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INTRODUCTION:  Iron is a nutritionally essential mineral.  Iron functions through incorporation into proteins and enzymes that affect energy metabolism and physical performance, including haemoglobin, myoglobin, and aconitase.  Iron deficiency and iron deficiency anaemia are the most prevalent micronutrient deficiency disorders in the world, affecting up to 2 billion people.  In the developed world, iron deficiency affects mainly premenopausal women, due to inadequate iron intake and iron losses through menstruation.  

RATIONALE:  Because iron deficiency and iron deficiency anaemia affect physical performance, the objective of our studies was to determine the relationship between iron status and physical performance in female US Army basic combat trainees.

METHODS and RESULTS:  Iron status was determined in female US Army basic combat trainees before and immediately following the 9-week training period. Standard iron status indicators, including serum ferritin, red cell distribution width, transferrin saturation, haemoglobin, and soluble transferrin receptor were assessed.  A significant decrement in all iron status indicators, other than haemoglobin, was observed, indicating an increased prevalence of iron deficiency, but not iron deficiency anaemia, over the course of the training period.  In a subset of trainees (n = 48), associations between changes in iron status indicators and physical performance were determined.  Of note, significant associations were identified between the longitudinal change in soluble transferrin receptor and 2-mile run time (r = 0.304, p < 0.05). 

CONCLUSIONS:  Iron status is diminished in female US Army basic combat trainees following the training period.  Longitudinal decrements in iron status indicators, including soluble transferrin receptor, are correlated with running performance, an important indicator of aerobic fitness.  Maintaining optimal iron nutrition in female military personnel should be considered during military training and operational deployment.  
1.0
INTRODUCTION
Iron is a nutritionally essential mineral that affects energy metabolism, cognitive and physical performance, and immune function.  Dietary iron functions biochemically through its role as a component of proteins and enzymes involved in metabolic pathways and the delivery of oxygen to tissues, including haemoglobin, myoglobin, cytochrome c, aconitase, and NADH dehydrogenase.  Iron deficiency is the most common micronutrient deficiency disorder in the world, affecting billions of people in both developed and developing nations [1, 2].  In developed nations, iron deficiency and iron deficiency anaemia occur most often in premenopausal women, as the combination of poor dietary intake and the regular loss of blood that occurs through menstruation have a significant impact on iron status.  Physically active women may be at added risk of poor iron status, as there is evidence that physical activity affects the biochemical regulation of iron metabolism.  Females in the military represent a population that may be at risk for iron deficiency and iron deficiency anaemia, as these women are typically premenopausal and regularly participate in physically demanding activities, especially during training or operational deployment.  Because female military personnel may be at risk for poor iron status, and because poor iron status affects performance, this report will focus on the importance of iron status for women in the military, using data collected from women in the US Army basic combat training (BCT) course.  
2.0
iron nutrition

Iron is found in a variety of food sources, including foods of both animal and vegetable origin.  The form of iron found in animal sources, heme iron, is more readily available for absorption and utilization than non-heme iron, the form found in vegetable sources.  Estimates of the rate of absorption of non-heme iron may be as low as 2%, whereas the rate of heme iron absorption may be as high as 35% [3].  The absorption and subsequent utilization of dietary iron is affected by a series of dietary promoters and inhibitors of iron uptake in the small intestine.  Ascorbic acid (vitamin C) and factors in meat are enhancers of iron absorption.  Inhibitors of iron absorption include phytic acid, which is found in wheat germ and bran products, and tannins, which are found in coffee and tea.  Food sources with highly bioavailable heme iron include red meats and mollusks, such as oysters and clams.  Sources of non-heme iron include leafy green vegetables, such as collard greens and spinach.  Iron absorption may also be affected by other factors, including iron status.  For example, individuals with low iron stores absorb greater fractions of iron than those with normal iron stores [4].   
The most recent recommended dietary allowances (RDA) for American and Canadian civilian populations range from 8-18 mg/day in adults [5].  The RDA for men of all ages is 8 mg/day.  For premenopausal women (19-50 years old), the RDA is 18 mg/day.  Following menopause, the RDA is reduced from 18 to 8 mg/day.  Pregnancy also affects the iron requirement, as the RDA for pregnant women is 27 mg/day, due to gestational iron needs and the loss of blood that occurs during delivery.  The United States military also sets guidelines for RDAs, often referred to as the military RDA, or MRDA.  The current MRDA for iron is 10 mg/day for men and 15 mg/day for women, although the Institute of Medicine Committee on Nutrition Research recently recommended that these levels be increased to 14 and 22 mg/day, respectively [6].

3.0
Iron deficiency

Similar to other nutrients, iron balance is defined as the net difference between the amount of iron that is excreted and the amount of iron that is absorbed from nutritional sources.  The maintenance of iron balance is highly regulated and is controlled mainly at the site of absorption.  In men who consume diets containing adequate sources of bioavailable iron, balance is relatively static and iron deficiency is uncommon.  However, in premenopausal women, menstrual blood loss is a strong predictor of iron status [7], and women with high menstrual losses and poor dietary iron intake may be prone to iron deficiency.  
When iron balance becomes negative, iron deficiency and iron deficiency anaemia may occur.  Iron deficiency begins with the depletion of iron storage proteins, including ferritin.  Following the depletion of iron storage proteins, the delivery of iron to peripheral tissue is limited, as indicated by reduced levels of serum iron and diminished saturation of the iron transport and delivery protein, transferrin.  If iron balance remains negative in individuals with iron deficiency, iron deficiency anaemia may occur, as limited iron availability eventually causes reduced production of haemoglobin, which is essential for the delivery of oxygen to the tissues.  
As negative iron balance occurs in stages, and individual iron status indicators may be affected by a number of factors unrelated to true iron balance, including inflammation, multivariable models are essential to the accurate characterization of iron status.  Multivariable models employ a series of iron status indicators and specific clinical cut-off values to define iron deficiency and iron deficiency anaemia.  A number of large public health studies, including the American National Health and Nutrition Examination Surveys (NHANES) have employed multivariable models of iron status [8].  The definition of iron deficiency in the NHANES studies was presentation with two of the following three indicators of diminished iron status: serum ferritin < 12 ng/mL, transferrin saturation < 15 %, or erythrocyte protoporphyrin > 1.24 μmol/L.  The definition of iron deficiency anaemia was iron deficiency with haemoglobin levels below 12 g/dL.   

Although the prevalence of iron deficiency and iron deficiency anaemia is greatest in developing nations, poor iron status continues to occur in developed nations as well.  The most recent NHANES studies indicate that although iron deficiency occurs in only 2% of American males aged 16-69, the prevalence is 16% in women aged 16-19 and 12% in women aged 20-49 [9; Figure 1].
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Figure 1.  Prevalence of iron deficiency in the United States, 1999-2000.  Adapted from Looker et al., 2002.

4.0
iron status in female military personnel

Female military personnel are exposed to intense physical and cognitive demands, as well as immune challenges, especially during field training exercises or operational deployment.  Exposure to these challenges highlights the importance of iron nutrition, as iron deficiency and iron deficiency anaemia have been associated with decrements in cognitive function, energy metabolism, work performance, and immune function [10-12].

A number of factors are known to affect iron status in female military personnel during training and operational deployment, including suboptimal iron intake, poor iron status upon the initiation of military duty, and the negative effect of intense exercise on iron homeostasis.  For example, mean iron intakes of only 11.8 mg/day have been reported in American female Soldiers during field studies [13].  Furthermore, the prevalence of iron deficiency anaemia has been estimated to be as high as 10% in female military recruits reporting for duty in the Israel Defense Force [14].  
Studies in our laboratory have focused on the effect of BCT on iron status in female US Army Soldiers.  We hypothesized that the 9-week training period may have a negative impact on iron status, as physical training is known to affect iron status in civilian populations [15].  For example, diminished serum iron, ferritin, and haemoglobin levels have been observed in both male and female athletes following a 7- week training period [16].  In our studies, iron status is measured using multivariable models which include serum ferritin, transferrin saturation, and red cell distribution width.  Newly developed iron status indicators have also been utilized, including soluble transferrin receptor.  We have observed striking decrements in iron status in both cross-sectional and longitudinal studies over the course of BCT.  For example, both serum ferritin and transferrin saturation are significantly diminished following the training period [17; Figures 2A and B].
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Figure 2. A. Serum ferritin and B. transferrin saturation in female military personnel immediately following initial entry to the Army (pre-BCT) and immediately following BCT (post-BCT).  Values are means ± standard deviation, asterisks (*) indicate significant (p < 0.05) differences between pre- and post- values.  Figures adapted from McClung et al., 2006.
Cross-sectional studies indicate that BCT causes an overall decrement in iron status in female Soldiers, as the prevalence of iron deficiency increases from 13.4% upon initial entry to the Army to 32.8% upon the completion of BCT [17].  Furthermore, the prevalence of iron deficiency anaemia climbs from 5.8% in the pre-BCT Soldiers to 20.9% in the post-BCT Soldiers.  Subsequent longitudinal studies have confirmed the negative effect of BCT on iron status indicators, including serum ferritin and transferrin saturation [18].  Furthermore, these studies indicate that soluble transferrin receptor, an iron status indicator that is unaffected by confounders like inflammation [19], is significantly increased following BCT, also indicating a detrimental effect of military training on iron status.  
Our studies also indicate that the prevalence of iron deficiency and iron deficiency anaemia in female Soldiers is associated with ethnicity.  For example, the reported prevalence of iron deficiency upon initial entry to the Army was 8.9% in Caucasian Soldiers, and 16.7% in African-American Soldiers [17]. Similarly, the reported prevalence of iron deficiency anaemia is 2.2% in Caucasian Soldiers, and 8.3% in African-American Soldiers [17].  The prevalence of iron deficiency was increased in each ethnic group following BCT, although the magnitude of the increased prevalence was greater (6.2-fold) in Hispanic Soldiers as compared to Caucasian Soldiers (2.8-fold).  The prevalence of iron deficiency pre- and post- BCT for Caucasian, African-American, and Hispanic Soldiers is presented in Figure 3.
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Figure 3. Prevalence of iron deficiency in select ethnic groups of female Soldiers.  Data collected pre- and post-BCT.  Figure adapted from McClung et al., 2006. 

5.0
iron status and physical performance
Iron deficiency and iron deficiency anaemia are known to affect human performance in a number of ways; examples include impaired cognitive performance and immune function.  However, the best described effect of poor iron status is diminished physical performance.  The detrimental effects of poor iron status on physical performance occur largely through disruptions in the function of iron-containing proteins and enzymes.  A number of classical human studies have described reduced physical performance with iron deficiency anaemia [20-22].  Iron deficiency anaemia results in diminished oxygen consumption in proportion to haemoglobin-mediated decreases in oxygen transport capacity [23, 24].  For example, studies with civilian female volunteers undergoing multistage treadmill tests have demonstrated that total time on the treadmill, percentage of volunteers that reach the highest workload, and post-exercise lactate levels all correlate with haemoglobin levels [23].  Studies from our laboratory have confirmed these findings in female Soldiers, as time to completion of a 2-mile run test following BCT correlates with haemoglobin level [25, 18].   

The effects of iron deficiency without anaemia on physical performance are not as well described, although most studies indicate that the early stages of iron deficiency result in diminished function.  For example, diminished maximal oxygen consumption has been reported in iron-depleted women without anaemia [26], and iron repletion has been demonstrated to increase energetic efficiency in a similar population of women with early signs of iron deficiency [27].  
Much of the data demonstrating a role for iron deficiency without anaemia in physical performance has been gleaned from iron supplementation trials.  In one recent study, Hinton et al. [28] provided daily doses of 100 mg of ferrous sulphate, an iron salt, to female volunteers that were not anaemic, but had low serum ferritin.  This dose of ferrous sulphate provided 16 mg of elemental iron, which is close to the DRI (18 mg/day) for this demographic.  Following 6 weeks of supplementation, volunteers who consumed the iron supplement had improved iron balance and a decreased time to completion of a 15-km cycle ergometer test as compared to a control group provided with placebo pills.  In a subsequent study with a similar population of volunteers, women who consumed 150 mg/day for 6 weeks demonstrated increased gross energetic efficiency (ratio of energy to work performed) during a submaximal exercise test [29].  Other placebo-controlled double blind trials have also demonstrated improved iron status, increased peak oxygen uptake, and improved endurance capacity in iron-deficient, non-anaemic women following short term iron supplementation [30, 31].
Work from our laboratory confirms the effect of anaemia on physical performance in Soldiers, and indicates that the combination of iron deficiency without anaemia and the decrement in iron status that occurs during BCT may affect physical performance [25, 18].  For example, preliminary data indicates that the change in soluble transferrin receptor concentration over the course of BCT correlates with 2-mile run time at the end of the training course [18].  Current studies have been designed to determine the most appropriate method for providing supplemental iron to iron deficient and iron deficient anaemic female Soldiers, and to prevent the decrement in iron status that occurs during the training period.  Improving iron status in this demographic is paramount in the military training environment, as the prevalence of iron deficiency in female Soldiers upon completion of BCT may be greater than 30% [17], and optimal physical performance is required for Soldiers who may begin advanced individualized training, or operational deployment, following BCT.  
6.0
conclusion

Iron is an essential nutrient that confers function through incorporation into proteins and enzymes.  Many iron-dependent proteins and enzymes function in metabolic pathways or through the delivery of oxygen to tissue.  As such, the maintenance of iron status is critical for the optimization of physical performance.  Female military personnel are at risk for iron deficiency or iron deficiency anaemia, as poor iron intake, regular iron losses through menstruation, and the effect of increased physical activity may affect iron balance.  Iron status is degraded in female military personnel following training periods, as illustrated in US Army basic combat trainees.  Future research should strive to develop the educational, feeding, and training programs required to prevent iron deficiency and the decrement in iron status observed during training periods, as reduced iron status in female military personnel may affect physical performance during critical tasks, including operational deployment.    
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