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Abstract

Background
Iron deficiency is the most common nutritional deficiency worldwide and premenopausal

women are at particular risk. Iron deficiency without anaemia is associated with a number
of health consequences, including impaired work performance and possible impairments
to self-perceived health and well-being, and increased fatigue. Research into iron
deficiency and possible causes, consequences and solutions could help to improve the

guality of life for many premenopausal women.

Objectives
This research aimed to investigate the causes, some of the consequences and a possible

solution to iron deficiency in premenopausal women. Objectives were to determine the
relative validity and reproducibility of an iron food frequency questionnaire (FeFFQ)
developed to identify iron-related dietary patterns; to identify the most important
determinants of suboptimal iron status and investigate the relative importance of dietary
patterns among these determinants; to determine the relationship between iron status and
self-perceived health, well-being and fatigue; and to investigate the effectiveness of a
dietary intervention using an iron-fortified breakfast cereal and milk consumed with either
high or low ascorbic acid, lutein and zeaxanthin-rich fruit to improve iron status in women

with low iron stores.

Method

In a validation study, premenopausal women (n=115) completed the FeFFQ twice, one
month apart to assess reproducibility and a four-day weighed diet record (4DDR) to
assess validity. Dietary patterns from both FeFFQs and the 4DDR were identified using
factor analysis and agreement between diet pattern scores were compared using
correlation coefficients, Bland and Altman analysis, cross-classification and the weighted
K- statistic. In a cross-sectional study, 375 premenopausal women completed the FeFFQ
(from which dietary patterns were identified) and a dietary practices questionnaire. They
also completed a health and demographic questionnaire including questions regarding
possible determinants of iron status, as well as a validated blood loss questionnaire. In a
second cross-sectional study, 233 female university students completed the SF-36v2
General Health Survey and Multidimensional Fatigue Symptom Inventory-Short Form

(MFSI-SF) questionnaire to investigate self-perceived health, well-being and fatigue. In



both cross-sectional studies, a blood sample was taken to determine iron status (serum
ferritin (SF), haemoglobin (Hb), C-reactive protein (CRP)). In a randomised controlled trial
(RCT), 69 women with low iron stores (SF<25ug/L, Hb=115g/L) received an iron-fortified
breakfast cereal (16 mg iron as ferrous sulphate) meal and either kiwifruit (intervention) or
banana (control) every day for 16 weeks. Iron status (SF, Hb, CRP, and soluble

transferrin receptor) was assessed at baseline and end.

Results

Two dietary patterns (‘healthy’; ‘sandwich & drinks’) were identified from the FeFFQs and
4DDR. Correlation coefficients between the FeFFQ and 4DDR diet pattern scores
(validity) were 0.34 (‘healthy’), and 0.62 (‘sandwich & drinks’), both P<0.001. Correlation
coefficients between the two FeFFQs (reproducibility) were 0.76 for both dietary patterns
(P<0.001). Determinants of suboptimal iron status (SF<20pg/L) included blood donation
in the past year (odds ratio (OR) 6.7, [95% confidence interval (Cl) 3.1, 14.7]; P<0.001),
being Asian (5.2 [2.4, 11.2]; P<0.001), having children (2.7 [1.4, 5.3]; P=0.003), previous
iron deficiency (2.1 [1.1, 3.9]; P=0.027), longer duration of menstrual period (1.3 [1.1, 1.6];
P=0.01), and following either a ‘milk & yoghurt’ (1.4 [1.1, 1.9]; P=0.014), or a ‘meat &
vegetable’ (0.6 [0.4, 0.8]; P=0.002) dietary pattern. Current iron status was not a
determinant of self-perceived health, well-being or fatigue after controlling for other
variables. In the RCT, iron status improved significantly (P<0.001) in the kiwifruit group
(SF from baseline to end (median [25", 75" percentile]) (17.0 [10.5, 22.0]ug/L to 25.0
[20.0, 32.0]ug/L; P<0.001)) compared to the banana group (16.5 [10.0, 20.8]ug/L to 17.5
[12.3, 22.8)]ug/L; P=0.086).

Conclusions

The FeFFQ was found to be a reproducible and reasonably valid tool for identifying iron-
related dietary patterns. Following a ‘meat & vegetable’ dietary pattern reduced the risk,
while following a ‘milk & yoghurt’' dietary pattern increased the risk of suboptimal iron
status. The strongest predictors of suboptimal iron status were blood donation and Asian
ethnicity, followed by parity and previous iron deficiency. Both dietary patterns were
stronger predictors of suboptimal iron status than duration of menstrual period. Iron status
had no effect on self-perceived health, well-being or fatigue. Consumption of an iron-
fortified breakfast cereal with kiwifruit compared to banana improved iron status in women

with low iron stores. Modification of dietary patterns and blood donation practices, as well



as the consumption of an iron-fortified breakfast cereal with an ascorbic acid, lutein,

zeaxanthin-rich fruit may contribute to improved iron status in women with low iron stores.
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CHAPTER 1

Introduction



1 Introduction

Iron deficiency is the most common nutritional deficiency worldwide (Food and Agricultural
Organization of the United Nations/World Health Organization 2004). The World Health
Organization has ranked anaemia caused by iron deficiency as one of the top ten most
important factors contributing to the global burden of disease (McLean et al 2008). It is
estimated that 42% of all women in developing countries are anaemic (World Health
Organization 2001) (half of which is due to iron deficiency) (Zimmermann and Hurrell
2007), with 2.5 times the number of women with iron deficiency anaemia suffering from
non-anaemic iron deficiency (World Health Organization 2001). Iron deficiency is also
common in developed countries such as New Zealand, with the 2008/2009 National Adult
Nutrition Survey showing 12.1% of women aged 31-50 years had iron deficiency and

6.3% had iron deficiency anaemia (University of Otago and Ministry of Health 2011).

Iron deficiency falls on a continuum ranging from low iron stores (reduced serum ferritin
concentration) to iron deficiency anaemia (reduced serum ferritin and haemoglobin
concentrations). The assessment of an individual's iron status prior to the development of
iron deficiency anaemia is challenging due to a number of factors. These include the
range of biochemical indices available to assess iron status, varying terminology and cut-
off values for these biochemical indices at each stage of iron deficiency, and confounding

factors which affect some of these indices (e.g. day-to-day variability and infection).

While the effects of iron deficiency anaemia on health are well known, less is known about
the effects of non-anaemic iron deficiency. Further research is needed in this area due to
the large number of women who are affected by non-anaemic iron deficiency. As these
women are particularly vulnerable to iron deficiency anaemia, it is important that causes

and possible solutions to iron deficiency are also investigated.

2 Causes of iron deficiency

A number of factors contribute to iron deficiency and iron deficiency anaemia, including
genetics, infections (e.g. malaria), increased requirements (e.g. growth and pregnancy),

inadequate intake or absorption of dietary iron, and iron losses via desquamated skin,



gastrointestinal cells, sweat, urine and blood loss (Coad and Conlon 2011). In women
living in developed countries, dietary intake and blood loss through menstruation and the

donation of blood are thought to be major contributing factors (Heath et al 2001b).

2.1 Dietary intake and iron status

A number of cross-sectional studies have investigated associations between dietary
intake and iron status. However, the results of these studies have been inconsistent. For
example, in young women a negative association between calcium intake and iron status
has been observed in some (Galan et al 1998, Rangan et al 1997), but not all cross-
sectional studies (Brussard et al 1997, Heath et al 2001b, Pynaert et al 2009).

Most studies investigating dietary determinants of iron status have focussed on individual
foods and nutrients, which has several limitations relevant to iron nutrition. In most cases,
people do not eat foods (e.g. meat) alone, but as meals consisting of a range of foods and
nutrients that may interact (Hu 2002, Newby and Tucker 2004). For example, iron
absorption is enhanced by ascorbic acid (Diaz et al 2003) and an unidentified factor in
meat, fish and poultry (Hurrell et al 2006), while phytic acid (Hurrell et al 2003),
polyphenols (Hurrell et al 1999) and calcium (Benkhedda et al 2010) all inhibit iron
absorption. Due to the number of foods and nutrients affecting iron absorption it makes
sense to consider the whole diet when assessing associations between dietary intake and
iron status. Other reasons for considering the whole diet are the possibility that the small
effects on iron status of individual foods and nutrients may not be detected (Hu 2002,
Newby and Tucker 2004), the high levels of inter-correlation between some nutrients (e.g.
calcium and phosphorus) making it difficult to investigate these nutrients separately (Hu
2002, Newby and Tucker 2004), and statistically significant associations that may occur
by chance when a number of foods and nutrients are analysed independently (Farchi et al
1989, Hu 2002). Single nutrient analysis may also be confounded by the effect of dietary
patterns (Hu 2002). For example, the inhibiting effect of phytic acid (in whole grain breads
and cereals) on iron absorption (Siegenberg et al 1991), may be reduced if consumed
with ascorbic acid-rich fruit and vegetables as part of a ‘healthy’ dietary pattern.



2.2 Dietary patterns, practices and iron status

The limitations described for single foods and nutrients when investigating associations
between dietary intake and iron status may be overcome by the use of dietary pattern
analyses. Dietary patterns derived empirically (e.g. using factor or cluster analysis) are an
emerging area of research (Hu 2002, Newby and Tucker 2004), and consider how foods
and beverages are consumed in the diet as a whole. Public health messages
emphasising dietary patterns as opposed to individual foods and nutrients may be easier
for the general public to understand (Hu 2002, Newby and Tucker 2004). Surprisingly,
very little research has been undertaken to investigate associations between dietary
patterns and iron status. One study in China found anaemia was positively associated
with ‘traditional’ and ‘sweet tooth’ dietary patterns, and negatively associated with a
‘healthy’ dietary pattern (Shi et al 2006). However, the cause of anaemia was not
determined, so it was not known if and how many participants were also iron deficient. In
Norway, a ‘reindeer meat’ dietary pattern was associated with higher serum ferritin
concentrations (Broderstad et al 2011). In this study, haemoglobin concentrations were
not determined, meaning the severity of iron deficiency was not known. One of the
limitations of both of these studies was that in addition to diet, only a limited range of
factors that might impact on iron status were considered. Blood loss (e.g. through
menstruation and blood donation) as a contributing factor to iron status, was not

investigated.

While dietary pattern analysis describes combinations of foods consumed in the diet as a
whole, it is also important to investigate dietary practices such as the consumption of
foods and beverages in the same meal, as iron absorption is affected by the simultaneous
consumption of other foods (Gleerup et al 1993, Gleerup et al 1995). Only a few studies
have considered the association between iron status and combinations of foods and
beverages eaten at mealtimes (Mennen et al 2007, Razagui et al 1991, van de Vijver et al
1999). In one study of 15 institutionalised women, those with a serum ferritin <12pg/L had
a higher tea and lower ascorbic acid intake at meals (Razagui et al 1991). However, other
studies have found no association between iron status and timing of calcium intake (van
de Vijver et al 1999), or between iron status and whether tea was consumed with or in

between meals (Mennen et al 2007).



As a number of components in food affect iron absorption, the investigation of dietary
patterns and practices offers a novel and potentially powerful methodology of assessing
associations between dietary intake and iron status in premenopausal women. However,
it is also necessary to consider the relative importance of dietary patterns and practices in
the context of other determinants of iron deficiency such as blood loss and ethnicity. By
identifying determinants of iron status, they will be able to be targeted in the prevention

and treatment of iron deficiency.

2.3 Assessment of dietary intake

In order to determine dietary patterns in premenopausal women, accurate dietary intake
data are needed. Traditional gold standard methods of dietary analysis, such as food
records, involve considerable participant and researcher burden (Heath et al 2000). Food
frequency questionnaires (FFQs) are commonly used to identify dietary patterns
(Broderstad et al 2011, Shi et al 2006). As well as lower participant and researcher
burden, FFQs can summarise dietary intake over a longer period of time and therefore

may be better able to describe habitual dietary intake (Crozier et al 2008).

While a number of FFQs have been developed to assess dietary intake of iron-rich food
sources and or factors affecting iron bioavailability (Heath et al 2000, Heath et al 2005,
Matthys et al 2004, Zhou et al 2005), no FFQs have been developed to investigate iron-
related dietary patterns. An iron FFQ (FeFFQ) which groups foods according to their iron
content, and their potential impact on iron absorption would be of benefit in identifying

dietary patterns associated with iron status.

It is important that FFQs are validated against more accurate methods of dietary
assessment such as food records to ensure they measure what they are intended to
measure (Cade et al 2004). However, only a handful of studies have investigated the
validity of an FFQ used to identify dietary patterns using factor analysis (Ambrosini et al
2011, Crozier et al 2008, Hu et al 1999, Khani et al 2004, Nanri et al 2012, Okubo et al
2010, Togo et al 2003), and only three of these studies have considered the
reproducibility of dietary patterns by comparing the FFQ with the same FFQ completed at
a later date (Hu et al 1999, Khani et al 2004, Nanri et al 2012). The FFQs used in studies
investigating dietary patterns and iron status (Broderstad et al 2011, Shi et al 2006) do not



appear to have been validated for foods, nutrients or dietary patterns. If validity and
reproducibility can be demonstrated, an FeFFQ would be of particular use for determining

how dietary patterns impact on iron status.
3 Consequences of iron deficiency

Iron deficiency is associated with a number of consequences including anaemia.
Anaemia is associated with weakness, reduced work tolerance, impaired cognitive
development and eventual heart failure (Food and Nutrition Board: Institute of Medicine
2001, MacPhail 2007), and in pregnancy with prematurity, low birth weight and increased
maternal and infant mortality (Food and Nutrition Board: Institute of Medicine 2001). Iron
deficiency without anaemia is likely to be associated with decreased physical work
capacity (Zhu and Haas 1997) and deficits in cognitive function (Murray-Kolb and Beard
2007), although this remains controversial. The research is not clear regarding the effects
of non-anaemic iron deficiency on self-perceived health, well-being and fatigue (Duport et
al 2003, Fordy and Benton 1994, Grondin et al 2008, Mansson et al 2005, Patterson et al
2000, Patterson et al 2001a, Rangan et al 1998, Verdon et al 2003).

An individual’'s perception of their own health and well-being is increasingly being
recognised as an important indicator of health status. Fatigue is a common concern of
women visiting their general practitioner (Ridsdale et al 1993) and is often attributed to
iron deficiency (Patterson et al 2000). One group who may be at risk of both iron
deficiency and fatigue are students due to diets low in energy (Hendricks et al 2004), and
possibly limited finances, time pressures and making the transition from home to

independent living.

In previous studies investigating the relationship between iron status and quality of life,
iron status has been determined using a range of biochemical indices and cut-off points
(Duport et al 2003, Fordy and Benton 1994, Grondin et al 2008, Mansson et al 2005,
Patterson et al 2001a, Rangan et al 1998, Verdon et al 2003), or through self-reporting of
previous iron deficiency (Patterson et al 2000). In some studies, participants have known
their iron status prior to completing questionnaires on health, well-being, and fatigue
(Patterson et al 2000, Patterson et al 2001a), which may have influenced their responses.

Various tools have been used to measure self-perceived health, well-being and fatigue.



For example, the SF-36v2 Health Survey (SF-36 questionnaire) is one of the most
extensively validated and used generic tools for measuring quality of life (Contopoulos-
loannidis et al 2009) and has previously been used to measure associations between iron
status and quality of life (Grondin et al 2008, Patterson et al 2000, Patterson et al 2001a).
The Multidimensional Fatigue Symptom Inventory-Short Form (MFSI-SF) is able to
measure several dimensions of fatigue (Lim et al 2005), has good psychometric properties
(Stein et al 2004, Whitehead 2009), contains no reference to disease (Dittner et al 2004),
and does not assume the presence of fatigue (Stein et al 2004). However, the MFSI-SF
has not previously been used to investigate the relationship between iron deficiency and
fatigue. As female students are likely to be vulnerable to both iron deficiency and fatigue,
it is important that this relationship is further investigated using tools such as the SF-36

guestionnaire and the MFSI-SF while participants remain unaware of their iron status.
4 Solutions to iron deficiency

Iron deficiency is often treated through dietary intervention, including the addition of
fortified foods to the diet (Hurrell et al 2004) or by improving the bioavailability of iron
within meals (Rossander-Hulthen and Hallberg 1996). However, only a few studies have
investigated the long-term effect of diet on iron status (Heath et al 2001a, Patterson et al
2001b). As well as improving iron status, dietary interventions should be realistic and able
to be incorporated into daily life. This is not always easy to achieve. For example, in a
dietary intervention study where women received intensive counselling to improve the iron
bioavailabilty of their diet, they were only able to increase their intake of meat by 31g per
day (Heath et al 2001a). In another intervention study, despite participants being given
detailed advice on how to improve the iron bioavailability of their diet, they were unable to

significantly change their intake of iron, ascorbic acid or phytate (Patterson et al 2001b).

Ascorbic acid is the best known enhancer of iron absorption (Cook and Monsen 1977,
Diaz et al 2003). Paradoxically, studies investigating the effect of consuming ascorbic
acid with meals have shown little or no effect on iron status (Cook et al 1984, Garcia et al
2003, Hunt et al 1990, Hunt et al 1994, Kandiah 2002, Malone et al 1986). However, in
these studies ascorbic acid has been added to meals containing limited amounts of iron,

meaning ascorbic acid may not be able to exert its effect on iron absorption. Further



limitations of these studies have included the use of participants with normal iron stores

(who absorb less iron), small sample sizes, and studies of short duration.

As breakfast is a relatively easy meal to make changes to (i.e. involves replacing one
breakfast item for another), consuming an iron-fortified breakfast cereal with gold kiwifruit
(high in ascorbic acid) may be a practical and realistic dietary intervention to incorporate
into everyday life. Kiwifruit are also high in the carotenoids, lutein and zeaxanthin. These
carotenoids have recently been shown to enhance iron absorption when added to a
wheat-based breakfast meal (Garcia-Casal 2006). A food-based approach offers a
potentially sustainable method of addressing iron deficiency (World Health Organization
2001), and may provide other nutritional benefits compared with nutrient supplementation

alone.

For these reasons, it would be beneficial to determine whether consuming an iron-fortified
breakfast cereal with gold kiwifruit improves iron status in healthy women with low iron

stores.

5 Study aim and objectives

The aim of this research is to investigate the causes, some of the consequences and a

possible solution to iron deficiency in premenopausal women.

The objectives of this research are to:

- Investigate the relative validity and reproducibility of a FeFFQ specifically designed

to identify iron-related dietary patterns in premenopausal women.

- Investigate the dietary patterns and practices of premenopausal women in relation

to risk of suboptimal iron status.

- Investigate the relative importance of dietary patterns and non-dietary factors

associated with suboptimal iron status in premenopausal women.



- Determine the relationship between iron depletion and self-perceived health, well-

being and fatigue in a female university student population.

- Investigate whether consuming a high versus low ascorbic acid, lutein, zeaxanthin-
rich fruit (gold kiwifruit versus banana) with an iron-fortified breakfast cereal and

milk every day for 16 weeks improves iron status in women with low iron stores.

6 Study hypotheses

Hypothesis 1: The FeFFQ will be a valid and reliable tool for the assessment of food

groups and iron-related dietary patterns.

Hypothesis 2: Certain dietary patterns will increase or decrease the risk of suboptimal

iron status in premenopausal women.

Hypothesis 3: These dietary patterns will still be significant predictors of suboptimal
iron status when other potential determinants of iron status (e.g. blood loss) are

controlled for.

Hypothesis 4: The self-perceived health and well-being will be lower and fatigue will

be higher in iron depleted compared with iron sufficient female university students.

Hypothesis 5: The consumption of an iron-fortified breakfast cereal and gold kiwifruit
(high in ascorbic acid, lutein and zeaxanthin) every day for 16 weeks will improve iron

status in women with low iron stores.

7 Structure of thesis

This thesis begins with a review of the literature focusing on the causes, consequences
and possible solutions to iron deficiency in young women. This is followed by five
manuscripts presenting the results of this research. As each study is presented in the
form of a manuscript suitable for publication, there may be some repetition throughout the

thesis. The first study investigated the relative validity and reproducibility of a FeFFQ



specifically designed to identify iron-related dietary patterns in premenopausal women
(chapter three). The second study explored the dietary patterns and practices of
premenopausal women in relation to risk of suboptimal iron status (chapter four). This
was followed by a third study which investigated the relative importance of dietary patterns
and non-dietary factors associated with suboptimal iron status in premenopausal women
(chapter five). The fourth study considered the relationship between iron depletion and
self-perceived health, well-being and fatigue in a female university student population
(chapter six). The final study investigated whether consuming high versus low ascorbic
acid, lutein, zeaxanthin-rich fruit (gold kiwifruit versus banana) with an iron-fortified
breakfast cereal and milk every day for 16 weeks improved iron status in women with low
iron stores (chapter seven). The source of participants for the various studies are shown
in figure 1.1. The thesis is concluded with a discussion which brings together the main
results observed including their significance and relevance, and methodological strengths

and limitations. Final conclusions are drawn bringing the thesis to a close.

Validation
Chapter 3
Females 18-44 years
n=116

Overall recruitment

Females 18-44 years
n=623

Dietary patterns & iron . .
status/determinants of Well-being & fatigue
iron status Chapter 6 Chapter 7

Chapters 4 & 5 Students SF<25ug/L, Hb<120g/L
n=404 n=283 n=89

Breakfast cereal & fruit

Figure 1.1. Source of participants for the various studies
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CHAPTER 2

Review of the literature



1 Introduction

Iron deficiency is the most common nutritional deficiency worldwide and is a major public
health concern. There is a wealth of literature available on iron nutrition ranging from
studies on the cellular mechanisms of iron absorption through to dietary interventions in
humans aimed at addressing iron deficiency. However, controversy and questions remain
regarding aspects related to the causes and consequences of, and possible solutions to

iron deficiency.

Much of what we understand regarding the role and physiology of iron in the body comes
from in vitro studies and experiments in animals. This work and findings from human
studies, including national nutrition surveys have been used to inform Recommended
Dietary Intakes (RDIs) for iron. These will be reviewed in both the New Zealand and

global context.

An important step in investigating iron deficiency is the clarification of the stages and
biochemical measures of iron deficiency. This will enable an in-depth review of the
prevalence of iron deficiency in New Zealand and in specific population groups.

Although the consequences of iron deficiency anaemia have been comprehensively
investigated, less is known about the consequences of non-anaemic iron deficiency, and
the impact of non-anaemic iron deficiency on self-perceived health, well-being and fatigue

is controversial. This will be examined.

Both dietary and non-dietary factors that may contribute to iron deficiency will be
investigated. This will include the available evidence regarding the impact of dietary
factors on iron absorption, and results from cross-sectional and intervention studies

investigating factors associated with or affecting iron status.

The advantages and limitations of possible solutions to iron deficiency will be discussed.
The focus will be on dietary solutions to iron deficiency, including the efficacy of iron

fortification and ascorbic acid in improving iron status.
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Finally, the literature review will investigate various methods of assessing dietary intake
related to iron. This will include a review of dietary pattern analysis, the development of
food frequency questionnaires (FFQs), and ways to assess the validity and reproducibility
of FFQs. Previous work regarding the validity and reproducibility of FFQs designed to

assess dietary patterns will be reviewed.
2 Therole of ironin the body

Prior to investigating the causes, consequences and possible solutions to iron deficiency it

is important to understand the role of iron in the body.
2.1 Iron distribution

The human body contains 2 to 4g of iron (Bothwell et al 1979). Women have less iron in
the body than men due to smaller erythrocyte mass and iron stores (Food and Nutrition
Board: Institute of Medicine 2001), and are more vulnerable to iron deficiency (McLean et
al 2008). The majority of iron in the body (60-70%) is found in haemoglobin (Hb) in red
blood cells. Approximately 10% is found in the myoglobin of muscles. The remaining iron
is stored as ferritin and haemosiderin in the liver (20-30%), incorporated into iron
containing enzymes (approximately 1%), and bound to transferrin, a transport protein in
the blood (<0.2%) (Scientific Advisory Committee on Nutrition 2010).

2.2 Functions of iron

Iron has several vital roles within the body. Haemoglobin carries oxygen from the lungs to
the body’s tissues, while myoglobin is important for the storage and use of oxygen in
muscles. Iron exists in two valency states: the reduced ferrous form (Fe?) and the
oxidised ferric form (Fe®*"). Iron is able to accept or donate electrons, meaning iron is an
efficient catalyst for electron transfer and free radical reactions (Scientific Advisory
Committee on Nutrition 2010). The reactivity of iron also means iron is potentially toxic.
Several iron-containing enzymes are involved in oxidative phosphorylation, while others

are involved in the detoxification of foreign substances in the liver, synthesis of steroid
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hormones and bile acids, and signaling by some neurotransmitters (Food and Agricultural
Organization of the United Nations/World Health Organization 2004).

2.3 Iron metabolism

Iron metabolism is a fine balance between meeting the body’s requirements for iron, while
minimising the risk of iron toxicity. lron absorption occurs in the small intestine, mainly in
the duodenum (Gitlin and Cruchaud 1962, Muir and Hopfer 1985). Figure 2.1 illustrates

iron absorption in an individual enterocyte for a healthy individual.
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Figure 2.1. lron absorption in an individual enterocyte (Donovan et al 2005)
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Microvilli on the intestinal mucosal cell (enterocyte) form a brush border increasing the
surface area available for the absorption of nutrients (Donovan et al 2005). Non-haem
and haem iron enter the enterocyte by two separate pathways. It is thought that the haem
carrier protein 1 (HCP1) transports haem iron into the enterocyte (Shayeghi et al 2005).

Inside the enterocyte, haem oxygenase degrades haem iron to release ferrous iron.

Non-haem iron is transported into the enterocyte by Divalent Metal Transporter 1 (DMT1).
Most dietary iron enters the duodenum as insoluble ferric iron (Fe**) and is reduced to the
more soluble ferrous iron (Fe*) by the brush border ferric reductase, duodenal
cytochrome B reductase (DcytB) (McKie et al 2001), or other reducing agents (e.g.
ascorbic acid) prior to being transported into the enterocyte (Zimmermann and Hurrell
2007).

Once inside the enterocyte, the ferrous (Fe®") iron from all dietary sources enters a
common labile iron pool (Scientific Advisory Committee on Nutrition 2010). Iron is either
stored as ferritin, and lost from the body when the enterocyte is sloughed off into the gut
lumen or transported across the basolateral membrane into the circulation by ferroportin
(Wang and Pantopoulos 2011). The ferrous iron (Fe?") is oxidised to ferric iron (Fe®*") by
hephaestin, a membrane bound protein (Frazer et al 2001). Once released from the
enterocyte, the iron binds with the iron transport protein, transferrin (Wang and
Pantopoulos 2011). Transferrin transports iron to the liver for storage or to the bone
marrow for the production of haemoglobin in red blood cells (MacPhail 2007). Transferrin
binds to specific transferrin receptors (TfR1), enabling cellular uptake by endocytosis
(Donovan et al 2005). Acidification of the endocytic vesicle via a proton pump causes iron
to be released from the transferrin (Wang and Pantopoulos 2011). The transferrin
receptor complex is cycled back to the cell surface where the apo-transferrin is released
back into the circulation (MacPhail 2007).

At the end of their lifespan, red blood cells are cleared by macrophages of the reticulo-
endothelial system (Wang and Pantopoulos 2011). The iron is either stored in ferritin or
as haemosiderin or binds with transferrin and is returned to the circulation (MacPhail
2007) Most (90%) of iron entering the circulation comes from recycled red blood cells,

rather than dietary iron (Coad and Conlon 2011).
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Only a small amount of iron is lost from the body, which must be replaced by the
absorption of dietary iron. This blood loss occurs through the surface cells of the skin,
gastrointestinal and urinary tract (approximately 1mg/day), and through blood loss
including menstruation (approximately 0.5mg/day over a 28 day cycle) (Food and

Agricultural Organization of the United Nations/World Health Organization 2004).

2.4 Regulation of iron absorption

Approximately half the variance in iron absorption is affected by an individual's iron status
and dietary factors (Reddy et al 2000), with hepcidin and other genetic or physiologic
factors accounting for the remaining variation (Zimmermann et al 2010). Iron deficiency
stimulates duodenal expression of DMT-1, Dcytb and ferroportin, and increases iron
absorption (Collins et al 2005, Hallberg et al 1997, McKie et al 2001, Zimmermann and
Hurrell 2007). Transferrin receptors on cell surfaces in the body that require iron increase
during iron deficiency (Hulthen et al 1995), particularly on rapidly proliferating cells such

as red blood cell precursors and the placenta (Aisen 2004).

Hepcidin, an antimicrobial peptide produced by the liver inhibits both the absorption of iron
through the small intestine (Young et al 2009), and release of iron from macrophages and
other cell types (Ganz 2005). Hepcidin binds to ferroportin resulting in its internalisation
and subsequent degradation (Nemeth et al 2004). The production of hepcidin increases
when iron stores are adequate and decreases when iron stores are low (Donovan et al
2005). Hepcidin concentrations also increase during infection and inflammation, resulting
in sequestration of iron which deprives pathogens of iron and inhibits their proliferation
(Nairz et al 2010). In HFE-associated haemochromatosis, hepcidin is lacking or
unavailable (Bridle et al 2003), resulting in increased ferroportin and increased transport
of iron out of the enterocyte (Donovan et al 2005). The physiological, genetic and dietary
factors affecting iron absorption will be discussed further in section five.
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3 Stages and prevalence of iron deficiency

3.1 Stages of iron deficiency

Iron deficiency follows a continuum ranging from low iron stores to iron deficiency
anaemia. Three stages are commonly referred to — iron depletion, iron deficient
erythropoiesis (non-anaemic iron deficiency) and iron deficiency anaemia (Gibson 2005b)
(see Table 2.1). However, the terminology and cut-off values for the biochemical

measures of each of these stages often vary.
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Table 2.1. Stages in the development of iron deficiency and overload (Coad and Conlon 2011, Gibson 2005b,

Herbert 1987, Lee and Nieman 2010a)

Iron Normal Iron Non- Iron
overload depletion anaemic deficiency
iron anaemia
deficiency
Total iron binding capacity (ug/dL) <300 330+30 360 390 410
Serum ferritin (ug/L) >300 100+60 20 10 <10
Iron absorption (%) >15 5-10 10-15 10-20 10-20
Serum iron (pg/dL) >175 115450 115 <60 <40
Transferrin saturation (%) >60 35+15 30 <15 <15
Soluble transferrin receptors Low Normal Normal High High
Zinc/erythrocyte protoporphyrin 30 30 30 100 200
(Mg/dL)
Haemoglobin (g/L) 120-160 120-160 120-160 120-160 <120
Erythrocytes Normal Normal Normal Normal Microcytic

Hypochromic

Iron depletion is characterised by a progressive reduction of storage iron in the liver,
reflected by a fall in serum ferritin (SF) concentrations (<20ug/L) (Gibson 2005b). The
second stage (non-anaemic iron deficiency) is characterised by an exhaustion of iron
stores, further decreases in serum ferritin concentration, a decrease in serum iron and an
elevation in total iron-binding capacity, resulting in a fall in transferrin saturation (TS)
(<15%).

supply of iron is no longer adequate for haem synthesis (Gibson 2005b). An increase in

At the same time, zinc protoporphyrin concentrations increase because the

soluble transferrin receptor (STfR) concentration occurs, reflecting a reduction in tissue
iron stores, where the supply of iron is unable to meet the demands required. In iron
deficiency anaemia, iron dependent functions, such as erythropoiesis become impaired,
leading to a decrease in haemoglobin (Hb) (<120g/L for females) (Gibson 2005b). In
established iron deficiency anaemia, the red cells become small (microcytic) and pale

(hypochromic) and oxygen transport to the cells is compromised (MacPhail 2007).
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3.2 Measuring iron status

It is recommended that a combination of biochemical measures be used to measure an
individual's iron status, with two or more abnormal values indicating impaired iron status
(Gibson 2005b). Haemoglobin is a marker of iron deficiency anaemia when used with
other measurements of iron status (World Health Organization/Centres for Disease
Prevention and Control 2007). As red blood cell synthesis is protected at the cost of other

iron functions, haemoglobin falls only in the later stages of iron deficiency.

Serum ferritin concentration is the only measure of iron status which assesses a
continuum of iron status, including low, normal and excess iron levels. However, both
serum ferritin and hepcidin are acute phase reactants and so increase during infection
and inflammation (Hulthen et al 1998). The increase in hepcidin inhibits the release of
iron from macrophages and results in sequestration of iron, possibly leading to iron
deficiency erythropoiesis, and if inflammation is chronic, to anaemia of chronic disease
(Zimmermann and Hurrell 2007). Distinguishing between anaemia of chronic disease and
iron deficiency anaemia can be difficult, as the increased serum ferritin concentration
observed during inflammation can occur in the presence of depleted iron stores and iron
deficiency anaemia (World Health Organization/Centres for Disease Prevention and
Control 2007). C-reactive protein (CRP) can be used to identify possible inflammation,
however it is not known to what extent an increase in CRP invalidates the ability of serum
ferritin to correctly identify iron deficiency (Zimmermann and Hurrell 2007). It has been
suggested that other markers such as a;-acid glycoprotein (AGP) should be used in
combination with CRP to detect inflammation as AGP increases later in infection and

remains elevated for longer (Thurnham et al 2010, Wieringa et al 2002).

The concentrations of soluble transferrin receptors, the proteolytic product of cellular
transferrin receptors, are a marker of iron deficient erythropoiesis (Baynes 1996). As iron
supplied to the body'’s tissues is reduced, the concentration of soluble transferrin receptor
increases independently of the presence of adequate iron stores. During the treatment of
iron deficiency, soluble transferrin receptor concentrations decrease before changes in
haemoglobin occur (World Health Organization/Centres for Disease Prevention and
Control 2007). The ratio of soluble transferrin saturation to serum ferritin falls on a

continuum ranging from normal to tissue iron deficiency and iron deficiency anaemia

27



(Lynch 2011a). In countries where chronic inflammation is not endemic, a reduction in
this ratio provides a more specific and sensitive indicator of worsening iron status than
either measure alone (Baynes 1996, Lynch 2011b). Recent studies have shown the
soluble transferrin receptor to serum ferritin ratio to be a reliable indicator of iron status in
females of child-bearing age (Cogswell et al 2009, Lin et al 2008). Because soluble
transferrin receptor expression is not affected by infection, soluble transferrin receptor
may be useful in identifying individuals with iron deficiency anaemia versus anaemia due
to chronic disease (Gibson 2005b). However, the expression of soluble transferrin
receptor also increases when requirements for iron are high (e.g. growth, erythropoiesis,
some malignancies). Therefore in some situations, soluble transferrin receptor may not
be suitable for the detection of anaemia of chronic disease (Scientific Advisory Committee
on Nutrition 2010, World Health Organization/Centres for Disease Prevention and Control
2007). The use of soluble transferrin receptor concentration is also limited by its cost
(Zimmermann and Hurrell 2007) and a lack of a standard assay and reference method

(World Health Organization/Centres for Disease Prevention and Control 2007).

3.3 Prevalence of iron deficiency

Anaemia is a global health concern affecting 24.8% of the population, with iron deficiency
being the primary cause (McLean et al 2008, World Health Organization and Centers for
Disease Control and Prevention Atlanta 2008). Iron deficiency and anaemia caused by
iron deficiency are problematic in both developing and developed countries. The
prevalence of anaemia worldwide is highest in preschool children (47.4%), preghant
women (41.8%), and non-pregnant women (30.2%) (McLean et al 2008). Data from the
United States National Health and Nutrition Examination Survey (NHANES) 2003-2004
and 2005-2006) found 11.0% of women aged 20 to 49 years were iron deficient (22 of 3
abnormal concentrations of SF (<16.5ug/L), TS (<15%) or erythrocyte protoporphyrin
(>1.24nmol/L red blood cells (RBCs)) and 4.7% had iron deficiency anaemia (Hb<120g/L
in addition to iron deficiency criteria) (Cogswell et al 2009). In the United Kingdom, 8-16%
of women aged 19 to 49 years had a serum ferritin concentration of <15pug/L, and 18-30%
had a serum ferritin concentration of <20ug/L (Ruston et al 2004).
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3.3.1 Iron deficiency in young women living in New Zealand

Studies undertaken in New Zealand investigating the iron status of young women are
summarised in Table 2.2. These studies are difficult to compare due to the different cut-
offs and terminology used to define iron depletion, non-anaemic iron deficiency and iron

deficiency anaemia.

The 2008/2009 New Zealand National Adult Nutrition Survey found females aged 31 to 50
years were most at risk - 12.1% had iron deficiency (SF<12ug/L, zinc
protoporphyrin>60umol/mol, Hb=120g/L) and 6.0% had iron deficiency anaemia
(SF<12pg/L, zinc protoporphyrin>60umol/mol, Hb<120g/L) (University of Otago and
Ministry of Health 2011). For women aged 19 to 30 years, 5.2% had iron deficiency and
1.2% had iron deficiency anaemia. The New Zealand National Adult Nutrition Surveys
found that in women aged 18 to 50 years, the prevalence of iron deficiency increased from
2-3% in 1997 (Russell et al 1999) to 5.2-12.1% in 2008/2009 (University of Otago and
Ministry of Health 2011). In other New Zealand studies, iron depletion (SF<20ug/L) was
found in 23% of women aged 18 to 44 years (Heath et al 2001b) and 15.6% of women
aged 21 years (Fawcett et al 1998).
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Table 2.2. Studies investigating the iron status of New Zealand females

Author

Participants

Iron status of participants

University of
Otago and
Ministry of
Health (2011)

New Zealand National
Adult Nutrition Survey,
240 females, 19-30y

5.2% - ID (SF<12ug/L, zinc protoporphyrin >60umol/mol)
1.2% - IDA (SF<12ug/L, zinc protoporphyrin>60umol/mol,
Hb<120g/L)

University of

New Zealand National

12.1% - ID (SF<12pug/L, zinc protoporphyrin >60umol/mol)

Otago and Adult Nutrition Survey, 6.3% - IDA (SF<12ug/L, zinc protoporphyrin >60umol/mol,
Ministry of 508 females, 31-50y Hb<120g/L)
Health (2011)
Heath et al 335 females, 18-40y, not 23% - Mild ID (SF<20ug/L, Hb=120g/L) (4% with iron deficient
(2001b) pregnant or breastfeeding, erythropoiesis (SF<12ug/L))

consuming Western type 2% - IDA (SF<12ug/L, Hb<120g/L)

diet, Dunedin 2% - anaemia without ID (Hb<120g/L)
Schaaf et al 896 females, 14-21y, high  9.6% - ID only (2 or more abnormal indicators of iron status-
(2000) school students, Auckland  SF<12pg/L, TS<14%, or red cell distribution width >14.5%)

8.7% - IDA
2.8% - anaemia only (Hb<120g/L)

Fawcett et al

357 females, 21y,

15.6% - low iron stores (SF<20ug/L)

(1998) Dunedin 6.7% - ID (SF<12ug/L, Hb>120g/L)
2.2% - IDA (SF<12ug/L, Hb<120g/L)
5.8% - anaemia (Hb<120g/L)

Russell et al New Zealand National 4% - low iron stores (SF<12ug/L)

(1999) Adult Nutrition Survey, 2% - ID (SF<12ug/L, zinc protoporphyrin>60umol/mol)

146 females, 19-24y 1% - IDA (SF<12ug/L, zinc protoporphyrin >60umol/mol,

Hb<120g/L)

Russell et al New Zealand National 7% - low iron stores (SF<12ug/L)

(1999) Adult Nutrition Survey, 3% - ID (SF<12pg/L, zinc protoporphyrin >60umol/mol)

867 females, 25-44y

2% - IDA (SF<12pg/L, zinc protoporphyrin >60umol/mol,
Hb<120g/L)

Hb — Haemoglobin; ID — Iron deficiency; IDA - Iron deficiency anaemia; SF — Serum ferritin; TS — Transferrin

saturation

3.3.2 Iron deficiency in female students

University female students may also be at risk of iron deficiency due to the consumption of

low energy diets (Hendricks et al 2004), limited time and financial resources, and making

the transition from home to independent living. However, no one study has compared the

iron status of student versus non-student populations. A study in New Zealand found 10
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percent of female university students had serum ferritin concentrations <12ug/L (Horwath
1991). Haemoglobin concentrations were not investigated. Studies in Australia, the
United States and France investigating the iron status of female students have found the
prevalence of iron deficiency anaemia ranged from 4.5 to 6% (SF<12ug/L, Hb<120g/L)
(Houston et al 1997, Rangan et al 1997), iron deficiency (SF<12ug/L) from 12.5 to 16%
(Galan et al 1985, Horwath 1991, Rangan et al 1997) and iron depletion (SF<20ug/L) from
19.8 to 30.7% (Grondin et al 2008, Rangan et al 1997) (see Table 2.3).

Table 2.3. Studies investigating the iron status of female students

Author Participants Iron status of participants

Grondin et al 543 female students at 11.4% - iron depletion borderline (SF 15-20ug/L)

(2008) university or secondary 19.3% - ID (SF<15ug/L)
school, 17-38y, France

Houston etal 80 female university 34% - iron depletion (SF<15ug/L)

(1997) students, 19-26y, null 24% — impaired iron status (2 abnormal indicators of iron status —
para, null gravid, US not defined)

6% - IDA (SF<12pg/L, Hb<120g/L)
9% — anaemia (Hb<120g/L)

Rangan et al 265 female university or 19.8% - low iron stores (SF<20ug/L)

(1997) secondary school 12.5% — ID (SF<12pg/L)
students, 15-30y, not 4.5% — IDA (SF<12ug/L, TS<16%, Hb<120g/L)
pregnant, post partum, 10.2% — anaemia (Hb<120g/L)

breastfeeding or resided

in Australia <1 year,

Australia
Horwath 84 first year female 10% - SF<12ug/L
(1991) university students
studying nutrition,
Dunedin, NZ
Galan et al 476 female students, 17- 16% - SF<12ug/L
(1985) 42y, not pregnant or 10.1% - transferrin IBC <90umol/L

breastfeeding, non-blood 1.3% — anaemic (Hb<120g/L)
donors, no medication
influencing iron status in

past 6 months, France

Hb — Haemoglobin; ID — Iron deficiency; IDA - Iron deficiency anaemia; IBC — Iron binding capacity; NZ — New
Zealand; SF — Serum ferritin; TS — Transferrin saturation; US — United States
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3.4 Recommended dietary iron intakes for adult females

It is difficult to determine recommended dietary intakes for iron. This is due to difficulties
in measuring menstrual blood loss, inaccuracies in assessing iron intake, and the wide
range of iron bioavailability of various diets. Individuals in most developed countries,
including New Zealand, consume diets of high iron bioavailability (>2.1mg or >15% of iron
absorbed daily) (Gibson 2005e). Diets of high iron bioavailability contain generous
amounts of meat and foods that enhance iron absorption (e.g. ascorbic acid) and low
levels of foods that inhibit iron absorption (e.g. phytic acid). The RDI for iron in women
aged 19 to 50 years in New Zealand and Australia is 18mg per day (Commonwealth
Department of Health and Ageing Australia et al 2006) (Table 2.4). Vegetarians may
require more iron due to the lack of meat and therefore decreased iron bioavailability in
their diets (Commonwealth Department of Health and Ageing Australia et al 2006).
However, many women in New Zealand do not meet the RDI, with a median iron intake of
10.2mg per day for females aged 19 to 50 years (University of Otago and Ministry of
Health 2011). This was slightly above the estimated average requirement of 8mg per day.
The estimated prevalence of inadequate intake (calculated using probability analysis) was
6.0% for females aged 19 to 30 years and 15.4% for females aged 31 to 50 years
(University of Otago and Ministry of Health 2011).

Table 2.4. Recommendations for iron intake for women aged 19 to 50 years (Commonwealth Department of
Health and Ageing Australia et al 2006, Department of Health 1991, Food and Nutrition Board: Institute of
Medicine 2001)

NZ and Australia — RDI UK — RNI (1991) USA & Canada - RDA
(2006) (2001)

19-30 years 18mg 14.8mg 18mg

31-50 years 18mg 14.8mg 18mg

RDA - Recommended Dietary Allowance; RDI - Recommended Dietary Intake;
RNI - Reference Nutrient Intake
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4 Consequences of iron deficiency

4.1 Introduction

Iron deficiency in women of reproductive age has been linked to impaired physical work
capacity, deficits in mood and cognitive function, and poor pregnancy outcome (Food and
Nutrition Board: Institute of Medicine 2001). These symptoms or iron deficiency itself may
impact on quality of life, including effects on self-perceived health and well-being, and
fatigue. The importance of a woman'’s perception of her own health and well-being is
increasingly being recognised alongside more traditional measures of health such as
disease prevalence (Patterson et al 2000). However, the relationship between non-
anaemic iron deficiency and self-perceived health and well-being remains unclear
(Grondin et al 2008, Patterson et al 2000, Patterson et al 2001a).

Fatigue is a subjective experience, and can be defined as extreme and persistent
tiredness, weakness or exhaustion (physical, mental or both) (Dittner et al 2004). Fatigue
is a common complaint of young women (Ridsdale et al 1993) and female students
(Rangan et al 1998), and is often attributed to iron deficiency by the general population
and the medical profession (Patterson et al 2000). Some studies have found a
relationship between iron deficiency and fatigue (Krayenbuehl et al 2011, Patterson et al
2000, Patterson et al 2001a, Verdon et al 2003), while others have found no association
(Grondin et al 2008, Mansson et al 2005, Rangan et al 1998, Waldvogel et al 2012). Itis
not clear whether fatigue is associated with iron deficiency in the absence of anaemia
(Verdon et al 2003).

4.2 Assessment of self-perceived health, well-being and fatigue

Previous studies have used a range of tools to investigate the link between iron status and
self-perceived health and well-being. Some studies rely on self-reporting, while others
have used validated scales such as the Duke Health Profile (Duport et al 2003), the
General Health Questionnaire (GHQ) (Fordy and Benton 1994, Rangan et al 1998), the
Profile of Mood States (POMS) questionnaire (McClung et al 2009) and the SF-36v2
Health Survey (SF-36 questionnaire) (Grondin et al 2008, Patterson et al 2000, Patterson
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et al 2001a). Associations between iron deficiency and fatigue have been measured
using the vitality (VT) scale of the SF-36 questionnaire, the fatigue scale of the POMS
guestionnaire (McClung et al 2009), the Piper Fatigue Scale (PFS) (Patterson et al
2001a), visual analogue scales (VAS) (Verdon et al 2003, Waldvogel et al 2012), the Brief
Fatigue Inventory (BFI) Questionnaire (Krayenbuehl et al 2011), the Fatigue Severity
Scale (FSS) (Waldvogel et al 2012) and self-reported fatigue (Mansson et al 2005,
Rangan et al 1998).

The SF-36 questionnaire is one of the most extensively validated and used generic
instruments for measuring quality of life (Contopoulos-loannidis et al 2009). It measures
an individual's perception of his or her health status and functioning (Patterson et al 2000)
and is often used to provide normative data in large population surveys, including the New
Zealand Health Survey (Ministry of Health 2008). It contains 36 items scored as eight
multi-item scales (physical functioning, role limitations due to physical problems, bodily
pain, general health, vitality, social functioning, role limitations due to emotional problems
and mental health) scored from zero to 100. These scores are combined to produce a
physical component summary score (PCS) and a mental component summary score
(MCS) (Ware et al 2007). The VT subscale is recognised as an established measure of
fatigue, and includes four items asking participants to indicate the extent to which they
have felt “tired and worn out” versus “energetic”. The SF-36 questionnaire has been used
previously to investigate the relationship between iron status and quality of life in young
women (Grondin et al 2008, Patterson et al 2000, Patterson et al 2001a).

A systematic review found no one scale met all of the criteria as an ideal tool to measure
fatigue (Whitehead 2009). Fatigue scales should be usable (minimal participant burden
and easy to understand and complete), able to discriminate cases from non-cases with
acceptable sensitivity and specificity, and provide a full description of fatigue severity and
impact (Whitehead 2009). As fatigue presents in a variety of ways, it is vital to recognise
and assess its multidimensional aspects (Lim et al 2005). Tools which treat the symptoms
of fatigue as a one dimensional concept provide limited information about the participant’s
experience and tend to lack reliability (Stein et al 1998). Scales should also demonstrate

robust psychometric properties, including reproducibility and validity (Whitehead 2009).
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The Multidimensional Fatigue Symptom Inventory — Short Form (MFSI-SF) demonstrates
good psychometric properties (Stein et al 2004, Whitehead 2009) and is increasingly
being used as a measure of fatigue. The MFSI-SF measures multiple characteristics and
manifestations of fatigue (Lim et al 2005). While the MFSI-SF has mainly been used in
cancer patients, it may also be useful in healthy populations, as it contains no reference to
any medical diagnosis or disease (Dittner et al 2004), nor does it assume the presence of
fatigue (Stein et al 2004). The MFSI-SF contains 30 items which produce five subscales
(general, physical, emotional and mental fatigue; and vigour). Higher scores on the MFSI-
SF subscales, other than vigour, are indicative of more fatigue. The MFSI-SF has not

previously been used to investigate the relationship between iron status and fatigue.

4.3 Iron status and health, well-being and fatigue

In Tables 2.5a and 2.5b studies that have been undertaken to investigate the relationship
between iron status and health, well-being and fatigue are displayed. Early studies
investigating the effect of iron supplementation on health, well-being and fatigue were
limited by the sole measurement of haemoglobin as a measure of improved iron status
(Beutler et al 1959, Elwood and Hughes 1970) and self-reporting of fatigue (Ballin et al
1992, Beutler et al 1959, Elwood and Hughes 1970, Morrow et al 1968). Beutler et al
(1959) reported improvements in symptoms, including tiredness, after iron
supplementation in women with chronic fatigue. In other studies, despite haemoglobin
concentrations increasing with iron supplementation, symptoms including fatigue did not
change (Elwood and Hughes 1970) or no differences were found in symptoms between

iron and placebo treatments (Morrow et al 1968).

Most cross-sectional studies using validated questionnaires, in which participants were
unaware of their iron status and where the majority of participants did not have iron
deficiency anaemia, have not found a relationship between iron status and health and
well-being, or fatigue (Duport et al 2003, Fordy and Benton 1994, Grondin et al 2008,
Mansson et al 2005, Rangan et al 1998). Rangan et al (1998) found no association in
female students between iron status and the frequency of non-specific symptoms
including fatigue. Using the GHQ (a 12-item validated questionnaire and mental health
assessment tool), no relationship was found in two studies investigating the relationship

between iron status and psychological distress in female students (Fordy and Benton
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1994, Rangan et al 1998). However, students with anaemia (Hb<120g/L) did report
increased psychological stress (Rangan et al 1998). No relationship was observed
between iron status and quality of life in menstruating women as determined using the
Duke Health Profile (Duport et al 2003); and only vertigo/dizziness was associated with
iron deficiency in students completing a standardised 30-item quality of life questionnaire
(Mansson et al 2005). Using the SF-36 questionnaire, Grondin et al (2008) found no
significant differences between the PCS, MCS and VT scores from the SF-36
guestionnaire in iron replete and deficient French female students. The general health
scale was however significantly lower in iron deficient students. Haemoglobin
concentrations were investigated in a small proportion of participants only, some of whom

had iron deficiency anaemia (Grondin et al 2008).

In a randomised placebo controlled double blind (RPCDB) trial in female soldiers
(including those with iron deficiency anaemia), supplementation with iron significantly
reduced the decrement in iron status (serum ferritin and soluble transferrin receptor)
observed with eight weeks of basic combat training (McClung et al 2009). There were no
significant differences between iron or placebo groups regarding changes in total or
fatigue scores as measured by the POMS questionnaire (McClung et al 2009). In another
study, Waldvogel et al (2012) observed no improvement in fatigue or vitality scores in non-
anaemic iron deficient female blood donors who improved their iron status after four

weeks of iron supplementation.

In contrast, Patterson et al (2001a) found MCS and VT scores measured using the SF-36
guestionnaire were lower in iron deficient women compared with iron replete women. Iron
deficient women reported more fatigue using the Piper Fatigue Scale (PFS), a
multidimensional measure of fatigue (Piper et al 1989). However, the PFS assumes the
presence of fatigue, and women were aware of their iron status prior to completing the
PFS, which may have influenced their response (Patterson et al 2001a). In addition, the
iron deficient group included women with iron deficiency anaemia (Hb 90-120g/L). The
SF-36 MCS and VT scores, and fatigue (measured using the PFS) improved following
treatment with either diet or iron supplements (Patterson et al 2001a). However, no
blinding was used nor was a placebo group included and similar improvements were seen
in all scores, despite serum ferritin increasing more in the supplemented group.

Participants may have assumed their iron status improved due to the intervention, and
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changes in the diet group’s intake may have had other benefits in relation to general
health and well-being, which were not solely linked to iron status (Patterson et al 2001a).
Furthermore, the improvements in VT in the supplement group and PFS scores in the diet
and supplement group were not significant when women with anaemia were excluded
(Patterson et al 2001a).

In studies where a relationship was observed between iron status and quality of life, the
inclusion of anaemic participants may have influenced the results (Ando et al 2006, Ballin
et al 1992, Verdon et al 2003). Iron supplementation improved haemoglobin
concentrations and all scales of the SF-36 questionnaire (except for the role emotional
scale) in women who had iron deficiency anaemia (Ando et al 2006). However, no control
group was included. In a randomised controlled trial, Verdon et al (2003) found fatigue in
non-anaemic women improved with four weeks of iron supplementation as measured on a
unidimensional VAS. However, four weeks is a short time in which to see an
improvement in iron status and haemoglobin concentrations were not reported (that is,
some participants in the placebo group could potentially have had anaemia at the end of
the study). Ballin et al (1992) found significant improvements in self-reported lassitude
and mood (but not fatigue) in female students with iron deficiency and iron deficiency
anaemia who took iron supplements over a two month period. Participants in these
studies may have known which group they were in due to possible side-effects of iron
supplementation. In an uncontrolled trial, Mansson et al (2005) observed reduced
symptoms of vertigo/dizziness, irritability, indisposition and depression (but not fatigue) in
women with iron deficiency and iron deficiency anaemia following three months of iron

supplementation.

In a large cross-sectional study, Patterson et al (2000) found women who reported (ever)
having had low iron levels diagnosed by a doctor had a greater prevalence of constant
tiredness and significantly lower PCS, MCS and VT scores on the SF-36 questionnaire
than women without a history of iron deficiency. The PCS, MCS and VT scores were
significantly lower among women without iron deficiency, but who reported iron deficiency
two years later. A major limitation of this study was that all data regarding iron deficiency
were self-reported with no actual measures of iron status being made. Kallich et al (2006)

found participant knowledge of haemoglobin concentrations had a modest association
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with aspects of health related quality of life. This may also be true for a woman’s

knowledge of whether she has had previous iron deficiency.

More recently, in a RPCDB trial, a total of 800mg intra-venous iron provided over two
weeks did not improve fatigue (as measured by the BFI Questionnaire) in women after six
and 12 weeks compared with a placebo group (Krayenbuehl et al 2011). However,
fatigue did improve in those women being treated with iron who had a serum ferritin

concentration of <15ug/L and normal haemoglobin concentrations.

4.4 Conclusion

It remains unclear whether self-perceived health, well-being and fatigue is associated with
iron deficiency in the absence of anaemia, although recent research suggests a likely
relationship for women who have very low serum ferritin concentrations (Krayenbuehl et al
2011). In previous studies, iron status has been determined using a range of biochemical
indicators and cut-off points (Ando et al 2006, Ballin et al 1992, Duport et al 2003, Fordy
and Benton 1994, Grondin et al 2008, Krayenbuehl et al 2011, Mansson et al 2005,
McClung et al 2009, Patterson et al 2001a, Rangan et al 1998, Verdon et al 2003,
Waldvogel et al 2012) or through self-reporting of previous iron deficiency (Patterson et al
2000). In some studies, non-validated questionnaires have been used (Ballin et al 1992,
Beutler et al 1959, Elwood and Hughes 1970, Morrow et al 1968) and participants have
known their iron status prior to completing questionnaires (Patterson et al 2001a), which
may have influenced their response. The use of varying methodologies and lack of clear
consensus regarding the impact of iron deficiency on health, well-being and fatigue
suggest further investigation is required. This research should be undertaken in non-
anaemic women using validated questionnaires and women should remain unaware of

their iron status prior to testing.
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Table 2.5a.

Observational studies investigating the relationship between iron status and health, well-being and fatigue

Author, Population group Study design Questionnaire(s) used Definition/groupings for Conclusions

year, ID

country

Ballin et 222 female high Cross-sectional  Questions about symptoms ID - SF<10ug/L, TS<16%, Significant correlation between Hb & ability to

al (1992)  school students, including fatigue or serum iron<12pmol/L concentrate

16-17y

Israel IDA — as above &
Hb<120g/L

Fordy & 297 male & Cross-sectional  GHQ (psychological stress) SF<5ug/L; 5.1-20ug/L; No association between SF & mood for males

Benton female students, >20ug/L & females not taking OCP; in those taking

(1994) 17-27y OCP, SF<5pg/L associated with poorer me