.8, 32.0]  

  Secondary 106 54.4 [47.4, 61.3]  

  College or above 39 20.2 [15.2, 26.4]  

 Hb (g/L)    124.8 [60.0, 175.0] 

 Anemia 34 17.7 [13.0, 23.7]  

  3 - 5y (n=35) 2 5.7 [1.6, 10.6]  

  6 - 11y girls  (n=35) 6 17.1 [8.1, 32.7]  

  6 - 11y boys  (n=43) 9 20.9 [11.4, 35.2]  

  12 - 19y girls  (n=42) 11 26.2 [15.3, 41.1]  

  12 - 19y boys  (n=38) 6 15.8 [7.4, 30.4]  

 Types of anemia    

  IDA 17 8.8 [5.6, 13.7]  

  ACI 13 6.7 [3.4, 11.1]  

  UA 4 2.1 [0.8, 5.2]  

 Severity of anemia     

  Mild 21 10.9 [7.3, 16.1]  

  Moderate 12 6.3 [3.6, 10.6]  

  Severe 1 0.5 [0.1, 2.9]  

 SF (μg/L)    28.1 [2.5, 278.3] 

 ID  40 20.8 [15.7, 27.1]  

  3 - 5y (n=35) 5 14.3 [5.8, 30.0]  

  6 - 11y girls  (n=35) 3 8.6 [3.0, 22.4]  

  6 - 11y boys  (n=43) 7 16.3 [8.1, 30.0]  

  12 - 19y girls  (n=42) 19 45.2 [31.2, 60.0]  

  12 - 19y boys  (n=38) 6 15.8 [7.4, 30.4]  

 Inflammatory status (hs-CRP > 

5 mg/L)   

21 10.9 [7.2, 16.1]  

 Cigarette smoke exposure (urinary 

cotinine >100 ng/mL) 

28 14.5 [10.2, 20.2]  

a Arithmetic means; For SF (n=192)
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Obesity, inflammatory status and cigarette smoke exposure were found in higher proportions 

among Innu participants than in Anishinaabe participants (Table S2). Conversely, no differences 

were observed for these variables between sexes (χ2 test p = 0.17, p = 0.51 and p = 0.25 

respectively). Hair Mn and blood Co were higher in Anishinaabe participants (Table S3), while 

SF, Hb, blood Cd, Mn, Pb and plasma Zn concentrations were not significantly different between 

the studied nations. With respect to sex, SF (GM boys: 31.7 μg/L and GM girls: 24.5 μg/L; t-test 

p =0.02) and Pb (GM boys: 6.8 μg/L and GM girls: 5.1 μg/L; t-test p < 0.0001) were the only 

variables significantly different and higher among male participants. 

 

Blood Mn levels in JES!-YEH! participants were higher than levels reported in non-Indigenous 

Canadian children of the same age in CHMS (Table 6), and levels were significantly higher in the 

age group of 12-19y of JES!-YEH! participants (t-test, p = 0.0007). Blood Mn levels in iron 

deficient children were significantly higher than iron non-deficient children (not shown data: GM 

[range]: 17.81 μg/L [10.44 - 31.87 μg/L] vs 15.47 μg/L [7.14 - 31.87 μg/L]). Conversely, in 

comparison with CHMS, no significant difference was observed in blood Co levels for all age 

groups. Blood Pb decreased significantly with age (t-test, p < 0.0001), while blood Cd levels 

increased with age (t-test, p < 0.0001). Blood Pb levels of participants aged 3-5y and 6-11y from 

Innu participants were higher than in CHMS for the same age groups, whereas blood Cd levels 

were significantly higher in JES!-YEH! participants aged 12-19y from both nations compared to 

CHMS. No significant difference between blood Co levels by age group was observed (t-test, p = 

0.99), nor for plasma Zn (t-test, p = 0.80). 
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Table 6: Geometric means blood and plasma metal concentrations by age groups and their comparison with 

available data from the Canadian Health Measures Survey cycle (CHMS) 

Metals Age group N 

JES!-YEH! 

GM [CI95%] 

(Min-Max) 

CHMSa 

GM [CI95%] 

Blood Cd µg/L 

 

All 193 
0.18 [0.14, 0.21] 

(0.02, 8.21) 
 

3-5 y 35 
0.08 [0.06, 0.10] 

(0.02, .0.55) 

0.08 [<LOD, 0.09] 

6-11 y 78 
0.10 [0.08, 0.11] 
(0.02, .0.54) 

0.09 [0.09, 0.10] 

12-19 y 80 
0.45 [0.34, 0.60]* 

(0.02, .8.21) 

0.14 [0.13, 0.15] 

Blood Co µg/L 

 

All 193 
0.22 [0.21, 0.23] 
(0.11, 0.94) 

 

3-5 y 35 
0.23 [0.21, 0.25] 

(0.15, 0.48) 

0.26 [0.23, 0.28] 

6-11 y 78 
0.22 [0.20, 0.24] 

(0.11, .0.94) 

0.25 [0.23, 0.27] 

12-19 y 80 
0.22 [0.20, 0.24] 
(0.11, .0.65) 

0.23 [0.21, 0.25] 

Blood Mn µg/L 

 

All 193 
15.4 [14.9, 16.0] 

(7.1, 31.9) 
 

3-5 y 35 
14.9 [13.9, 15.9]* 
(8.2, 21.9) 

11 [11, 12] 

6-11 y 78 
14.7 [13.8, 15.9]* 
(7.1, .26.4) 

11 [10, 11] 

12-19 y 80 
16.6 [15.7, 17.4]* 

(8.8, .31.9) 

10 [9.8, 11] 

Hair Mn (ug/g) 

All 142 
0.11 [0.09, 0.13] 
(0.01, 3.60) 

 

3-5 y 26 
0.17 [0.11, 0.28] 

(0.01, 3.60) 
 

6-11 y 50 
0.12 [0.08, 0.17] 

(0.01, 1.10) 
 

12-19 y 66 
0.08 [0.06, 1.06] 

(0.01, 3.20) 
 

Blood Pb µg/L 

 

All 193 
5.9 [5.5, 6.4] 

(1.78 50.4) 

 

3-5 y 35 
8.4 [7.2, 10.0]* 

(4.3, 50.4) 

6.7 [6.1, 7.3] 

6-11 y 78 
6.1 [5.5, 6.6] 
(2.2, 28.6) 

5.9 [5.5, 6.2] 

12-19 y 80 
5.0 [4.4, 5.6] 

(1.8, 28.0) 

5.4 [5.0, 0.5.7] 

Plasma Zn µg/L 

 

All 192 
1187.7 [1162.5, 1213.4] 
(764.7, 1640.5) 

 

3-5 y 35 
1202 [1137, 1269] 

(895.4, 1562.1) 
 

6-11 y 78 
1191 [1152, 1230] 

(764.7, 1620.9) 
 

12-19 y 80 
1178 [1138, 1220] 

(823.6, 1640.5) 
 

LOD (level of detection); a Canadian Health Measures Survey cycle (CHMS) cycle 2 (2009-2011) for Mn and Co and 

cycle 4 (2014-2015) for Cd and Pb; * Levels significant differ between JES-YEH! and CHMS (GM 95% CI did not 

overlap). 
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As shown in Table 7, market meats were on average over twice more consumed than traditional 

meats. Wild fish and pork were more consumed among Innu participants, while fruits and 

vegetables were more consumed by Anishinaabe participants (Table S4). For both studied nations, 

fruits were much more consumed than vegetables. Fruit juice consumption was two times higher 

than fruits themselves, and higher than water among Innu participants. With the exception of fruits, 

which were more consumed by girls (t-test, p = 0.04), there was no significant difference between 

boys and girls for traditional meats intake (t-test, p-value = 0.48) or fish, game and bird (t-test, p-

value = 0.75, p = 0.49 and p = 0.20). Similarly, no significant difference was observed between 

nations for the market meat intake (t-test, p-value = 0.07), beef, pork and chicken (t-test, p = 0.16, 

p = 0.75, and p = 0.31) and neither for vegetables nor juice intakes (t-test, p = 0.26 and p = 0.58). 

 

More than 90% of participants had adequate intakes of vitamin A, vitamin B12, vitamin C, folate, 

thiamin, iron and Mn (Table 7). The proportion of participants with adequate intakes of vitamin 

A, folate, vitamin C, iron and Mn was significantly higher among Anishinaabe participants (Table 

S4), but no differences by sex were observed (χ2 test, p=0.75, 0.48, 0.61, 0.33, 0.47, 0.51 and 0.40 

for vitamin A, vitamin B12, vitamin C, folate, thiamin, iron and Mn respectively). 
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Table 7: Daily food items consumption and dietary intakes and proportions of participants with adequate dietary 

intakes for all study participants and by nations (n=191) 

 

Results of Models 1 and 2 assessing determinants of SF and Hb are shown in Figure 7. All 

significant direct and indirect variable coefficients are equally detailed in Table S5. Model 1 results 

of SEM analysis showed that male sex, inflammation and vitamin C intake were associated with 

higher SF. Moreover, vitamin C intake was found to mediate the positive association between fruit 

and juice consumption and SF. The direct association between fruit consumption and SF was not 

statistically significant (data not shown; coefficient for the direct path [95% CI]: -0.009 [-0.296, 

0.291]). All other determinants, including food variables rich in iron and/or proteins were not 

directly or indirectly related to SF. 

 

 

Figure 7: Significant direct associations (not standardized coefficients) between dietary and non-dietary determinants of SF and 

Hb (Models 1 and 2) for all study participants (n=191). Significance level: †: p-value < 0.10,*: p-value < 0.05, **: p-value < 

0.01 

 
Food and dietary intake variables 

GM [95%CI] % Adequate Intakes 

[95%CI]  

 Traditional meats (g/day) 28.2 [23.5, 33.8]  

  Wild fish (g/day) 20.6 [16.3, 26.1]  

  Game (g/day) 14.5 [11.9, 17.7]  

  Wild birds (g/day) 13.4 [10.9, 16.5]  

 Market meats (g/day) 67.6 [60.5, 75.6]  

  Beef meat (g/day) 22.2 [19.5, 25.4]  

  Pork meat (g/day) 14.5 [12.7, 16.5]  

  Chicken (g/day) 31.4 [27.7, 35.7]  

 Fruits (g/day) 184.7 [162.8, 209.5]  

 Vegetables (g/day) 64.1 [54.8, 75.0]  

 Juice (ml/day) 437.8 [385.5, 497.3]  

 Water (ml/day) 398.6 [347.3, 457.4.]  

 Vitamin    

  Vitamin A (mg/day) 851.1 [768.8, 942.2] 94.9 [90.8, 92.2] 

  Vitamin B12 (mg/day) 7.9 [7.3, 8.5] 100.0 [97.0, 100.0] 

  Folate (mg/day) 543.4 [511.3, 577.7] 96.4 [92.7, 98.2] 

  Thiamin (mg/day) 2.5 [2.4, 2.7] 100.0 [97.0, 100.0] 

  Vitamin C (mg/day) 214.3 [195.7, 234.8] 96.4 [92.7, 98.2] 

 Iron (mg/day) 17.4 [16.3, 18.5] 99.5 [97.1, 99.9] 

 Mn (mg/day) 3.7 [3.5, 4.0] 99.0 [96.3, 99.7] 
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For Model 2, cigarette smoke and higher levels of SF were in turn associated with higher Hb 

concentrations, whereas inflammation was associated with lower Hb levels. As for SF, fruits and 

juice consumption were positively associated with Hb, mediated via vitamin C and SF. No 

significant direct or indirect associations were identified between Hb and other determinants. 

Although the χ2 test was significant (χ2 = 146.4, p = 0.0001) for the SF model (Model 1), the model 

fit was considered reasonable based on other fitness criteria (RMSEA = 0.064 [0.04-0.08], p = 

0.095; CFI = 0.93; TLI = 0.91; WRMR = 1.11). The same was observed for the Model 2; apart 

from (χ2 = 259.38, p <0.0001), all criteria revealed a good model fit (RMSEA = 0.06 [0.05-0.07], 

p = 0.077; CFI = 0.91; TLI = 0.88, WRMR = 1.28). These two models were able to predict up to 

19.4% of SF and 31.7% of Hb variance based on R2 estimate. 

 

Analogous consistent results with some differences were noticed when stratifying two models by 

studied nations and by sex (supplementary materials Tables S6 and S7). Indeed, the associations 

mediated by vitamin C were significant only in girl participants (Tables S6). Conversely, among 

boy participants, inflammation status was the main variable associated with SF and Hb, as was 

traditional meat consumption with higher Hb via SF. Moreover, girls’ age was negatively 

associated with SF, while the contrary was observed in boys. For models stratified by nations 

(Tables S7), similar trends for fruit and juice consumption via vitamin C intake, sex and 

inflammation were observed as in the unstratified models, although in some cases the associations 

did not reach statistical significance. Cigarette smoke exposure was positively associated with Hb 

among Innu participants where its exposure was significantly higher. As in the sex-stratified 

model, traditional meat consumption was associated with higher SF (but only via vitamin C) and 

with higher Hb via vitamin C and SF in Anishinaabe participants. 

 

Figure 8 and Table S8 summarize the statistically significant pathways between SF, 

sociodemographic, dietary and physiological measurements, and other blood and plasma divalent 

metals (Model 3). SF was independently inversely associated with blood Co and Mn, whereas it 

was also the case for inflammation but only via SF. Fruits and juice consumption were also 

inversely associated with blood Co and Mn, and these associations were mediated by vitamin C 

and SF. Blood Co was inversely associated with adiposity measured by the BMI z-score and higher 

among Anishinaabe participants. SF was not associated with blood Cd, blood Pb or plasma Zn. 
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Figure 8: Significant direct associations (not standardized coefficients) between sociodemographic, dietary and other 

determinants of SF and blood and plasma metals (Model 3) for all study participants (n=188). Significance level *: p -value < 

0.05, **: p-value 

 

The determinants of increased blood Cd were cigarette smoke exposure and age. Blood Pb was 

positively associated with cigarette smoke exposure and traditional meat consumption, inversely 

associated with the BMI z-score, and higher among boys and Innu participants. The overall model 

was considered of acceptable fitness (RMSEA = 0.06 [0.05-0.07], p = 0.075; CFI = 0.90; TLI = 

0.84, WRMR = 0.051) with the exception the χ2 test (χ2 = 322.9, p < 0.0001). It is to note that all 

three models were also tested using food frequencies instead of food intakes and showed similar 

results. 
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4.7. Discussion 

  

Anemia and ID 

In spite of adequate iron and vitamin intake among most JES!-YEH! participants, prevalence of 

anemia and ID among Anishinaabe and Innu participants are much higher than the Canadian 

general population of the same age groups in 2009-2011 (Cooper et al., 2012). These high 

prevalences are comparable to those reported for other Indigenous children in North America, 

emphasizing the important health disparities between First Nations and other children in Canada 

and the United States (Jamieson & Kuhnlein, 2008). The WHO considers anemia a public health 

problem whenever its prevalence exceeds 5%. Accordingly and in spite of using capillary blood 

to determine Hb using HemoCue analyzer, which is known to overestimate the Hb concentrations 

compared to complete blood count method (Hinnouho et al., 2018), the anemia prevalence in JES!-

YEH! is more than three times this limit.  Iron intake was not a concern in our study participants. 

Interestingly, higher traditional meat, fruit and fruit juice consumption via increased vitamin C 

intake and lower inflammation status were the main determinants associated with lower ID and 

anemia. These findings are in accordance with a recent review highlighting that in a high 

inflammation context, higher rates of ID and IDA are common and primarily related to iron 

malabsorption issues (Reina Engle-Stone et al., 2017).   

 

In our study, based on the multiple indices model for anemia classification, 50% of all anemia 

cases were classified as IDA. This concurs with the WHO conclusion that IDA is a major 

contributor to anemia burden (WHO, 2001). The second most prevalent type of anemia was ACI 

representing 38% of all anemia cases. The prevalence of anemia due to other causes (UA) was 

relatively low, only 12%. In our study population, UA is unlikely to be related to vitamin 

deficiencies since vitamin intakes were nearly adequate in most of the study participants. Other 

possible causes of anemia such as parasites, hemorrhages, hemolytic anemia and 

hemoglobinopathies are possible but were not assessed in the present study. 

 

Iron is an absolute requirement for Hb synthesis (WHO, 2001). In the SEM analysis, SF was 

consistently positively associated with Hb, even after stratification by sex and nations. The positive 

iron status with age among boys, but negative among girls, is in accordance with the increasing 
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demands for iron and blood loss in adolescent girls due to menstruation (WHO, 2001).  

.  

 

SF concentrations were also positively associated with inflammation status, since SF is an acute 

phase reactant highly sensitive to inflammation (WHO, 2001). Conversely, inflammation was 

inversely associated with Hb. This was expected since excessive release of inflammatory cytokines 

is known to impair erythropoietin synthesis and the production of Hb (Jamieson et al., 2012). In 

the present study, we only used hs-CRP to assess inflammation status. Considering that this 

biomarker is known to be less sensitive in case of chronic inflammation (Gruys, Toussaint, 

Niewold, & Koopmans, 2005), which was possibly quite high in our study population considering 

the very high prevalence of overweight and obesity (27% and 41% respectively), the prevalence 

of inflammation in our study population was likely underestimated. . Still, up to 11% of our study 

participants presented an inflammatory status,  perhaps due to high levels of Helicobacter pylori 

infections, although this need to be further investigated in this study population (Jamieson et al., 

2016).  

 

In the SEM analysis, our proxy for iron status (SF) was positively associated with vitamin C intake 

and interestingly, vitamin C acted as a mediator of the positive association between fruit and juice 

consumption and SF, and ultimately Hb. Vitamin C plays an important role in iron metabolism 

(Lane & Richardson, 2014). First, vitamin C transforms non-heme iron - which is mainly found in 

non-animal sources - from a ferric state to more water soluble and more absorbable ferrous form 

(Lane & Richardson, 2014; WHO, 2001). Consequently, vitamin C intake enhances non-heme iron 

absorption in the small intestine (WHO, 2001). Moreover, it was also suggested that vitamin C 

restricts the function of dietary iron absorption inhibitors such as polyphenols, phytates and 

calcium in tea /coffee, cereals and dairy products respectively, although these items were not 

largely consumed by our participants (Balarajan et al., 2011; Hurrell & Egli, 2010). Based on the 

FFQ, most of the participants had sufficient dietary intakes of food containing vitamin C and iron. 

Thus, the beneficial associations with a higher intake of vitamin C on SF and then on Hb possibly 

reflect a higher vitamin C requirement due to the high inflammation status in this context (Gruys 

et al., 2005; Reina Engle-Stone et al., 2017). It is to note that for vitamin C to increase non-heme 

iron absorption in food, vitamin C-containing food consumption must be concurrent or shortly 
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after food rich in non-heme iron (Fishman et al., 1999; WHO, 2001). Although this information 

was not captured by FFQ in the present study, we can speculate that greater juice and fruit 

consumers would likely consume more juice and fruits at mealtimes. Juice was indeed largely 

consumed by the study participants, and even more often than water consumption itself. According 

to our FFQ, juice consumption refers to either juice made of natural fruits or of fruit concentrate 

(including canned juices), which are rich in sugar and vitamin C, or crystal powder juice, which 

are equally very high in sugar and artificially fortified with vitamin C. 

 

Despite our small sample size, we found very interesting sex differences. The association mediated 

by vitamin C on SF and Hb was mainly observed in girls who showed significantly higher intake 

of vitamin C compared to boys. Conversely, among boys, inflammation was associated with lower 

Hb, and traditional meat intake was associated with higher SF and Hb concentrations. Comparable 

results were reported from adult Inuit men and women, where anemia was mainly iron-dependent 

in premenopausal women but inflammatory-related in men (Jamieson et al., 2016). Inflammation 

is known to antagonize the absorption of iron mediated by vitamin C as it enhances hepcidin 

release and down regulates feroportin1, an iron transporter in the small intestine (Jamieson et al., 

2012; Sears, 1992). Traditional meats are high in bioavailable iron, proteins and vitamin C, all 

associated with positive iron intake and absorption (Jamieson et al., 2012). Interestingly, 

traditional meat consumption and inflammation status were not different between boys and girls 

participants, and this highlight the importance of further investigating sex-based differences in iron 

metabolism concomitantly with other determinants as such high inflammation as well as puberty 

and menstruation in Indigenous youth context.  

 

Blood divalent metals 

Blood Mn was higher in our participants, but blood Co was lower than in CHMS cycle 2 (2009-

2011) for the same age groups. Blood Cd was elevated in adolescent in our sample compared to 

the same age groups from cycle 4 (2014-2015). Blood Pb was elevated in children aged 3-5y in 

our sample than the same age children from CHMS cycle 4. No comparison data on CHMS with 

regard to Zn. Both higher blood Mn and Co were associated with ID. Again, as for ID, fruits and 

juice consumption were inversely associated with blood Mn and blood Co, via increased vitamin 

C intake and SF. No significant association between SF and other divalent metals was found. 



 

65 

 

Conversely, participants’ age was associated with higher levels of Cd, but lower levels of blood 

Pb. Both Cd and Pb were associated with cigarette smoking. Pb was also positively associated with 

traditional meat consumption, inversely associated with BMI and higher among male and Innu 

participants. 

 

Blood Mn levels found among JES!-YEH! were even higher than blood Mn levels among children 

environmentally exposed to Mn via drinking water or airborne contamination (Bouchard et al., 

2011; Menezes-filho et al., 2014; Menezes-filho, Novaes, Moreira, Sarcinelli, & Mergler, 2011; 

Wasserman et al., 2006). High blood Mn levels were also observed in the First Nations 

Biomonitoring Initiative data, which involved First Nations adults from 216 communities across 

the country (La Corte & Wuttke, 2012). Conversely, hair Mn levels were lower than the level at 

which children are likely to be exposed to a high level of Mn from drinking water in Quebec or 

living in the vicinity of a ferro-manganese alloy plant in Brazil (at about 3 µg/g) (Bouchard, 

Laforest, Vandelac, Bellinger, & Mergler, 2007a; Menezes-filho et al., 2011). Indeed, only two 

participants had hair Mn above this limit. Moreover, levels of Mn in water consumed in the 

communities were low and are regularly tested by Health Canada. After an in-depth consultation 

with community partners, no other local source of environmental exposure to Mn was identified 

in each of the communities involved in JES!-YEH!. Mn intake estimates did not markedly exceed 

recommended values (3y: 2 mg/day, 4-8y: 3 mg/day; 9-13y: 6 mg/day; 14-18y: 9 mg/day) 

(National Library of Medicine, 2015). Conversely, blood Mn concentrations in ID children found 

in this study were comparable to blood Mn values among participants with ID in other studies 

(Meltzer et al., 2010), for example study of 225 preschool children in the UK reported higher 

concentrations of blood Mn in ID children (16.4 µg/L) compared to iron non-deficient children 

(11.1 µg/L) (Anne et al., 2012). Similarly, Meltzer et al 2010 reported blood Mn of 12.6 µg/L 

among adult women with ID, compared to 9.7 µg/L in those without ID (Meltzer et al., 2010). 

 

In our study, blood Mn and Co were significantly and inversely associated with SF levels. These 

associations may reflect multiple interactions, between iron, Mn and Co, occurring at different 

levels in the human body (Anne et al., 2012; Garcia et al., 2007; Yangho Kim et al., 2005; Meltzer 

et al., 2010; Park, Sim, Lee, & Kim, 2013). In addition to common binding sites for all these metals 

in the small intestine, common transmembrane transporters, namely the divalent metal transporter-
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1 (DMT1) and the ferroportin-1, fulfill the transport of iron, Mn and Co across the intestinal wall. 

Both transporters are tightly regulated by iron status and exert a higher affinity to dietary iron than 

other metals, which are needed in smaller quantities (Anne et al., 2012; Meltzer et al., 2010). 

Indeed, in the absence of ID, which increases in the amount of absorbed Mn, only about 3-5% of 

dietary Mn is absorbed (ATSDR U.S., 2012). 

 

High blood Mn concentrations are associated with lower cognitive functions, attention deficits, 

poor school performance and hyperactive behaviors (Menezes-filho et al., 2011). Similar 

symptoms may also be observed in children with ID. This raises concerns about possible confusion 

of the clinical symptoms between the two conditions, as they may often co-exist (Jáuregui-lobera, 

2014). Interestingly, in our study, the two determinants that positively associated with iron status 

(e.g. fruit and juice consumption) were also associated with lower levels of blood Mn and Co via 

vitamin C intake. 

 

Blood Pb concentrations were generally low, and only one participant presented blood Pb slightly 

above 0.50 µg/L, the most recent threshold reference value for Pb exposure in children below 12 

years of age in the Quebec Province (INSPQ, 2016). Still, blood Pb for participants aged 3 to 11 

years old from the Innu nation were slightly higher than levels reported in CHMS cycle 4 of the 

same age groups (CHMS, 2017). This acknowledge the efforts of Canadian authorities to ban Pb 

pellets for hunting migratory birds in 1999 (Environment of Climate Change Canada, 2016). 

However, Pb bullets for hunting big game and terrestrial birds, as well as Pb sinkers for fishing 

are not yet regulated and still widely used due to the limited access (unavailable and expensive) to 

Pb-free alternatives (Environment of Climate Change Canada, 2018). The lack of proper cleaning 

of removal of meat hunted with Pb pellets also exposes people relying on local foods to Pb 

fragments (Couture et al., 2012; Fachehoun et al., 2015). In JES!-YEH!, after adjusting for co-

variables, blood Pb levels were significantly associated with traditional game meat consumption 

and were higher among male participants, possibly also reflecting Pb exposure through hunting 

activities (Couture et al., 2012). This exposure is common among other First Nations and Inuit 

populations across the country (Couture et al., 2012; Juric et al., 2018; Liberda et al., 2018). In 

light of the absence of a safe threshold for Pb toxicity among children (CDC, 2012), these findings 

support more actions at the federal level to promote Pb-free alternatives while banning preventable 
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sources of Pb exposure. Finally, expectedly, cigarette smoke exposure was strongly associated 

with blood Cd and to a lower extent, with blood Pb (Fontaine et al., 2008; Nieboer et al., 2017). 

The blood Cd levels in JES!-YEH! children (Table 6) were higher than levels reported in CHMS 

cycle 4 specially significant for the older children from both nations (CHMS, 2017). 

 

Aside from the inherent limitations of cross-sectional studies to establish causality, in the present 

study the recruitment of few voluntary participants limits the generalization of our results beyond 

the studied participants. Moreover, the FFQ used in this study present important limitations as it 

as it may have led to underestimation of food and nutrient intakes and further study should consider 

using repeated 24h recalls (Shim, Oh, & Kim, 2014), although this represents a significant 

challenge in remote Indigenous study context when time is limited. Next, in order to classify ACI 

with no evidence of ID, we used as criteria SI < 10 µmol/L. As a result of non-fasting status prior 

to data collection, misclassification of some participants with UA as ACI is expected due to higher 

estimation of SI. Finally, further studies should consider better assessing inflammation status using 

multiple biomarkers simultaneously (i.e. hs-CRP and  alpha1-acid glycoprotein) and documenting 

sources of chronic inflammation, infections and blood loss, such as H. pylori active infection and 

menstruation as well as proper estimating the type of iron in the diet and the timing of vitamin C 

intake in respect to meals. 

 

4.8. Conclusion 

This pilot project highlights an elevated prevalence of anemia and ID, and excessive blood Mn for 

the first time in a particularly vulnerable Indigenous sub-population in Canada. Our findings 

suggest that intervention fighting inflammation and fostering healthier food environments and 

traditional meats consumption as well as higher consumption of foods naturally rich in vitamin C, 

which is known to enhance iron absorption, could decrease anemia and ID and ultimately, restore 

blood Mn and Co homeostasis. Indeed, considering the multiple and possibly synergetic impacts 

of anemia, ID and excess Mn on child development, success in school and later in life (Bouchard 

et al., 2011; Khambalia et al., 2011; Menezes-filho et al., 2011; Nissenson, Wade, Goodnough, 

Knight, & Dubois, 2005), these findings raise the importance of better documenting this public 

health problem and the determinants of anemia and ID among First Nation youth across the country 

and call for preventive actions at multiple scales.  
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4.9. Supplementary materials 

Table S1: Determinants of serum ferritin (SF) and hemoglobin (Hb) tested in the structural equation model and variables included in the final models presented in Figure 2 and 3 

Inclusion criteria 
Sociodemographic and biological 

factorsa 

Commonly consumed food and dietary 

variable 
Iron-absorption inhibitorsa Iron-absorption enhancers 

Tested variables -Age 

-Sex 
-BMI z-scoreb 

-Food securityc 

-Overcrowding 
-Education 

-Self perceived health 

- Cigarette smoke exposure 
-Inflammation 

-Householdd 

-Communityd 
-Nationsd 

-Interviewerd 

- Market (beef, chicken, pork, croquette, 

jerky meat, hotdog, sausage, canned fish 
and transformed meat) 

- Traditional meat (game, birds, wild fish 

and sea food) 
- Fruits 

- Vegetables 

-Juice 
-Vitamin B12 intake 

-Folate intake 

-Vitamin D intake 
-Thiamin intake 

- Wild berries 

- Beans 
- Nuts 

-Eggs 

-Tea 
-Coffee 

-Cereals 

-Dairy products 
-Mn intake 

-Zn intake 

-Ca intake 

-Iron intake 

-Vitamin C intake 
-Vitamin A intake 

-Oral supplements 

Variable selected for final models1 -Age 

-Sex 
-BMI z-score 

- Cigarette smoke exposure 

-Inflammation 
-Nationsd 

 

- Market meat (beef, chicken and pork 

meats) 
- Traditional meat (game, birds, wild 

fish) 

Fruits 
-Vegetables 

-Juice 

- Vitamin B12 intake 
-Folate intake 

-Thiamin intake 

 -Vitamin C intake 

-Vitamin A intake 

1 Main reasons for exclusions were infrequent consumed for food items, failure to converge into latent variables and variables presenting negligible 

associations with the outcomes. aJamieson & Kuhnlein (2008), Meltzer (2010), and World Health Organization, UNICEF (2001), bCole et al (2005); cUS 

Department of Health and Human Services (2007); dPotential confounders. 
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Table S2: Characteristics of the study participants by study nations (n=193) 

 
Variables 

Anishinaabe (n=107)  Innu (n=86) 

 N GM [Min-Max]  N GM [Min-Max] 

Continuous variables      

 Age in years a  9.8 [3, 19]   10.6 [3, 19] 

 BMI  20.7 [14.3, 37.8]   27.9[16.1, 64.7]** 

 Hb (g/L)  124.6 [88.0, 166.0]   125.1 [60.0, 175.0] 

 SF (μg/L) 106  26.0 [3.7, 146.0]   31.0 [2.5, 278.3] 

 Plasma hs-CRP (mg/L)  0.6 [0.0, 31.7]   1.4 [0.1, 18.7]** 

 Urinary cotinine (ng/mL)  1.5 [0.6, 1500.0]   10.0 [0.6, 2700]** 

Categorical variables N % [95%CI]  N % [95%CI] 

 Age categories      

  3 - 5y 22 20.6 [14.0, 29.2]  13 15.1 [9.0, 24.0] 

  6 - 11y 45 42.1 [33.1, 51.5]  33 38.4 [28.8, 48.9] 

  12 - 19y 40 37.4 [28.8, 46.8]  40 46.5 [36.4, 57.0] 

 Girls 55 48.6 [39.3, 58.0]  40 46.5 [36.4, 55.4] 

 BMI Categories      

  Underweight 2 1.9 [0.5, 6.6]  0 ̶ 

  Normal 43 42.1 [33.1, 51.5] **  14 16.7 [10.2, 26.1] 

  Overweight 38 34.6 [26.2, 44.0] *  16 17.9 [11.1, 27.4] 

  Obese 24 21.5 [14.8, 30.2]  56 65.5 [54.8, 74.8] 

** 

 Parental education      

  Primary 20 18.7 [12.4, 27.1]  28 32.6 [24.6, 44.2]* 

  Secondary 63 58.9 [49.0, 68.3]  43 50.0 [38.6, 59.2] 

  College or above 24 22.4 [15.6, 31.2]  15 17.4 [10.9, 26.8] 

 Anemia 18 16.8 [10.9, 25.0]  16 18.8 [11.9, 28.4] 

  3 - 5y 1 4.6 [0.1, 21.8]  1 8.3 [14.9, 35.4] 

  6 - 11y girls 3 14.3 [5.0, 34.5]  3 21.4 [7.6, 47.6] 

  6 - 11y boys 3 12.5 [4.3, 31.0]  6 31.6 [15.4, 54.0] 

  12 - 19y girls 7 33.3 [17.2, 54.6]  4 19.1 [7.7, 40.0] 

  12 - 19y boys 4 21.1 [8.5, 43.0]  2 10.5 [2.9, 31.4] 

 Severity of anemia      

  Mild 9 8.4 [4.5, 14.2]  12 14.1 [8.3, 23.1] 

  Moderate 9 8.4 [4.5, 15.2]  3 3.5 [1.2, 10.0] 

  Severe 0 ̶  1 1.2 [0.2, 6.4] 

    Types of anemia      

    IDA 10 9.4 [5.2, 16.4]  7 8.1 [4.0, 15.9] 

    ACI 6 5.6 [2.6, 11.7]  7 8.1 [4.0, 15.6] 

    UA 2 1.9 [0.1, 6.6]  2 2.3 [0.6, 8.1] 

 ID 22 20.6 [14.0, 29.2]  18 21.2 [13.8, 31.0] 

  3 - 5 y 5 22.7 [10.1, 43.4]  0 - 

  6 - 11y girls 1 4.8 [0.9, 22.7]  2 14.3 [4.0, 39.9] 

  6 - 11y boys 1 4.2 [0.7, 20.2]  6 31.6 [15.4, 54.0] 

  12 - 19y girls 11 52.4 [32.4, 71.7]  8 38.1 [20.8, 59.1] 

  12 - 19y boys 4 21.1 [0.9, 43.3]  2 10.5 [29.0, 31.3] 

 Inflammatory status (hs-

CRP > 5 mg/L) 

9 8.4 [4.5, 15.2]  12 13.9 [8.2, 22.8] 

 Cigarette smoke exposure 

(urinary cotinine 

>100 ng/mL) 

9 8.4 [4.5, 15.2]  19 22.1 [14.6, 32.0] 

a Arithmetic means; Significance between studied nations: * p-value < 0.05; ** :p-value < 0.01
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Table S3: Geometrics means metal concentrations by age groups and by study nation 

Metal Age group 

Anishinaabe (n=107) Innu (n=86) 

N [95%CI] 

(Min-Max) 

N [95%CI] 

Blood Cd µg/L 

All 107 0.16 [0.13, 0.19] 

(0.02, 2.59) 

86 0.20 [0.13, 0.28] 

(0.02, 8.21) 

3-5 y 22 0.09 [0.07, 0.12] 

(0.02, 0.55) 

13 0.06 [0.04, 0.09] 

(0.03, 0.18) 

6-11 y 45 0.11 [0.09, 0.13] 

(0.02, 0.53) 

33 0.08 [0.06, 0.10] 

(0.02, 0.43) 

12-19 y 40 0.32 [0.23, 0.43] 

(0.08, 2.59) 

40 0.63 [0.37, 1.08] * 

(0.02, 8.2) 

Blood Co µg/L 

All 107 0.25 [0.24, 0.27] 

(0.11, 0.65) ** 

86 0.19 [0.17, 0.20] 

(0.11, 0.94) 

3-5 y 22 0.25 [0.23, 0.27] * 

(0.19, 0.34) 

13 0.21 [0.18, 0.25] 

(0.15, 0.48) 

6-11 y 45 0.24 [0.22, 0.27] * 

(0.12, 0.55) 

33 0.19 [0.17, 0.22] 

(0.12, 0.94) 

12-19 y 40 0.26 [0.23, 0.31] ** 

(0.11, 0.65) 

40 0.18 [0.16, 0.20] 

(0.11, 0.42) 

Blood Mn µg/L 

All 107 15.5 [14.8, 16.3] 

(7.1, 31.9) 

86 15.4 [14.6, 16.2] 

(8.24, 30.22) 

3-5 y 22 15.6 [14.5, 16.9] 

(10.4 22.0) 

13 13.8 [11.9, 16.1] 

(8.4, 19.8) 

6-11 y 45 14.8 [13.6, 16.0] 

(7.1, 26.4) 

33 14.5 [13.2, 16.0] 

(8.8, 24.2) 

12-19 y 40 16.4 [15.1, 17.8] 

(9.9, 31.9) 

40 16.7 [15.5, 18.0] 

(8.8, 30.2) 

Hair Mn (ug/g) 

All 75 0.21 [0.18, 0.26]** 

(0.05, 3.60) 

67 0.05 [0.04, 0.6] 

(0.01, 1.10) 

3-5 y 16 0.30 [0.20, 0.50]** 

(0.09, 3.60) 

10 0.07 [0.03, 0.14] 

(0.01, 0.51) 

6-11 y 27 0.23 [0.18, 0.29]** 

(0.06, 0.73) 

23 0.06 [0.03, 0.10] 

(0.01, 1.10) 

12-19 y 32 0.17 [0.12, 0.24]** 

(0.04, 3.20) 

34 0.04 [0.03, 0.06] 

(0.01, 0.24) 

Blood Pb µg/L 

 

All 107 5.6 [5.1, 7.0] 

(1.8, 50.4) 

86 6.4 [5.7, 7.2] 

(2.40, 28.60) 

3-5 y 22 8.1 [6.3, 10.3] 

(4.3, 50.4) 

13 9.3 [7.5, 11.5] 

(5.3, 18.9) 

6-11 y 45 5.3 [4.8, 6.0] 

(2.2, 13.0) 

33 7.2 [6.2, 8.3] * 

(3.0, 28.6) 

12-19 y 40 4.7 [4.0, 5.5] 

(1.8, 16.9) 

40 5.2 [4.4, 6.2] 

(2.4, 28.0) 

Plasma Zn µg/L 

All 108 1202.8 [1169.5, 1237.0] 

(764.7, 1640.5) 

86 1169.0 [1130.6, 1208.8] 

(830.1, 1588.2) 

3-5 y 22 1239 [1175, 1308] 

(947.7, 1562.1) 

13 1140 [1008, 1290] 

(859.4, 1529.4) 

6-11 y 45 1191 [1139, 1246] 

(784.7, 1620.9) 

33 1189 [1131, 1250] 

(843.1, 1496.7) 

12-19 y 40 1199 [1140, 1262] 

(823.6, 1640.5) 

40 1157 [1101, 1215] 

(830.1, 1555.6) 
*
 :p-value < 0.05; 

**
 :p-value < 0.01 levels significant higher across nations 
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Table S4 : Daily food items consumption and dietary intakes and proportions of participants with adequate dietary intakes by 

study nations (n=191) 

*
 :p-value < 0.05; 

**
 :p-value < 0.01 levels significant higher across nations 

 Food and dietary intake 

variables 

Anishinaabe (n=107) Innu (n=84) 

  GM [95%CI] % 

adequate 

intakes 

GM [95%CI] % 

adequate 

intakes 

 Traditional meats (g/day)  25.2 [19.7, 32.3]  33.0 [25.3, 43.0]  

  Wild fish (g/day)  15.0 [10.5, 21.5]  26.8 [19.9, 36.3]*  

  Game (g/day)  15.4 [12.0, 19.8]  12.5 [9.3, 16.8])  

  Wild birds (g/day)  15.0 [11.0, 20.5]  12.0 [9.0, 16.0]  

 Market meats (g/day)  68.7 [58.6, 80.6]  66.2 [56.2, 77.8]  

  Beef meat (g/day)  23.0 [19.0, 27.8]  21.3 [17.8, 25.6]  

  Pork meat (g/day)  12.3 [10.3, 14.7  17.8 [14.7, 21.5]**  

  Chicken (g/day)  34.9 [29.2, 41.7]  27.9 [23.3, 33.4]  

 Fruits (g/day)  205.4 [176.9, 238.5]*  161.2 [130.1, 199.8]  

 Vegetables (g/day)  74.6 [61.0, 91.2]*  53.1 [41.5, 68.1]  

 Juice (ml/day)  457.2 [391.5, 533.8]  413.2 [332.5, 513.4]  

 Water (ml/day)  461.0 [389.7, 545.2]*  327.1 [260.3, 411.0]  

 Vitamin intakes      

  Vitamin A (mg/day)  851.1 [768.8,942.2] 96.4 * 772.3 [695.9, 857.1] 92.90 

  Vitamin B12 (mg/day)  7.8 [7.0, 8.6] 100.0 8.1 [7.1, 9.1]0.6134 100.0 

  Folate (mg/day)  522.2 [482.5, 565.3] 98.2* 572.4 [519.9, 630.3] 94.0 

  Thiamin (mg/day)  2.5 [2.4, 2.7] 100.0 2.6 [2.3, 2.8]0.8428 100.0 

  Vitamin C (mg/day)  226.7 [203.9, 252.0] 97.3* 199.2 [169.9, 233.6] 95.2 

 Iron intake (mg/day)  17.4 [16.0, 18.9] 100.0 * 17.3 [15.7, 19.1] 98.8 

 Mn intake (mg/day)  3.6 [3.3, 3.8] 100.0 * 3.9 [3.7, 4.3] 97.6 
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Table S5: Significant direct and indirect associations between sociodemographic, dietary and physiological determinants of serum ferritin (SF) and hemoglobin (Hb) for all study 

participants (n=191) 

 

Significance level †: p-value < 0.10; *: p-value < 0.05, **: p-value < 0.01

Predictors Intermediate variables 
SF (μg/L) Hb (g/L) 

Coefficient [95% CI] Coefficient [95% CI] 

Sex (M vs F) – 0.295 [0.093, 0.502]** 0.021 [-0.013, 0.052] 

SF (μg/L) – – 0.066 [0.040, 0.096]** 

Inflammation (Yes vs No) – 0.119 [0.049, 0.190]** -0.015[-0.025, -0.005]** 

Inflammation (Yes vs No) SF (μg/L) – 0.008 [0.004, 0.015]** 

Cigarette smoke (Yes vs No) – -0.180 [-0.554, 0.140] 0.049 [-0.008, 0.117]† 

Vitamin C intake (mg/day) – 0.253 [0.064, 0.431]** – 

Fruit (g/day) Vitamin C (mg/day) 0.090 [0.027, 0.161]** – 

Fruit (g/day) Vitamin C (mg/day) and SF (μg/L) – 0.004[0.001, 0.010]** 

Juice (ml/day) Vitamin C (mg/day) 0.237 [0.060, 0.411]** – 

Juice (ml/day) Vitamin C (mg/day) and SF (μg/L) – 0.008 [0.003, 0.017]** 
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Table S6: Direct and indirect associations between sociodemographic, dietary and physiological determinants of ferritin (SF) and hemoglobin (Hb) stratified by sex (n=191) 

Significance level †: p-value < 0.10; *: p-value < 0.05, **: p-value < 0.01 

  

 

Predictors 

Intermediate 

variables 

Girls (n= 90) Boys (n=101) 

SF (μg/L) Hb (g/L) SF (μg/L) Hb (g/L) 

Coefficient [CI 95%] Coefficient [CI 95%] Coefficient [CI 95%] Coefficient [CI 95%] 

Age (y) – -0.048 

[-0.083, -0.010]* 

0.003 [-0.003, 0.008] 0.039[0.005, 0.071]* 0.008 [-0.002, 0.015]† 

SF (μg/L) – – 0.047 [0.004, 0.084]* – 0.079 [0.027, 0.245]** 

Inflammation (Yes vs No) – 0.049 [-0.056, 0.147] -0.016 [-0.029, -0.004]** 0.150 [0.059, 0.250]** -0.018 [-0.042, -0.002]* 

Inflammation (Yes vs No) SF (μg/L) – 0.002 [-0.003, 0.009] – 0.012 [0.002, 0.036]** 

Vitamin C intake (mg/day) – 0.493 [0.175, 0.752]** – 0.062 [-0.173, 0.257] – 

Cigarette smoke (Yes vs No) – -0.205 [-0.657, 0.251]† 0.023 [-0.029, 0.081]† -0.034 [-0.564, 0.539] 0.086 [-0.003, 0.221]† 

Fruit (g/day) Vitamin C (mg/day) 0.073 [-0.026, 0.191]† – 0.012 [-0.037, 0.063] – 

Fruit (g/day) Vitamin C (mg/day) & SF 

(μg/L) 

 0.004 [-0.002, 0.016]† – 0.001 [-0.002, 0.011] 

Juice (ml/day) Vitamin C (mg/day) 0.161 [0.053, 0.265]** – 0.027 [-0.081, 0.117]  

Juice (ml/day) Vitamin C (mg/day) & SF 

(μg/L) 

– 0.010 [0.001, 0.024]* – 0.003 [-0.005, 0.018] 

Traditional food (Yes vs 

No/day) 

SF (μg/L) – -0.004 [-0.043, 0.007] – 0.014 [0.000, 0.065]* 
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Table S7: Significant direct and indirect associations between sociodemographic, dietary and physiological determinants of serum ferritin (SF) and hemoglobin (Hb) for 

participants stratified by nations (N=191) 

Predictors Intermediate variables 

Anishinaabe (n=107) Innu (n=84) 

SF (μg/L) Hb (g/L) SF (μg/L) Hb (g/L) 

Coefficient [CI 95%] Coefficient [CI 95%] Coefficient [CI 95%] Coefficient [CI 95%] 

Sex (M vs F) – 0.213 [-0.026, 0.468]† 0.31 [-0.010, 0.073] 0.397 [0.062, 0.751]* 0.007 [-0.071, 0.056] 
SF (μg/L) – – 0.088 [0.033, 0.133]** – 0.051 [0.010, 0.203]** 

Cigarette smoke (Yes vs No) – - 0.294 [-0.748, 0.222] 0.032 [-0.044, 0.093] -0.076 [-0.712, 0.504] 0.084 [0.005, 0.242]* 

Inflammation (Yes vs no) – 0.098 [0.029, 0.170]** -0.018 [-0.031, -0.006]** 0.183 [-0.018, 0.376]† -0.008 [-0.046, 0.008] 
Inflammation (Yes vs no) SF (μg/L) – 0.009 [0.001, 0.020]* – 0.009 [0.000, 0.054]* 

Vitamin C intake (mg/day) – 0.340 [0.008, 0.613]* – 0.290 [-0.066, 0.530]† – 

Fruit (g/day) Vitamin C (mg/day) 0.067 [0.005, 0.188]* – 0.049 [0.009, 0.123]* – 
Fruit (g/day) Vitamin C (mg/day) and SF (μg/L) – 0.004 [-0.016, 0.015] – 0.004 [0.001, 0.017]** 

Juice (ml/day) Vitamin C (mg/day 0.160 [-0.003, 0.285]† – 0.098 [0.019, 0.185]* – 

Juice (ml/day) Vitamin C (mg/day) and SF (μg/L) – 0.011 [-0.009, 0.031] – 0.007 [0.002, 0.023]** 
Traditional meat (Yes vs No/day) Vitamin C (mg/day) 0.017 [0.000, 0.114]* – -0.026[-0.077, -0.001]* – 

Traditional meat (Yes vs No/day) Vitamin C (mg/day) and SF (μg/L) – 0.002 [-0.001, 0.054]† – -0.002 [-0.011, 0.000] 

Significance level †: p-value < 0.10, *: p-value < 0.05, **: p-value < 0.01 
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Table S8:  Significant indirect associations between sociodemographic, dietary and physiological determinants of blood and plasma metal concentrations (n=188) 

Predictors 
Intermediate 

variables 

Blood Cd (µg/L) Blood Co (µg/L) Blood Pb (µg/L) Blood Mn (µg/L) Plasma Zn (µg/L) 

Coefficient [CI 95 %] Coefficient [CI 95 %] Coefficient [CI 95 %] Coefficient [CI 95 %] Coefficient [CI 95 %] 

Age (y) – 0.056 [0.011, 0.093]* -0.014 [-0.030, 0.005] -0.024 [-0.040, -0.004]* 0.004[-0.010, 0.020] -0.002 [-0.016, 0.008] 
Sex (M vs F) – -0.052 [-0225, 0.161] -0.060 [-0.031, 0.159] 0.185 [0.105, 0.268]** 0.018 [-0.052, 0.85] 0.024 [-0.023, 0.071] 

BMI z-score – -0.106 [-0.204, 0.016] -0.086 [-0.146, -0.024]* -0.045[-0.087, -0.006]* -0.009 [-0.046, 0.023] 0.010 [-0.014, 0.034] 
Anishinaabe vs Innu – -0.105 [-0.372, 0.154] 0.185[0.078, 0.298]** -0.144 [-0.235, -0.050]** -0.016 [-0.093, 0.061] 0.031 [-0.028, 0.083] 

Cigarette smoke (Yes vs NO) – 1.880 [1.519, 2.292]** 0,023 [-0,143, 0,173] 0.148 [0.004, 0.299]* 0.017 [-0.093, 0.118] 0.009 [-0.068, 0.086] 

SF (μg/L) – -0.104 [-0.308, 0.104] -0.263 [-0.344, -0.191]** -0.022 [-0.070, 0.031] -0.145[-0.190, -0.102]** 0.017 [-0.019, 0.054] 
Traditional meat (Yes vs No/ 

day) 

– 0.019 [-0.178, 0.215] 0.017 [-0.072, 0.179] 0.072 [0.011, 0.179]** 0.029 [-0.036, 0.105] 0.010 [-0.046, 0.083] 

Inflammation (Yes vs No) SF (μg/L) -0.010 [-0.044, 0.007] -0.026 [-0.051, -0.005]* -0.002 [-0.010, 0.002] -0.014 [ -0.027, -0.003]* 0.002 [-0.001, 0.007] 

Fruit (g/day) Vitamin C (mg/day) 

& SF (μg/L) 

-0.008 [-0.039, 0.008] -0.020 [-0.054, -0.005]* -0.002 [-0.009, 0.002] -0.011 [-0.030, -0.003]* 0.001 [-0.001, 0.007] 

Juice (ml/day) Vitamin C (mg/day) 

& SF (μg/L) 

-0.013 [-0.050, 0.011] -0.033 [-0.062, -0.011]** -0.003 [-0.012, 0.003] -0.018 [-0.034, -0.006]** 0.002 [-0.002, 0.009] 

Significant level *:p-value <0.05, **: p-value <0.01 
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General conclusion 

Summary of the main findings and contributions of this research  

To the authors’ knowledge, this is the first study that assessed anemia, ID and metal exposure, and 

the association between ID and divalent metals in First Nations children and youth in the Province 

of Quebec, and possibly elsewhere in Canada. 

 

In this study, we used SEM over the conventional multiple regression analysis that allowed us to 

assess multiple determinants of ID and anemia and to compare finding from two distinct nations. 

We also favored SEM analysis in order to better understand the contribution of direct and indirect 

paths of the determinants of the outcomes. 

 

Our main finding was the high prevalence of anemia and ID among participants from both 

Anishinaabe and Innu communities involved in the JES!-YEH! Project compared to the national 

rates for children and youth, in spite of participants’ adequate iron and vitamin intakes (Cooper et 

al., 2012). Furthermore, the higher intake of juice and fruits via vitamin C were amongst the main 

contributor to increased iron stores and Hb. Traditional meat intake was similarly associated with 

higher Hb, either directly by increasing the SF in the boys participants or via vitamin C only 

observed among Anishinaabe participants in stratified models. Contrarily, inflammation was found 

to be a systematic risk factor for lower Hb levels, particularly among male participants. 

 

Similar to anemia and ID , we found that participants had on average higher blood Mn levels 

compared to levels reported for the Canadian general population for all age groups (CHMS, 2013). 

Blood Mn concentrations were not different between studied nations and no local sources of 

exposure to Mn were identified in communities involved in the project. Interestingly, blood Mn 

and Co were higher in iron depleted participants compared to iron non-deficient participants 

despite normal average Mn intake. Such high blood Mn concentrations may associate with lower 

cognitive functions, attention deficits, poor school performance and hyperactive behaviors 

(Menezes-filho et al., 2011); symptoms which are similar to those encountered with childhood ID 

the thing may raise a concern about possible clinical confusions between both conditions 

(Jáuregui-lobera, 2014). On the other hand, blood Co concentrations were below the levels 

associated with adverse health outcomes and even lower than levels reported in non-Indigenous 
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Canadians of the same age groups (CHMS, 2013). The SEM findings are showing negative 

associations between SF and blood Mn and Co, as well as with the variables associated with 

improved iron status (juice, fruits and vitamin C), these are well aligned with the initial hypothesis 

that ID upregulates divalent metals absorption and levels in circulation (Meltzer et al., 2010). 

Conversely, the non-significant associations between ID and blood Cd, Pb and plasma Zn in the 

present study is probably explained by their lower levels in the diet and/or the lower affinity of the 

metal transporters (DMT1 and Ferroportin-1) to Cd, Pb and Zn (Anne et al., 2012; Meltzer et al., 

2010). Finally, participants’ blood Cd levels of older children (12 to 19y) were higher than those 

reported in CHMS cycle 4 of the same age group, whereas, blood Pb levels were higher  in younger 

children (3-5y) than levels reported in CHMS cycle 4, but these levels were lower than the cut-off 

set in Quebec (CHMS, 2017; INSPQ, 2016). 

 

This research highlights important public health issues: anemia, ID and elevated blood Mn. All 

these may have significant negative cognitive and developmental impact on the actual youth and 

future First Nations generations (Menezes-filho et al., 2011; WHO, 2001), and that further need to 

be documented. All this helps in optimal prioritizing missions of health professionals and public 

health actors. However, by divulging these determinants of anemia and ID, our research presents 

clues for anemia and ID prevention and may assist in establishing health equity between First 

Nations children and other non-Indigenous Canadian children. 

 

Lastly, this project also meets the goals of Health Canada to provide baseline data on childhood 

health indicators and metal exposures, and to document important determinants of child health that 

has informed the design of the future pan-Canadian First Nations Children’s Health and 

Environment Study that is planned to begin in fall 2018. 

 

Strength and limitations of  the study 

The greatest advantages of such a cross-sectional study design that it offers affordable approach 

to test research hypotheses and generate new ones. Here, we envision significant internal validity 

because of the presumed appropriate methods of the evaluation of anemia and iron status. Since 

we used secondary data of the JES -YEH! pilot study that was initially designed to evaluate 

environmental contaminants, therefore, some methodological consideration other than those 
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mentioned in chapter 4 are detailed below and we suggest their thoughtful integration in future 

studies. 

 

Selection bias 

First, it is worth noting that neither the studied nations nor the studied communities were selected 

based on a random basis. Nonetheless, except for some volunteered participants (11%), the 

selection of the majority of the study participants was on a random basis. Moreover, volunteers’ 

selection was conducted in order to respect a predefined age and sex criteria. Furthermore, 

volunteer participants’ education status, a proxy of socio-economic status, was not significantly 

different from the randomly selected participants. Still, the risk of selection bias cannot completely 

be eliminated. 

 

Confounding bias 

Given the exploratory nature of our objectives 2 and 3, we used three principal SEM models, and 

sub-models stratified by sex and nations as sensitivity analysis. By default, SEM model adjust for 

all the co-variables included in the model. Potential cofounders who tested negative for 

confounding effects were removed to improve the precision of the estimate. These variables 

include education, overcrowding, housing condition and food security score for objective 2 

models, and iron and Mn intakes in objective 3 models. The education was used as a proxy to 

control for the socioeconomic status instead of direct measures household’s income. This was due 

to the fact that in the context of the current research, socioeconomic status was very difficult to 

estimate because of high unemployment rates and multiple sources of income with different 

periodicity. Therefore, a residual confounding effect may arise from inadequate estimation of 

socioeconomic status. 

 

Information bias 

The biological and anthropometric measurements were evaluated using up-to-date gold standard 

techniques in the field of population health survey (Appendix E). Assuming an adequate use of 

these tools, we expect minimal measurement errors. However, participants’ sociodemographic and 

dietary data were collected using an interviewed-administered questionnaire with parents or legal 

guardians with whom they spent most of their time (if parents were separated) for those less than 

18 years old. Young participants aged 14 to 17 years old were invited to answer the dietary 
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questionnaire, however, in several cases; they wanted their parent or legal guardian to answer for 

them. This has a limitation since parents/legal guardians do not necessarily know what their 

children eat all the time (like snacks at school – but they come for lunch at home), particularly in 

case where parents are separated. Moreover, the participants’ parents and legal guardians may 

respond in a socially acceptable way to questions that sound embarrassing for them, e.g. socio-

demographic information, food insecurity, overcrowding, other housing conditions and food 

consumption. Equally, the information extracted from children who are in shared custody with 

possible differences in the socioeconomic and housing conditions between the two parents, may 

reflect either parent’s conditions (overcrowding and housing condition questions), which may lead 

to a misclassification of information bias.  

 

In order to calculate the nutrient intake based on the FFQ, we used standardized portions of adults 

reported in other studies (2005–2009 Nituuchischaayihtitaau Aschii Multi-community 

Environment-and-Health Study in Iiyiyiu Aschii (Cree; Nieboer et al. 2013) and 2004 Qanuippitaa 

Inuit Health Survey (Rochette & Blanchet, 2004), conducted in Indigenous context, and we then 

adjusted for the child age and sex. This was meant to minimize recall bias related to portion sizes 

estimation, however, an under or overestimation of the food intake may still have occurred. 

Moreover, assessing dietary intake using FFQ is also associated with some limitations. Beside it 

is a subjective, like all questionnaires, it is highly sensitive to recall bias since we questioned the 

participants and their guardians about their traditional food consumption over the whole last year 

by season (Shim et al., 2014).  

 

Considering the important challenge of recruiting study participants in such a context, it was not 

possible to ask children to fast prior to data collection. This may have led to a higher concentration 

of serum iron as a result of a recent food intake and introduce misclassification bias of some 

participants with UA as ACI. Lastly, in the SEM analysis, the fact that latent variables were created 

to measure a specific construct may be associated with under or overestimation of the construct 

which is also provoking a risk of information bias. 
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External validity and generalization  

The sample size (n=198) of this pilot study was relatively small. Moreover, data were collected 

from a wide range of age, for both sexes and in two distinct nations. This may considerably limit 

the statistical power of this study, as evidenced by the large range of confidence intervals, 

particularly when we are dealing with sub-age groups, sex and nations rather than the total number 

of participants. Therefore, the generalizability of our results is limited to First Nations children of 

the studied communities, or to First Nations children that may have a similar profile to that of our 

study sample. 

 

 Perspective for future research 

Childhood anemia, ID and exposure to metals have elevated economic burden on the health system 

in the communities that could be avoided with lower cost of primary prevention (Nissenson et al., 

2005; Smith, 2010). In the present study, we indeed found high prevalence of anemia, ID and 

elevated blood Mn in two First Nations distinct in terms sociocultural and lifestyle and living 1500 

km apart. This underlines rather wider systematic problems affecting Indigenous communities and 

evoking important health disparities between Indigenous children and other children in Canada 

and the United States (Christofides et al., 2005; Cooper et al., 2012; Khambalia et al., 2011; 

Whalen et al., 1997; Willows, Dannenbaum, & Vadeboncoeur, 2012). Therefore, further research 

with more representative samples are warranted to replicate our results with special consideration 

on the generalization and further investigate sex-specific issues with respect to anemia and ID in 

Indigenous children. The impact of effective interventions e.g. increasing traditional meat and 

vitamin C intake from healthier sources (fruits and vegetables) other than juice needs to be 

examined. Finally, future studies could also assess the impact of measures limiting obesity, 

inflammation and infections, which are tightly linked to anemia and very prevalent in Indigenous 

context (Jamieson et al., 2016). 

 

There are some methodical issues should carefully be thought in the upcoming research with 

regards to better identifying sources of chronic inflammation in characterizing ID, dealing with 

fasting issues, properly quantifying heme and non-hem iron intake, and addressing the FFQ’s 

limitations as well as other limitations mentioned in the previous chapter. For instance, it would 

be relevant to consider using additional inflammatory biomarkers, such as alpha1-acid 
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glycoprotein in order to better assess the inflammation status (WHO, 2001). Moreover, sTfR, a 

biomarker of iron status less likely to be affected by inflammation, could also be used in 

combination with other iron status biomarkers, bearing in mind that sTfR is highly affected by 

erythropoiesis and it is less sensitive in early ID (CDC, 1998; Turgeon O’Brien et al., 2016). It 

would also be important to consider estimating Hb using complete blood counts to be able to assess 

PCV, MCV and hematocrit instead of the rapid test with hemoCue analyzer that shows higher Hb 

results in comparative studies than the regular venous complete blood count (Hinnouho et al., 

2018). It is equally required to investigate other determinants of anemia and ID such as puberty 

and menstruation, intestinal blood loss, intestinal and H. pylori infections, which were not 

considered in the research design of our pilot study that was primarily targeting environmental 

contaminants in First Nations children. These determinants are preventable risk factors for anemia 

and ID and are extremely important from a public health point of view for fighting against these 

conditions (Jamieson & Kuhnlein, 2008; Lopez et al., 2016; WHO, 2001). These study findings 

are also suggesting assessing divalent blood metal status when evaluating ID and anemia, 

particularly in Indigenous child populations were ID is often found to be prevalent (Christofides 

et al., 2005).  

 

Finally, an increasing number of studies are highlighting the importance of studying child food 

environments to better understand systemic causes of food transition and diet of poor quality in 

Indigenous context to eventually foster a healthier diet, not only individuals but also at community 

levels (Huet, Rosol, & Egeland, 2012; Kuhnlein et al., 2004). Moreover, an immediate action to 

fight underlying dietary causes of ID and anemia with early and periodic surveillance for childhood 

infections is highly recommended to restore ID, decrease anemia and blood metals excess, and 

reduce the economic burden of their societal consequences and treatment. These research results 

equally support the design, implementation, and evaluation of community-based interventions 

among Indigenous children to increase simultaneously the consumption of healthy sources of 

vitamin C and traditional meats to decrease ID and anemia and restore blood metal homeostasis. 

Lastly, our findings highlight the capital importance to consider divalent metals assessment in 

clinical practice and future population-based research assessing ID and vice versa as they are 

mutually correlated and displaying similar neurocognitive outcomes (Anne et al., 2012; Meltzer et 

al., 2010). 
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Appendix D-Total population, recruitment targets and number of participants recruited 

per age, sex and community 

 

  



 

 

  

Appendix E-Table showing study variables, measurement method 

Variable Type of variable Measurement Note 

Iron status profile 

- SF (mg/L) 

- SI (μmol/L) 

- TSAT (%) 

- SF (g/L) 

UIBC and TIBC 

(μmol/L) 

Continuous variables  

categorical 

- Iron replete 

- Iron deplete 

Laboratory based serum 

analysis (IUCPQ) 

 

Cut-off value indicated in figure 4 and 

table 4 

Hb (g/L) Continuous variables and  

Categorical as  

 - mild 

- moderate  

severe 

In situ whole blood analysis 

of Hb using an HemoCue 

analyzer 

Cut-off value indicated in table 2 

Blood Cd, Co, Mn, Pb 

and plasma Zn 

Continuous variables Laboratory serum based, 

and whole blood  

(Method M-E170 by 

IUCPQ) 

 

Log or other transformation may be 

used  

Hair Mn levels (ug/g) Continuous variable Using the first cm of hair 

from the scalp after cleaning 

levels Mn determined with 

(LC-MS-MS by IUCPQ) 

 

Demographic data 

(region) 

- Categorical 

- Abiti-

Témiscamingue 

- North-shore 

Questionnaire based Children from certain regions are at 

higher risk of developing anemia and 

ID 

Study regions reflect two different First 

Nations, with possible different 

genetics, cultural, food profiles and 

natural environments 

Sex Categorical:  

- male,  

- female 

Questionnaire based Females have higher tendencies to 

develop anemia and ID than males due 

to menstruation and childbearing1 

Age Continuous will be 

categorized according to 

CHMS age groups (3–5, 

6–11 and 12-19y) 

Questionnaire based Older children require more iron at the 

age of puberty as well as increase loss 

especially in females1 

Weight Continuous Anthropometric 

measurements (height, 

weight and waist 

circumpherence), with 

Tanita Body Composition 

Analyzer for 7 years and 

above 

Weight and height for age and sex, 

indicates general nutritional status of 

the children. Similarly, age and weight 

will be used to calculate the Body Mass 

Index (BMI) and waist to height ratio 

according to IOTF classification to 

evaluate the association of obesity and 

overweight with anemia and ID2,3,4 Height Continuous Anthropometric 

measurements 

Socioeconomic status 

and education  

Categorical: 

- Good 

- Intermediate 

- low 

 

Questionnaire based 

Proxies: parent’s education, 

income 

Individuals with lower socioeconomic 

status and poor housing conditions 

have lower resources to compete ID 

and Anemia5 

Housing conditions Categorical; 

overcrowding indicators 

(no. person/room), 

occupancy in need of 

major repair or not 

Questionnaire based 

Household hunting, 

trapping and fishing 

activities 

Dichotomous and 

continuous 

Present, absent, and 

number of hunters, 

Questionnaire based Absorbable iron depends on its 

chemical form and the composition of 

diet. Quantifying traditional and 

market food consumption, average 



 

 

  

1Loez et al. (2016); 2WHO (2001); 3Hurrell and Egli (2010);4Cole & Lobstein (2012); 5Leal et al. ( 2011)  
 

 

 

  

trappers and/or fishermen 

per household 

intakes types of food elements and iron 

absorption-enhancers and inhibitors is 

essential3. 

Dietary intakes of these elements will 

be calculated using frequency intake 

questionnaire, where their estimate in 

diet (from Health Canada, and CINE) 

will be multiplied by the amount and 

portions consumed and frequency per 

day3. 

Factors influencing access and 

availability (food security, traditional 

activities) of iron-rich foods will also 

be assessed. 

Household food 

security score 

Continuous : 0 to 6, 0 is 

more secure 

Categorical: 

- Food secure 

- Food insecure 

Questionnaire based 

Consumption of 

different types of 

traditional foods by 

season in last 12 

months 

Categorical (yes/no) 

Continuous (times/day) 

by season or for the last 

season 

Questionnaire based 

Quantifying intake of iron, 

Mn, vitamin C, calcium 

based on food frequency 

data 

Consumption of 

different types of 

market food (fruits, 

vegetables, dairy 

products, cereals, meat, 

fish) in last 3 months 

(times/day) 

Continuous  Questionnaire based 

 

Dietary intake of Mn, 

iron, Ca, vitamin C, 

vitamin A, folate, 

thiamin and vitamin B12 

(mg/day) 

Continuous: Questionnaire based: 

Quantifying intake of 

nutrients based on content 

of food item consumed 

 

May influence iron bioavailability as 

well as Mn and Pb, see sections 3.3, 

3.7, 3.8 

 

hs-CRP (mg/L) Continuous  Laboratory based  

Electrochemiluminescence 

(Method M-E170 by 

IUCPQ) 

General inflammation biomarker 

Vitamin A (μmol/L),; 

B12 (ng/L);  

Vitamin D nmol/L 

Continuous Laboratory serum based, 

and whole blood for folate: 

using 

Electrochemiluminescence 

(Method M-E170 by 

IUCPQ) 

See section 3.5 unexplained anemia 

 

 

Chronic diseases Dichotomy: 

- Present 

-  absent 

Questionnaire based Can be a risk factor for anemia or ID, 

see section 3.4  

Smoking biomarkers 

Cotinine (ng/L) 

Categorical 

- Non-exposed 

- Mildly exposed 

- Heavily 

exposed 

Urinalysis for cotinine 

levels using (LC-MS-MS by 

IUCPQ) 

 

May alter Hb levels2 
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