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Abstract: KashinBeck disease is an endemic and chronic osteochondropathy. This disease princi
occurs in the Tibet Autonomous Regi doofChinad i

pally

Although many studies have already been conducted and many others are still underway, its ethiology

remains unknown. A multifactorial hypothesis has been proposed: selenium deficiency, high

concentration of organic matters in drinking watehtc acids) and mycotoxin poisoning by fungi
infecting cereals. This original study aimed to measure the mineral contents of the food most ofter
consumed in severe endemic regions and then to evaluate the daily intake of minerals in young T
childrenfrom endemic areas. The mineral elements were selected in relation to their implications i
metabolism. A sampling campaign split up into two time periods (winter and spring) was carried o

families from two distinct regions were selected basethree criteria: they live in endemic areas; they

include a 3 to 5 yeawnld child; this child has a KBD brother or sister. At the same time, a nutritional
survey was made by the means of a prospective questionnaire in order to list the 24h food tinkaBe
to 5 yearold child. This survey highlighted the extremely monotonous céeesdd Tibetan dieAn
analytical method for the imerals was developed as followsineralization of samples performed by
microwaveassisted wet process; mineralizeduiohs measured by several atomic absorption or
emission spectrometric methods and molecular absorption spectrometric methods. The analytical

—

betan
n bone
ut. Ten

metho

was validated by mean of certified reference materials. Mean food contents were calculated and gompar
to food composition reference tables. High iron contents and selenium deficiencies were highlighted in

several foods. Daily intakes were estimated combining mineral measurements and nutritional sur
results. These were compared to dietary reference infikegeference tables. This estimation reveal
some crucial pointsve confirma marked deficiency in calcium; Ca/P ratios @wayslow; iron and
copper intakes are excessive; zmthe most probably deficient; whiseleniumcould bedeficient;

ey
S

manganese intakes often exceed toxicity thresholds. Nevertheless, this study encounters some limits. Tt
bioavailability of minerals is a critical point that deserves further investigations. Moreover, a larger study
over a longer term coveririgpth endemic and neendemic regions is required for definite conclusions to

be reached.




Résumé La maladie de KashiBeck se traduit par une osteochondropathie endémique et chroniqug

D

Cette maladie se rencontre principalement dans la Région Autonome du Tibet et dans plusieurs province

de la République Populaire de ChiBe. en qudayant fait et faisan
| 6®t i ol ogi e de cet t Bnempdthase mdtifacdaielieastrcapendamtwléen n
impliquant: une carence en séléniuame forte concentration exctides organiques (notamment acides

t t
ue.

fulviques) dans | 6eau de consommation et un|l em
contaminatordes ¢ ®r ®al es par des moi si ssures. Cettfte
teneurs en minéraux des principaux alimentsoommeés dans des zones de haute prévalence de la

mal adi e et | 6®valuation des a peofants suscepblesdeal | er

déclarer la maladie. Les minéraux étudiés ont été choisis en fonction de leurs implications dans le

métabolisme des tissus osseux. Une campagne de prélevement répartie sur deux périodes (hiver et

printemps) a été organisée. Uthantillonnage de 10 familles réparties dans deux régions a été réal
selon trois criteres de sélectioles régions devaient étre endémigukesfamille devait comprendre un

enfant agé detroisacingans cet enf ant devai tatteatdolamaladien fr [ r e
Parall | ement ~ cela, une enqu°te nutritionpnel
prospectif dans |l e but doé®tablir | a consommat.i
Cette étude metenévidenc | e caract re tr s monotone de 0al
sur les produits céréalieisa méthode analytique de dosage des éléments fut la suilastéchantillons

ont subi une minéralisation par voie humide assistée par-oncte ; les solutions minéralisées ont éte
dosées par plusieurs méthodesctrométriqued 6 absor pti on et doé®mi ssijon
déabsorption mol ®cul aire. La m®t hode analytijqu

de matériaux deéférence certifiés ayant subi la méme procédige teneurs moyenne en éléments des

différents aliments ont été calculées et comparée a des tables de composition des aliments. Des
excessives en fer et une carence marquée en sélénium ont ééesrsans plusieurs alimerites
apports quotidiens ont ensuite été estinméscgnbinant les résultats des analysa®raleset de

|l 6enqu°t e neuxciromt été comparéslixlamports dimentaires recommandés provenant
tables de référenckes résultats de cette étude confirme certaines suppostitieset suggerent des
pistes intéressantes quant aux carences et exces renctmttéficit en calcium est tres nettement
marqué lesrappors Ca/Psort beaucoup trop faib$e les apporten fer et en cuivre sont excessifme

leneurs

carence en zinest fort probabléandis que cellen séléniunest vraisemblable | 6i ngesti o0n
dépasssouventes seuils de toxicitédléanmoins ce travail présente certaines limites et une étude plus

complete permettrait de compléter ces résultats. Notamment uneabtudanta biodisponibilité des
minérauxd ans | 6al i ment at i desrégionbeRdémiguasasinendémigues seraitn
nécessairpour arriver a des conclusions plus prakan
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|. Introduction

1 Objectives

The main objective of this work was to measure the mineral content of most consumed
Tibetan foods. It constitutes an original work in the study of the KeBbak disease (KBD)
ethiology Indeed, previous nutritional studies were based onsfoomhposition reference
tables.

For this purpose, a sampling campaign split up into two periods (January andasay)
envisagedWe wanted to selecen families from two distinct areascording to seeral
criteria:families have to live in endemic areas aheyt have to include a 3 to 5 years old
child having a KBD brother or sister.

We ainedto developafood sample procedunehich matches with field condition$ibetan
diet is really monotonoug&ight different foodsamong the most eatevereintended to
sample: barley flour, wheat flour, rice, potato, black tea (as leaves), yak butter, Chinese
cabbage and instant noodl&se first step in sample peess (dry mattersyvasplannedn the
Tibet Centeffor Disease Control and PreventipmemisegCDC, Dir.: M.D. R. Sheefo

Another objective was to establish and validate an analytical method of measurement.
Samples process (mineralization) vidannedn Gembloux Agro Bio Teah theunit of
Analytical ChemistryHead of Unit: Ph.D. G. Lognay)

Around ten mineral elements weselected based on their implication in bone metabolism.
Analytical measurementsereplannedn theBureau Environnement et Analyse de Gembloux
(BEAGX Dir.: Ir . Ph.Maeseh

The validation of the analytical method wamsideredy the mean of certified reference
materials in order torsure the accuracy of analys8sudy of repeatability was also
envisaged.

It was alsadeliberatedo compare the measured food contents fititl reference tables.

In order to highlight excess or deficiency among the children involved in this stady,
envisagedo estimatemineral daily intake®y the mean of a nutritional program called
Kidmentf. Thus, a nutritionaburveyhas beemleveloped in order tist the childrer24h
food intake Prospective questionnairésve been mentionewe also planned testablish
standard dishdsy the mean o& previous nutritional studyglé Voghel, 2008This estimation
wasplannedat theQueen Fabiola Children's University Hospit&alLB), Dietetics area
(Chief Dietician: Martine Robert, Head ofinic: Pr. Ph. Goyens

Finally, we intended to highlight conclusions about the mineral nutrition within the
limitations of this work.
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I. Introduction

2 Tibet Autonomous Regi on, Peopl ebs Re

Tibet Autonomous Region (T.A.R) is located in the Sebstern bordeareaof B o p | e 6 s
Republic of China. Its frontiers are in the North: Uyghur Autonomous Region and Qinghai
province, in the East: Sichuan province, from the West to the $&@asgh India, Nepal,

Bhutan, Sikkim, Myanmar and Yunnan province. T.A.R is divided seven prefectures

called Ngari, Nakchu, Shigatse, Lhasa, Lhoka, Nyingtri and Chafi@taisse and al.,

20083

Following demographienformation is based on the statistics at the end of 2000 from the
United Nation Economic and Social Commission for Asid the PacifitUNESCAB.

T.A.R. is about 1,228,400 square kilometres, and over 2.62 million peoples. Butithe ma
part of the population (80%) lives in the Sodast, along valleys of four rivers (Brahmaputra
River, Lancang River, Lijiang River and Yangtze River).

The physionomy is diversified, with mountains, desert, grassland and forests. Numerous

rivers have thir sources in Tibetan Plateau, such as Yangtze, Yellow River, Brahmaputra,
Ganges, etc. Those | akes and rivers produce
There is also a considerable solar and vgaténtialenergy. Tibet has a large quignof

plants, animals and minerals resources. Additionally, T.A.Rsts potentiallyrich in tourism
resources.

Farming and animal husbandry are the major agricultural activities in Tibet, but productivity
is very low, and manual farming and animal rarglry are still the primary pattern. Near
urbancentres modern agricultural practices begin to appear, but generally, manpower and
animalpower are still applied in plougig the land.

More or less half of the population work as employees, with an aveeagy wage of
14,976 Yuan per capita. The annual per capita disposable income of urban residents was
6,448 Yuan, while the annual per capita net income of rural residents is 1,331 Yuan.

Educational level in T.A.R is quite low and a lot of people arkiliitérates and semi
illiterates. At the end of 2000, Tibet has four universities, about 110 secondary schools and
842 primary schools.

The sex ratio of the total population is about 102.62 women per 100 men. And the population
pyramid is the one of apycal third world country, with a large number of people in the

young ages. The crude birth rate (CBR) is 17.6 per 1,000 and the natural growth rate (NGR) is
11.00 per 1000.



I. Introduction

According toHaubruge and al., 20GhdMalaisse and al., 2008populations share outuio
macreecosytems

- The urban zone;

- The suburbnzone which is mechanized and has communication media;
- The agricultural zone with subsistence farming;

- The pastoral zone over 4500 m with nomads and yaks

The KashinBeck disease is only encounter in gggicultural group. A major difference
existing between this group and the others is the diet.

In the agricultural zone, foods habits consist essentially in butteshi@ag tsampamomos

and soups or cooking pots. Butter tea is the national drinkinbouc ent r al Ti bet ,
going to be replaced by sweat tea in urban zones. It is made of brewed black tea, salt and
butter (from yak or cow principally{Chang is a local made alcohol obtained from fermented
barley. Tibetans (even children) drink gt@mounts of butter tea and chafgampa is made

of barley floor and brewed black tea, salt or butter could be added. Momo is a Tibetan
specialty. It is a kind of ravioli made of floandfilled with vegetable or meat. Traditionally

it is steamed but meadays it is sometimes frieBoups or cooking pots often constitute a

meat alone. They are generally consumed at suppertime. Staple food of cooking pot (except
water) is the wheat or barley flour (raw or under the form of noodles). It is accompanied with
meat and local vegetables (radishes, turnips or edible wild hé@ihsgsseur and al., 2008b

Urban and suburban foods habits are broadly diversified thapkedacts coming from
otherChineseprovinces(foods and agricultural practices such as gieauses).

Nomadsdé diet is principally based on meat an
between nomad and farmers. Theytersalt (from salt lakes in the north) stockerin
exchange of barley or whe@Wangla, 2011
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I. Introduction

3 Kashin-Beck disease

3.1 Introduction

KashinBeck disease (KBD) is an endemic and chronic osteochondropathgthiblegyis
still unknown although several hypotheses have been proposed.

The first who describe this disease in terms of clinical conditions was |.M. Yurenskiy in 1849,

in Eastern Russia populations, near Baikal Lake. In 1861, Dr. N.I. Kashin established a

distinction between people of small stature having a limp, and those suffering from

hypothyroidism. Both pathologies were endemic in the east of Baikal Lake. Around 1900, Dr.

E.V. Beck and his wife A.N. Beck made a detailed study of the disease. They called it

fOst eoarthritis Def or man s-BeEkrdideasmivas given aftdrh e n a me
Beckbdbs results were published in the Russian
Archiv fir Klinische Surgery.

In 1925, a commission was created to study theadesand in 1931 a research center was
opened in Chita in the Baikal Lake region.

In 1919, due to Japanese occupation in North Korea, a chronic polyarthritis of which clinical
signs corresponded to those of KBD was observed by T. Okano. This diseaseads alr
known by indigenous since 300 yedrater on other cases were confirmed, even in the
north-east of China. Moreover, the diseasesobserved among Chinese and Kore@osh
norrendemic region that cante live in endemic region.

Nowadays, some Chige schools of medicine and some institutes have research units into
KBD. The Russian research center in Chita is still working. A conference in Beijing in 1985
extended the interest among the international scientist comm{Mathieu and al., 2003a

Depending on sources, it is estimated that KBD affects between 0.74 rillllioore than

2.5 million people in China and other parts of Asia, and there are between 10 million and 30
million people at riskWang and al., 20Q9%Vang and al., 20Q8athieu et al., 200§&50me
severeprevalence areas present more than 40% people affected by KBD, especially in Tibet
Autonomous Region (P.R. Chin@rigurel), with maximum till 986 amongchildrenin some
communities. Apparently, urbantizensand nomads are not affected by this disease, and the
endemic areas are limited to poor, isolated and rural communities.

3.2 Clinical descritpion and diagnosis

3.2.1 Physiological features and symptoms

KashinBeck Disease is characterized by short stature and akeéformities especially in

long bones and joints. Jogttecome enlargedtiff and painful Mobility of limbs become
limited andmuscles can be atrophied. Peoples suffering from KBD get tired quickly and are
weaker. Symptoms appear during childhood® (&ars) and become progressively worse.
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Physiological feature of the KashiBeck disease is a focal chondronecrasimatured
chondrocytes ithe deep zone of the growth plate cartilage and the articular cartilage
Necrosis, apoptosis, dedifferentiatiohchondrocytes and abnormal expressions of collagen
types I, II, Ill, VI and X in articular cartilagare also observg@Vang et al., 2009 The
expression of some cellular regulation factors is also perturbed in articular cartilage, among
which:

- Bcl-2: an antiapoptotic &ctor which interact with the C cytochrorf@oquerex
- TGRb: t he tr ansf or miantigrolderatvevfactors that alsoor bet a
contol cellular differentiatior(Pradayrol, 1999
- bFGF: basic fibroblast growth fact@rinvolved in the process of wound healing and
tissue repaiAnaspeg. In the bone microenvironment, bFGF seems to enhance cell
motility and invasion of Ewing's sarcoma family of tum@famura and al., 2030
- PTHrP: parathyroithormonerelated peptide or protein is similargarathyroid
hormone PTH) but it has a paraitre or autocrine action. It promotes the cartilage
formation by stimulating chondrocytes proliferation. A too high levé&DiHrP can
induce hypercalcemigghltter, 1999

Moreover, the KBD patients show a higher serum level of nitric oxide (NO) suggesting that
the NO pathway could play a role in chondrocytes nec(@ésng et al., 20038

Wangetal.,2009 compared the gene expression profil
chondrocytes, KBD patientdés chondrocytes and
oligonucleotides microarray. They identified 79 genes for which the level of expression in

KBD chondrocyes was different from the one of normal chondrocytes. 55 genes are over
expressed and 24 are lower expressed. All these genes were subdivided into several functional
categories (metabolism, transcription regulator/factors, growth factors, proteasessiapopt
etc.). Compared with osteoarthritis patiento
over expressed in both diseases and three lower expressed. However, other disturbed genes
remain specific for KBD. It suggests that a modification in theeg expression patterns of
chondrocytes induces changes in the molecular mechanism and leads to cartilage

degeneration. Moreover, during the transition from normal cartilage to KBD lesional

cartilage, the gene expression changes before there is anyrdm@mage. But one question

remains, which genes are disturbed by the primary process of the disease and which are
disturbed in response of the cartilage degeneration? Besides, further studies are necessary to
better evaluate the variability on genetipesssion between persomasd its evolution with

the age.

Another study oDuan and al., 203@ompared the gene expression profile betweengysi

knee osteoarthritis patients and KBD patients. They observed some differences of expression
levels between the two diseases. Some genes were higher expressed and others were lower
expressed. Nevertheless, they observed similar patterns betweenskatediindicating that

some mechanisngich as chondrocyteatrix metabolismcartilage degeneration and

apoptosis induction pathway are involved into cartilage destruction in KBD.
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3.2.2 Diagnosis
Three conditions have been defined by the Chinese physiciaasté&mlishing a clinical
diagnosis of KBD(Mathieu et al., 2008a

- The patient must liw or have lived in an endemic area for longer than six month;
- The principal complaints and symptoms must be those of K&tk disease;
- The other osteoarthropathies must be excluded.

According toChinese author<linical diagnosis distinguishes four @ in the evolution of
the diseas@Mathieu et al., 2008a

Early stage: fingersexddrmi t i es present a flexum, finge:l
cracking sounds. Some joints can be painful (knees and ankles).

Stage 1: enlargement of the joints of the fingers and of the other small cracking joints.

Stage 2: shortening of fingers and toegdasgement of other joints and beginning of
muscular atrophy.

Stage 3: enlargement of the large joints, general loss of mobility, shortening of the
limbs and reduction of the height and weight.

However, there are some differences between Chinese andrRelassification. The first
one considers separately the clinical or the radiological observations, while the second one
combines both. Those two ways of classification could lead to false negatives

Mathieu and al., 2008tave developed a speciiathropometric description to identify
patient suffering from KBD. This study was made on two groups, each one divided into two
subgroups:

- A control group of men and a control group of women, living in aertemic
region;
- A group of KBD men and a groug KBD women living in an endemic region.

Several quantitative and qualitative parameters have been measured and evaluated, like the
height, joints diameter, pain and mobility, the muscular weakness, etc. Theiwaywo

analysis of variance enabled to paduit the most significant parameters. They are the height
and the joint mobility of the different peripheral joints. The great advantage of this method is
the simplicity of the diagnosis. Moreover, there is no need to bring expensive and
cumbersome matexis (radiological, biomechanical, etc).
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According to this study, a new classification has been proposed, subdivided in three stages
(Tablel).

Table 1 Classification of KashinBeck disease in 3 clinical staggMathieu et al., 20083.

Stage  Joint deformities  Joint paint Degree of mobility Associated symptoms

1 Yes (no*) No (yes*) 0 No
2 Yes Yes/no lor2 No
3 Yes Yes/no lor2 Yes

* Children under 15 years with persistent joint pain without joint deformities and identified as
suffering from KDB.

The accessory clinical symptoms are:

- General fatigue: tiredness when waking up;

- Acute fatigue: fatigue appearing immediately afterk or during physical effort;
- Muscular weakness: general feeling of muscular weakness;

- Performance at work: incapacity of carrying out usual work;

- Pes planus;

- Waddling gait;

- Small stature.

Hinsenkamp and al., 200Bave also made adilogical study of the appendicular skeleton
of patients suffering from KBD. Tdobjectives of thistudywereto establish a radiological
classification of the disease and to study the relationship with their clinical classification.

Based on theesults, the radiological classification can be made:

- Grade 0: no radiological change;

- Grade 1: at least one radiological alteration of the epiphysis or the metaphysis;

- Grade 2: at least one radiologi alteration of the metaphysiad the epiphysis
without fusion;

- Grade 3: local fusion of the metaphyseal growth plate.

After comparison, the clinical diagnosis is more sensitive (90% of identification vs. 56%) but
the radiological screening is more specific.

Wang et &, 2008 have investigated a new method to diagnose KBD patients, based on the
detection of serum biomarkers using surfanobanced laser desorption ionization mass
spectrometry (SELDTOF MS).This study compared the serum proteins profile between
KBD patients, controls in KBD areas and AOBD areas and osteoarthritis controls. They
identified three protein peaks significantly differing from controls, corresponding to three
proteins with molecular masses of 5336, 6880 and 4155 Da. One peak (533@&dnagimimst
type Il collagen alphd-chain protein. This protein forms fibrils that confers tensile strength
and maintain the integrity of articular cartilages. Based upon these peaks, they generated a
classification tree able to distinguish KBD patientthve specificity of 88.89% and a

sensitivity of 86.36%.
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Nevertheless, further investigations are essential to identify definitely the three proteins, and
largescale studies are required to confirm whether this new method pandi#bly diagnose
KBD patients.

3.3 Ethiology

To date, there are three major hypotheses about the ethiology of the-Raskidisease
(Wang et al., 2009Vang et al., 2008iathieu et al., 2008a

- Too low selenium in diet;
- High concentration of organic matters in drinking water (humic and fulvic acids);
- Mycotoxin poisoning by fungi infecting ceals.

It is important to notice that rats have been validated as an experimental model for studies of
human bone disorde(Seco and al., 19938

3.3.1 The selenium deficiency hypothesis

Li and al., 2009established a close correlation between soil 8easdration and the

presence of KBD patients in China (including T.A.R.). In this study, the soil Se concentration
was measured by an atomic fluorescence spectrophotometer method in several samples of soll
from endemic and neandemic areas. Distinction wanade between natural soils and

cultivated soils. They first observed that there is a significant difference of soil Se

concentration between humid climate areas anehsutid climate.

Although no significant difference was highlight, statistical resotiicated that natural soil

Se concentrations in KBRaffected areas were lower than those in-affacted areas.

Moreover, they observed that in average, Tibetan soils have a low Se content compared to
Chinese soils. About cultivated soils, the Se comatiohs were significantly lower in

endemic KBD regions than in n@ndemic regions. Moreover, Se concentrations in non

endemic regions were under the Chinese average. For humid areas, the difference between Se
concentration in natural soils and in culted soils is significant, but not for sinumid areas.

This could be explaining by stronger eluviations by rains and a bigger consumption by plants

in humid areas.

Moreover, according tdan and al., 200@nly a few percentage of this selenium is water
soluble (i.e. bioavailable for plants), bet®n 1.07 and 6.69% depending on the type of soil.

A conclusion of these two studies is that a low soil Se belt crosses over China from southwest
(T.A.R) to northeast, and it is related to the prevalence pattern of the Kastkrdisease
(Figure2 andFigure3).
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MorenaReyes and al., 200Bwvestigated a selenium and iodine supplementation on the
KashinBeck disease progression. For this randomized controlled trial, three groups of
children suffering from KBD aged between 5 and 15 have been mlageontrol group did

not receive anything. The two other groups received iodine in order to make up their
deficiency.Later on one of these groups received 10@&ejd during 11 month ananb

Se/wk during 12 month the form of sodium selenate tableffieother iodine group

received placebo tablets. The conclusion of this study is that a selenium supplementation has
no effect on established KBD, neither on growth or thyroid function (once iodine level is
correct).Nevertheless, one cannot rule out the fmltsi that seleniundeficiencymight be

part of multifactorial ethiology of KBD.

By contrastDowney and al., 20Q9vestigated the effects of a sever selenium deficiency. In
mammalian, selenium is found in the form of selenocysteine which is ies$ent
selenoprotein functionsn order to test a selenoprotein deficiency, they useasageaic

mouse line. The Trsp gene of this mouse line was deleted in osteochondroprogenitors,
inducing a norincorporation of selenocystein residues into proteins. They used transgenic
mice because even with a low selenium diet, one cannot attain theflelediciency

observed in Tibetan children. In fact, it has been noticed that rats maintain their serum Se
level at 30 ng/ml when restrain to a poor selenium diet, whereas 90% of Tibetan children are
below 27 ng/ml and a third of KBD children are arounthml .The mutant mice show
severe troubles phenotypically similar to some symptoms of KBD, among which growth
retardation, epiphyseal growth plate abnormalities, delayed skeletal ossification and
chondronecrosis of articular cartilage. It suggests tigdt $elenium deficiency probably
plays a role in thgprocess of KashuBeck disease.

Yang and al., 1993nade another study on animal model. They observed the effect of a
selenium deficient diet combined with a fulvic acid supplementation in drinking water on two
generation of mice. Two groups have been made, one control group fed with normal level of
selenum (314 ppb) and normal drinking water. The other group was fed with a poor Se diet
(31 ppb) and the drinking water contained 20 ppb of fulvic acid coming from KBD areas
drinking water. They sacrificed the 49 days aged mice of the second generatialy theitu

knee joints. It was already established that a selenium deficiency and fulvic acid
supplementation could induce modification of collagen | in bone and collagen Il in cartilage.
But in this study, it has been noticed that mice presented symptmires $0 that in

developing osteoarthrosis. For example, they developed fibrocartilage at the articular surface
of knee joints. They showed a wrong development of the articular space and meniscus, a
markedly impaired formation of subchondral bone tissyg&cadt to the joint and an early
disturbance of differentiation in endochondral ossification. Authors suppose that there is an
antagonism between the actions of the fulvic acid in the organism and the consequences of a
Se deficiency. In fact, selenium, werdhe form of selenocystein is essential to the

Glutathione peroxidase activity (catalyze the reduction of hydroxyperoxides by glutathione),
whereas fulvic acid could induce a production of superoxides via its semiquinone radicals.
Thus, the excess of retave oxygen could lead to an alteration of tissue structure and the
extracellular matrix. The same antagonism occurs with humic Berng(and al., 1987
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3.3.2 The high concentration of organic mattersn drinking water hypothesis

Humic and fulvic acids are included in humic substan€kese acids consist in a group of
complex polyphenolic molecules having the capacity to chelate with positively charged
multivalent ions.

Humic acids and fulvic acids actassified following their solubility. Fulvic acids are soluble
and once ingested they have the capacity to accumulate in bone and c&¢iaget al.,

1987, studiedin vitro andin vivothe damages caused lymic substances on the cartilage
cells. Theyconcludedhat free radicals are generated by fulvic acids uadeybicconditions.
These free radicals hold in oxgnd hydroxy functional groups which can induce damage to
t he ¢ h o membracey(lipepsraxydation).

Yang et al., 1993lso demonstrated that ingestion of fulvic acid may lead to an impaired
transformation of prgpN-collagen Il into collagen Il. Moreover, the collagk molecules
present a higher ratio of hydroxyproline/proline which decreases its thermal stability. Both
features could interfere with tlidre formation organization. However, further studies are
necessary tbhighlightthe exact mechanism of disruptio

La Grange and al., 200ihvestigated the relationship between KBD and the drinking water in
central Tibet. They rose to two conclusiofbe average volume of wateontainer was

larger in unaffected families than in KBD familiéghe organic matter content is higher in
endenic regions than in neendemic.

3.3.3 The mycotoxin hypothesis

Mycotoxins are toxic secondary metabolites produced by fungi. A few fungal taxa are
infesting cerealg Chinese KBD endemic areaamong whichAlternaria, Trichothecium,
Dreschlera, CladosporiurandFusarium High rate of contamination is observed due to
inadequate cultural practice, storage and high moisture content. The presenee ffrir
genera is significantly correlated with the prevalence of KBIe(naria, Trichothecium,
Dreschlerg (Chasseur and al., 1993hi and al., 2009 Chasseur and al., 2008aggest that
there are 4 crucial periods of fungal barley contamination in T.A.R. Th@érstdoccus
during germination and is due to contaminated seed¥éghslerasp. The secongeriodis
taking place in the summer, when grains are on &aey could be contaminated by
Alternariasp, Cladosporiunsp.and Drechslerap. The thirdperiodhappened just after
harvest, when barley is kept in bundles on the field before storage. The last one is due to
Alternaria, Trichothecium and Dreschlebeecause ofvrong storage conditions (insufficient
drying in particular).

According to a study on thgrevalence of mycotoxins in KashBeck diseaseHaubruge and
al., 200}, several mycotoxins have been detected in barley (e.g. zearalenonetaxth),2

but without significantly difference between endemic and&mtemic area. An unknown
metabolite has been found bothAliernaria extract and in barley coming from KBD

families Complementary investigations étternaria contaminated barley (2004 Harvest)

did not allow to confirm nor the occurrence of mycotoxins, neither the detection of the fore
mentioned unknown metaboli(€hasseur et al., 2008a
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Shi et al., 2009%valuaed the cytotoxicity of butenolide (BUT) on chondrocytes. BUT is a
mycotoxin produced bifusarium sp which is a common mould of cereals in KBD endemic
areas. Through this study, they also tried to explain the toxic interaction of BUT with
organismln vitro assay revealed that high concentration of BUT (>1 pg/ml) is cytotoxic
(decreasing viability, changes in cell morphology) and induces oxidative damages (increasing
lipid peroxydation) to chondrocytes. As for fulvic acid, the presence of antioxidartsasuc
selenium, vitamin C and vitamin E could reduce the butenolide action. So a selenium
deficiency has also antagonistic effect together with the presence of buteSaktiens and

al., 2001, proposed complementary noxious mechanism for a mycotoxin produced by
Alternariasp. This specific mycotoxin could bind to a thyroid hormone receptor in bone cells
and lead to disruption of thyroid hormone stimulated bone repair

Yao and al., 201,Gstudied the effect of the-Z toxin (produced b¥usarium sp combned

with low nutrition diet on rat epiphyseal plate growth and development. They made three
groups, one control group, one group with normal diet a@ddxin and one group with low
nutrition diet and 72 toxin. They observed chondrocytes necrosis inweeT-2 toxin groups
but they noticed that combination with low nutrition diet could lead to more serious
chondrocytes necrosis in the epiphyseal plate and disturb metaphyseal trabecular bone
formation.

3.3.4 A multifactorial hypothesis

In view of the conclusions of these aforementioned studisseins that no isolated
hypothess seersable to explain the KashiBeck disease. Consequently to the antagonism
effects between selenium deficiency and fulvic acids or mycotoxins, one couldeagsat a
multifactorialethiologyis a plausible hypothesis.

Suetens et al., 200hade an epidemiological study in rural areas in T.A.R. The purpose was
to identify therisk factors corelated with KashirBeck diseaselhe study was carried on 575
children among whom 280 were diagnosed clinically as suffering from: KBD

- A strong association of KBD with age and gender is observedprbipertion of KBD
childrenincreased with ageéAnd there was a sex ratio in favour of boys

- A child who hasa KBD sibling has higher risk to develop the disease.

- Selenium levels are not correlated with KBD; both healthy and affected persons have
low level in endemic areas compare to +emaemic area®ut iodne deficiency was
correlated with the disease

- Families with low incomes (<500 Yuan/year) have more risk to get a KBD children.

- The variety of basic food itenand food availabilityat home was associated to the
prevalence of KBD.

- The size of water containers, which was independent of-eacioomic status, is
linked to the disease and to the fulvic acid concentration. Smaiesitigherwas
the fulvic acid concentration, and more it was associated with KBD (p<0.001).

- The storag of grain out of the house was associated with KBD. And the humidity of
recently stored grain was higher in KBD families.

11
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- Three fungal genera were independently associated with the dis#aseafia,
TrichoteciumandDreschlerg with an increasing prelence rate if several taxa are
combined.

A multivariate model has been made. It was able to correctly classify 87% of the individuals.
This model retains five variables: the gender, the age, the family income, the presence of
basic food and the mycologidaldex. The mycological index is a three level index based on
the contamination by 0, 1 or2fungi. The adjusted odds ratio (contribution to the model)
varies depending on the level of the indélxe higher attributable fraction of this model is

hold bythe mycological contamination, suggesting that mycotoxins hypothesis is one of the
most important factorsf&ashinBeck disease in T.A.R.

Shiandal.,2008 sai d: ANnAs a polygenetic inheritance
aggregation and genetic susceptibility accounts for 1/4 ofsheri f act or s f or KBDQG

3.4 Treatment and therapy

As long as causes and mechanisms of the Keé®bak disease are not known, it is difficult to
provide an effective and appropriate treatment. Howdwathieu and al., 2008Ihave made

a physical therapy stly showing that massage, active and passive mobilization and exercises
could improve the joint mobility and ease the pain. This physical treatment is more efficient
whenprovidedat the earliest stages of the disease (i.e. in the childhood).

Because the results of the previous studies show a correlation betwemiltifaetorial
hypothesis and the KashBeck disease, several preventive programmes have been proposed
by Chasseur «dl., 2008aFor the problem of the fungal contamination a general educational
programme and a sanitary programme are suggested. The purpose is to bring farmers into
focus on eme good agricultural practicesch aghe importance of the seed dressing the
precautions to take when preparing the biocides, the importance of preparing soils, the
importance ofhedrying and the storage afrains, etc.A food diversification programme is

also suggested and carried out notably by the KeBbak Disease Fd asblvzw. The idea

is to encourage petmpto eat alternative food wheater wild food (mushroom, potherbs,
aromatic herbs, spices) or farming food (build greenhouse to enhance the diversity of
vegetablesultivation) in order t@et a more varied dieAnother programme carried out by

the KashirBeck Disease Funaksblvzw is targeting the use of nettles which is a common
plantin T.A.R. This plant is very interesting because of its accessibility and its hueical

and fertilizerproperties(Malaisse and al., 2008c

12
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4 Cartilage and bones tissues

4.1 Cartilages

Cartilage is connective tissue maddibfemat r i x, chondrocytes and
nerve and blood vessel. It is surrounded by the perichondrium, a dense irregular connective
tissue which holds blood vessels to supply chondrocytes by diffusion in the matrix.
Chondrocytes are cells whichrgliesizes cartilage matrix by two different ways: appositional
growth and interstitial growtliMarieb, 200%. Cartilage synthesis by chondrocytes is notably
under the control ahe bone morphogenetic protein (BMP) familyhich is also a mojer

regulator of bone metabolis(isumaki and al., 20QJilka and al., 2007

There are three main types of cartilages called hyaline cartilage, elastic cartilage and
fibrocartiage, which differ in the relative amounts of collagi@nesand elastirfibres
Hyaline cartilage is the most common, made of thin colldifpees, it is flexible and elastic.
Bones articulations are made of hyaline cartilage (except knees articailatsnmade of
fibrocartilage) (Marieb, 200%

4.2 Bones tissues

4.2.1 Generalities

Human skeleton is made of 206 bones, separated into two groups: axial and appemteular.
axial skeleton is formed by the skull, the vertebral column and the thoracic cage. The
appendicular skeleton is formed by the upper limbs, the lower limbs, the pectoral girdles and
the pelvic girdle(Marieb, 200%

Bones have several rol@darieb, 200%:

- Support the body

- Protect vital organs

- Movement, bones atevers for muscles
- Store minerals

- Blood cell production

Bones are fulfledged organs, made of different tissues, with connective tissue, nerves, blood
vessels, etc. There are two kinds of bone tissues: compact bone and spongy bone. External
layer is constituted by compact bone whereas the inner part is otatsbly spongy bone and
bone marrow. The structure of a typical long bone is presamtédure6. Both extremities

are called epiphysis (proximal and distal) #mel middle part is called diaphysis. Diaphysis is

a compact bone cylinder containing the bone marrow within the medullary cavity. Epiphyses

are thicker than diaphysis. They are made of a thin layer of compact bone and the inner part is

made of spongy bon&piphyses are coated by hyaline cartilage. The junction between
diaphysis and epiphysis is called epiphyseal line, which is the remainder of the hyaline
cartilage whereby the bone growtfMarieb, 200%
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Long bones are surrounded by a thin membrane called periosteum (except at articulations).
The inner part of periosteum contains large amounts of osteoclasts and osteoblasts.
Periosteum is rich in nerve fibres, blood vessels and lymphatic vessels. Thisamemsb
bound to the bone by the Sharpeyds fibres.
called endosteum, containing also osteoblasts and osteoclasts. Osteoblasts synthesize the
collagen matrix upon which is bounded blood calcium. Ostetscdais responsible of the

bones lysis(Marieb, 200%

Bones contain organic and inorganic constituents. Organic constituents are osteoblasts,
osteoclastspsteocytes, the organic matrix (fibrous proteins, most of which are collagen

fibers), globular proteins (osteonectin, osteocalcin) and ground substance (proteoglycanes and
glycoproteins). Every organic substance is synthesized by osteoblasts. This @afaixic

confers its flexibility and its breaking strength to bones. The inorganic matrix (65% of total
weight) in mainly formed of hydroxyl apatite, or tricalcium phosphéaté) 0 O & "O).

This mineral confers its hardness and its rigidity to boneseB also contain small amounts

of magnesium, sodium, potassium and some pollutants (heavy metals and radioactive metals)
(Marieb, 200%

4.2.2 Osteogenesis

The proces of bonesdrmation is called osteogenedisleads to the formation of the
embryobés skeleton. During childhood, bones
starts from fibrous membrane or from hyaline cartilage. It is called respectively
intermenbranous ossification and endochondral ossificafiarieb, 200%

All long bones are formed by endochondral ossification. First the perichondrium, which
surround the cartilage, is invaded by blood vessels and transform itself into vascular
periosteum. Cells under this periosteum differentiate into osteoblasts, and then osteogenesis
can star(Figure7). (Marieb, 200%

1. Osteoblasts secrete ossein (protemsstituting the bone organic matrforming the
bone collar around hyaline cartilage model

2. Chondrocytes in theentreof the diaphysis become hypertrophied and deposit a
mineralized matrix to form calcified cartilage. It is the primeentreof ossification.
Calcified matrix is waterproof for nutrients diffusion, ariebndrocytes die and
cartilage matrix begins to disintegrate. The rest of the cartilage matrix continues to
growth. At the same time, type X collagen gene expression and elevation of alkaline
phosphatase activity take place (Shukunami and al., 1997). Yiirand protein
kinase C play a major role in the growth zone chondrocyte differentiation Sylvia and
al., 1998).

3. Periosteal bud invades cavities. This bud consists in artery, lymphatic vessels, nerve
fibres red marrow, osteoblasts and osteoclasts. Cefjs\io form spongy bone.

4. Diaphysis gets longer. Osteoclasts form the medullary cavity. Epiphyses, still made of
hyaline cartilage, continue to growth.
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5. Just before or after birth, secondagntresof ossification appear into epiphyses.
Cartilage matrix beomes calcified and begins to disintegrate. A pesabsiud
invades cavities and spongy bone is formed. No bone collar is formed around
epiphyses and hyaline cartilage remains forming articular cartilage. An epiphyseal
plate of hyaline cartilage links gpiyses and diaphysis and allow extension of bones.

4.2.3 Bone growth

After birth, bones lengthen by epiphyses cartilages (articular cartilage and epiphyseal plate)
and thicken by periosteum. An affixing growth process is involved. About lengthening,
chondrocytesrom the epiphyseal plate undergo rapid mitosis and move epiphysis away from
diaphysis. Chondrocytes close to diaphysis (older) become hypertrophied, cartilage matrix is
calcified, and they die. Cavities are invaded by marrow. Osteoblasts synthesizgyl smoe,

and osteoclasts extend the medullary cavity. Together with the lengthening, epiphyses
extremities are reworked (bone resorption) to keep a good symmetry between epiphyses and
diaphysis. Bones lengthening end with the fusion between epiphysemphysis. Bones

also thicken and growth in diameter by an affixing growth process. Osteoblasts under
periosteum synthesize bone while osteoclasts from the medullary cavity digest it.

Bones growth during childhood is regulatedseveral hormoneSomatotrop (growth

hormone), produced by adenohypophysis, is the major hormone which stimulate epiphyseal
cartilage activity. Its production is modulated by thyroid hormones, in order to maintain a

good symmetry during the growth. With puberty, sexuairtumes (testosterone and

oestrogen) induce a rapid growth of bones and a masculation or a feminization of some part of
skeleton. At the end of the growth, they also induce the welding of epiphyses and diaphysis.
Excess or insufficiency in hormones cauagsmalies in skeleton growtfMarieb, 200%

4.2.4 Bone homeostasis

Even after growth, bone is a continually reorganizing tis9me. estimates that approximately

10% of the total bone content is replaced per year in human galsdtgiri and al., 2007

Bone homeostasis is operated at periosteum and endosteum by osteoblasts and osteoclasts. It
is regulated by a hormonal process and by mechanical and gravitational strains applied on
skeleton(Marieb, 200%. Another regulator of bone remodelling consists in osteocytes

apoptosis. Life span of osteoblasts and osteocytes could be modulated by apoptosis. Major
factors contribute to apoptosiach as BMP, hormones, inofnilization and oxidative stress
associated with agingJilka et al., 200y

Hormonal regulation is made by two antagonistic hormones, parathormone (PTH, parathyroid
hormone) and calcitonin. PTH is produced by parathyroid glands and induced by a low blood
calcium level It acts to increase the concentration of Ga the blood by means of bones

calcium. Parathormone bonds to osteoblasts membrane receptors. Then, osteoblasts produce
factors to stimulate osteoclasts. Stimulated osteoclasts digest boneeassé czicium into

blood circulation until blood calcium level is enou@mne resorption is performed by

osteoclasts via acidification of extracellular compartment (between osteoclast and bone
surface). This acidification is necessary for bone minerabgation and the digestion of

organic bone matrix by acid protea@eoussek and al., 2002
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Metalloproteinases (family of zinc metalloendopeptidases) have this capactyg others
to cleave extracellular matr{GGeorges and al., 2009

Calcitonin, produced by C cells of thyroid gland, leads to incorporation of bldoaim in

bones tissues andhibits the bone resorption. The mean function of hormonal regulation is to
maintainCabloodserumlevel rather than preserve skele{®dfarieb, 2005 Fuller and al.,

2007).

Bone reaction to mechanical and gravitational strain tends to reinforce bone where it is
undergo to strongest strains. Mechanisms by which strains act on bone cells in not well
known. Nevertheless, when bone is bendearatuces an electric current which could
stimulate bone cells. Moreover, it is known that electric stimulation can help and accelerate
the healing of some heavy fractur@darieb, 200%

Perturbations of homeostasis lead to skeleton diseases, especially in the childhood.
Osteomalacia, for example, is a group of diseases in which the bone mineralization is

insufficient. Osteoid material is produced but no hydr@pgdtite is precipitated. Bones

become soft and fragile. Rickets is the equi
are growing up. Moreover, epiphyseal extr emi
calcified. Osteomalacia and rickets areegafly due to a diet poor in calcium or a lack of

vitamin D. Osteoporosis is a group of diseases in which the bone resorption is faster than the
bone formation. This is old bonésdaseBones become more and more fragile. Osteoporosis

can appear with théecrease of sexual hormones synthesis. In fact, testosterone and estrogen

limit osteoclasts activities and promote ossification. Classical treatment for osteoporosis is a
complementation in calcium and vitamin D, exercises and hormonothéxégoyeb, 200%
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5 Mineral elements and their roles irrelation to bone metabolism

5.1 Dalily references intakes

Daily reference intakeORIs) are summarized ifiable2 andTable3. They are listed only
for the concerned kf stage groupgvestigated in the present stu@ne is issued from the
Institute of Medicine of the National Academ(éest Suitor and al., 2006@/est Suitor and
al., 2006bh. The other is issued from tik@ench agency for food, environmental and
occupational health safet{Martin, 200Q.

Table 2 Recommended Dietary Allowances (RDAsAnd Adequate Intakes (Als)(West Suitor et al., 2006a
West Suitor et al., 2006k.

Life Stage P (mg/d) Ca(mg/d) Mg (mg/d) Fe(mg/d)
Group RDA/AI* UL RDA/AI* UL RDA/AI* UL RDA/AI* UL
1-3 year§ 460 3000 500* 2 500 80 65 7 40
4-8 year§ 500 3000 800* 2 500 130 110 10 40

Zn(mg/d) Cu(pg/d) Mn (mg/d) Se(ug/d)
RDA/AI* UL RDA/AI* UL RDA/AI* UL RDA/AI* UL
1-3 years 3 7 340 1000 1.2* 2 20 90
4-8 yearg 5 12 440 3 000 1.5* 3 30 150
Ni (mg/d) As(ug/d) Mo (ug/d)
RDA/AI* UL RDA/AI* UL RDA/AI* UL
1-3year§ ND 0.2 ND ND 17 300
4-8years ND 0.3 ND ND 22 600

RDAs are set to meet the needs of almost all individuals in a groufdls are believed to cover needs
of all individuals in the group, but lack of data or uncertainty in the data prevent being able to
specify with confidence the percentagef individuals covered by this intake.Number followed by *
refer to Als.

UL = The maximum level of daily nutrient intake that is likely to pose no risk of adverse effects.
Unless otherwise specified, the UL represents total intake fro food, water, and sipplements.The
ULs for magnesium represent intake from a pharmacological agent only and do not include intake
from food and water.

ND = not determinable.
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Table 3 Dietary reference intakes(Martin, 2000).

I. Introduction

Life Stage P (mg/d) Ca(mg/d) Mg (mg/kg b.w./d) Fe(mg/d)
Group | ANC UL ANC uL ANC uL ANC uL
1-3yeary 360 2500 500 2000 5 350 mg* 7 28
49year§ 520 2500 | 800 2000 5 350 mg' 7 28
Zn(mg/d)? Cu(mg/d) Mn (mg/d) Se(ug/d)
ANC UL ANC uL ANC uL ANC uL
1-3years 8 50 0.75 05% | 1-25° 4210 | 3040° 150
4-9years 11 50 1-1.22  05* | 1-25° 4210 | 3040° 150
Ni (pg/d) As(ug/d) Mo (pg/d)
ANC UL ANC uL ANC uL
1-3yeary 75° 600 | 12-25 140250 3050’ 350
49yeary 75° 600 | 1225 140250 30507 350

1350 mg insupplementationto ANC

2 ANC for an intestinal absorption rate of 2®%
34-6 years = 1; 710 years = 1.2

* mg/kg b.w./j

5.2 Calcium (Ca, AMU=40)

> 30 for women and 40 for men (issued from
FAO/WHO/IAEA, 1996)

® estimated needs for adults

" ANC for adults

5.2.1 Generalities
This chapteris based omooks and works of the following autho&ctrick, 1991 Sarazin and
al., 2000 Martin, 2000;Marieb, 2005Médart, 2009

Calcium is the most important mineral in human bod{.@kg. Skeleton contasmore ttan
9% of theinorganic calcium in the form of tricalcium phosphate hpdroxylapatite

It is absorbed by two different ways:

- One norregulatedand non saturabl@ay, by intercellular spaces of enterocytes of
small intestines
- Second one, regulatettansellularand saturablas operated by the duodenal cells.

The active way (second one) is regulated depending on intake andAeedstransport is
achieved by &arrier protein called calbindiri2 which binds ugcalcium.Synthesis of this
proteinis induced by calcitrio(1,25 dihydroxyvitminel) an active form of vitamin D.
Calcitriol could also increase membrane permeability by activatirgTPase Calcium
absorption decrease whebrhydroxylase activity decreases. This enzyme is responsible of
the hydroxylation of calcidiol into calcitriol, and its activity decrease with age or with toxic
factors (such as cadmium).

The mean real intestinal absorption rate (RAR) of Ca is about 38%, considering a quite low
Ca diet of 500 mg/day.

The cells of the real distal tubulgkidney)are able to reabsorb €alepending on the blood
level. This reabsorption is enhanced by calcitriol and PTH.
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Just a part of the food calcium content is absorbed, depending of its bioavailRlzlty.

origin calcium is less avaible than dairy producend mineratalcium(e.g. CaCQ).
Absorption ratio for dairy products ranges from 25 to 3&#te has to differentiate
absorbability and absorption. Indeed, absorbability depends on the food features, while
absorption also depends mtestines capacity to absoNsoreover, some factors affect the
calcium absorption, for examplacid pH or lactose ingestion increase the calcium absorption
rate, while high phosphate diet decreases this absorptio®Osatkc acid (from vegetables

and black tea) and phytacid (from cereals) can form insoluble complexes with calcium and
decrease absorbabilitiurthermore, bioavailability also involves the ability of bone to bind
up and to retain calciunaily loss of calcium fohealthy adults is about 150 mg by urines
and about 450 mg by faecdssalt supplementation in diet increases Ca urinary excretion.

Calcium metabolism iprincipally regulated byhreehormones:

- Parathormone (PTH, parathyroid hormone), produced by paoidiglands, is
induced by a low blood calcium level. It acts to increase the concentratiori‘ahCa
the blood bythemeans of bone calcium. Parathormone bonds to osteoblasts
membrane receptors. Then, osteoblasts produce factors to stimulate osteoclasts.

- Calcitonin, produced by C cells of thyroid gland, leads to incorporation of blood
calcium in bones tissues and stops the bone resorption.

- Calcitriol which is issued from hydroxylation of calcidiol into calcitriol dy 1
hydroxylase in kidney. This hormosep in intestinal Ca absorption. It is also
involved in Ca homeostasis and bone mineralisation by acting on Ca reabsorption in
kidney; byinhibiting synthesi®f PTH; by stimulating maturation of osteoclast and
controlling differentiation and activities okteoblasts and chondrocytes.

The main purpose of the hormonal regulation is to maintain the blood calciun(aegeiot
to keep the skeleton in good conditipns

There are some interactions between calcium and different ions:

- A magnesium deficiency induces a higher calcium absorption rateplineal
Ca/Mg intake ratio is about 2 in order to prevent calcium deposition in muscles or
kidneys.

- Too much calcium could decrease iron bioavailability.

- Optimal Ca/Antakeratiois from1.2 to 1.6 Too high ratio signifies a lack of
phosphorus and an excess of vitamin D, it could lead to bone metabolism disturbance.
Too low ratio reveals a too high phosphorus diet.

- High values of calcium can disturb manganese metabolism.

- Low value of calcium promotes lead assimilation.

- Cadmium disturb calcium metabolism.

- Sr/Ca ratio decrease with meat proportion in diet.

Calcium steps in bormaetabolism, blood clotting, cellular adhesion, nervous impulse
transmission, muscular contraction, celligiion, etc.
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5.2.2 Calcium roles in bones tissues

As seen it.2.4 bone is a combually reorganizing tissue. Isia mineralized connective
tissue made ohtee speciated cell types (osteoblasts, osteoclasts and osteocytes), an
amorphous substance richrmmucopolysaccharidcids and a collagen matrix linked with
hydroxyl apatite (crystalline mineral of tricalcium phosphatearieb, 200%

Osteoblasts synthesize the collagen matrix upon which is attached blood calcium. Osteoclasts
are responsible of the bones lysis. Both activities are regulatix tyyo aforementioned
hormanes (PTH and calcitoninjMarieb, 200%

Kaji and al., 1996studied the effects of high extracellular calcium concentration on
osteoclastike cell from mice. They conclude that high f¢Jafrom 3 to 5 mM) stimulates
osteoclastike cell formation and boreesorbing activity of mature osteaslts, probably via
osteoblasts.

Children with low dietary calcium intake present a lower bone mineral content (BMLC)
bone mineral density (BMD(Pettifor and al., 1997A long term calcium deficiency (or
vitamin D) leads to insufficient mineralisation of ossein in children (ricKkdta)ytin, 2000.

5.3 Phosphorus(P, AMU=31)

Deficiency in diet is rareThe phosphorus metabolism is linked to calcium and vitamin D
metabolism. The bodycontent is about 700g of whi@b%is boundto Ca and located in
bonesltis the second mineral in human body.

The majority of phosphorus is absorbed by passive diffusion. Nevertheless, a small part of
phosphorus is actively transported, assisted lpytdal.

Absorbability of P greatly depends of its origin. It is about 80% for soluble minerals
orthophosphates and about 30% for phytates. In a relatively balanced dietealean
absorption ratés about 7675% for children and pregnant women and about 65% for adults.
Phosphoruss principally eliminated by urinesTotal daily loss would be about 300mg.

Excess in phosphorus intaisenot toxic but can have impact on calcium metabolism and bone
mineralization. On the long run, simultaneously with a calcium deficiency, it could
unfavourably modify bone remodelling by acting on PTH regulation.

(Sctrick, 1991 Martin, 2000; Médart, 2009

Phosphorus is essential for many enzymatic reactions such as in the oxidative phosphorylation
pathway or in the bone mineralization (with alkaline phosphatase). It is also present in
phospholipids, components of the cellular membrei@xosephosphoric esters, which can be
hydrolyzed by alkaline phosphatase, are probably implicated into ossifiqiariland and

al., 1926

Recently it has also been suggested that high extracellular concentration of inorganic
phosphates downregulates osteoclastic differentiation and bone resorptity @dbzar and
al., 2008.
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Children from South Africa deficient in calcium or with elevated alkaline phosphatase levels
have significantly lower BMC, BMD and a trend toward greater BW than normal children
(Pettifor et al., 199y

5.4 Magnesium(Mg, AMU=24.3)

In term of weight, ragnesium is the third mineral of the organism. 50% to 70% of the body
contentis found in bone tissue¥he rest is intracellular (an infinitesimal part of magnesium
is bounded to plasma proteins). 1.4% of the mineral bone matrix is trimagnesium phosphate.

20% to 50% of ingested magnesium is absorbed by secondary active trathepghil
movemenuses energy from the downhill movement of another molecule) in the terminal
ileum. This absorption inhibits the manganese absorgdti@malso passively absorbed by
transcellular fluidsHigh fat meal can reduce the magnesium asdiimilaate. It is also
reabsorbed in kidneys.

Magnesium has an essential role in our organism. More than 300 enzymes required it, such as
acid and alkaline phosphatase, Adge, phosphokinases, enzymes of the oxidative
phosphorylation pathway, ef€herefore, magnesium takes place into a lot of metabolic

pathway and notably in bone metabolism and chondrogenesis.

A deregulation of magnesium metabolism can be involved in chronic chondrocaldmosis,
myositis ossificanandin extraskeletal ossificon and calcification

Estimation suggests that about 30% of the population suffer from a lack of magnesium due to
a modification of our feeding habits.

(Sctrick, 1991 Martin, 2000; Médart, 2009

Some studies suggest that a supplementation in this mineral could enhance the bone formation
by acting on the calcium metabolism. Serum Parathormone seems to decrease while calcitonin
secretion is enhancedvizoguchi and al., 20Q55arazin et al., 2000

On the contrary, a poor magnesium diet on rats ind@&ms£in et al., 2000

A decrease of the trabeculamsovolume;

An upregulation of osteoclastic activities without osteoblast activation;
An hypercalcemia ;

A reduction of serum Parathormone and vitamiselbum

Magnesium deficiency could be due to a poor magnesium diet, to hypoabsorption

(pathological cawess such akwashiorkor or excess of laxative Jis®

hyperadrenal ocorticism (Cushingds syndr ome,
diabetes or to a too high renal elimination (diuretic or drugs use, alcoholism, etc.). Persisting
hypomagnesaeia could inducédnypoparathyroidism and disturbance of the vitamin D
metabolism(Sarazin et al., 2000
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5.5 lIron (Fe, AMU=55.9)

Iron is an essential element for the organism and despite its abundance, it seems that a large
part of the populationsuffer from iron deficiency.

The body content is about 2 to 4 g. Most of the iron is under the form of
hemoglobin/myoglobin, bua stockof iron (£ 1 g) is located in the liver, the intestinal mucous
cells and in the bone marroiteeSerum iron represengssmall amount and is used for
transport and mobilization.

Iron losses areveak,about 1 mg a day (2 mg for women during menstruation) by urines, bile
and desquamation of intestinal mucous célksspite losses, iron needs are low because of its
recyclingby the organism.

Iron is absorbed by the mucous cells of the duodenum and the first part of the jejunum. It is
bounded to ferritin for storage and releaas8e’* or bounded to a transport protein called
transferrin.Bioavailability of iron depends on the source. Absorbability of haem iron is
greater than bioavailability of nonhaem iron (respectively 25% and less than 10%).
Depending orthe diet,iron absorption of a given meal varies from 1 to 208nhaem iron
absorpion rate decrease with a Zn/Fe ratgper8 and a Ca/Fe ratio raising 63. Phytic acid,
polyphenols (including tannins) and fibres also diminish this absorptiorPrateinsand

some organic acids such\atamin Cand citric acidncreasehis absorptn rate. High
consumption of tegpolyphenolsand manganese supply could also reduce iron assimilation.

Iron is involved in reductiomxidation reactioavia enzymes such as cytochromes, catalase,
peroxidasesuperoxide dismutase, etc. Two of these ensyane important for the bone
formation: the procollageproline hydroxylase and the procollagigsine hydroxylase.

(Sctrick, 1991 Martin, 2000; Médart, 2009

Normal plasma transferrin concentration seems important for a normal bone mineralization
while iron deficiency does not affect in midddledki and al., 200 But according to
Medeiros and al., 2004ats fal with iron deficiency diet present lower bone mineral density
(BMD) and content (BMC).

On the other hand, iron overload inhilotsteoblast activity when bound to ferritin (due to a
ferroxidaseactivity). This inhibition can disturb bone metabolism by a lower calcification and
a downregulation of several osteoblasts genes. It results into a decreased minaralizatio
osteopenia, andsteoporosigZarjou and al., 20)0Iron excess, concomitant with vitamin C,
can increase oxidative stress due to free rad{bédstin, 2000.

5.6 Zinc (Zn, 65.4)

Zinc is an essential dietary minera0% of the body content is located in bone tissues.

Zinc is absorbed by the duodenum and the ileum. Active transpdrstorage is assured by
metallothionein (which is not specific of zin®ioavailability of Zn greatly depends of the
type of diet. Is absorptiomanges from 35% in a high animal protein diet to less than 15% in a
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diet rich in plant products and paarmeat.Phytic acid, principally found in cereals, grains

and legumes, interact with calcium and zinc to form insoluble phytates resaolang i

inhibited absorption. Fibeshave also an inhibiting actio@oncerningchildren,nonhaemiron

overload (in&Fe/ Zn ration O 2) can also reduce the
observed for copper (Cu/ Zn ra@segmsalsorfleencedi n ( Sn/
by zincemia.

(Sctrick, 1991 Martin, 2000; Médart, 2009

Zinc daily losses are about 1 or 2 mg. It occurs principally by faeces. A small amount is also
ejected by urines, sweat and sperm. Urines losses drer mgosteoporotic individuals
(Hadley and al., 2030

Zinc has only one oxidatiostates o it doesndét act as electron
acid. Zinc is a cofactor of important enzyme involved in bone matimeralization such as

alkaline phosphatase, collagenase, Type IV gelatinases, carbonic anhydrase Il and tartrate
resistant acid phosphatas$tadley et al., 20000n topof its physiological impacts in

proteins synthesisjc plays an antioxidant role. In particular it stabilizes biological

membranes and it & cofactor of Ctsuperoxide dismutag®artin, 2000.

Zinc supplementation significantly increase alkaline phosphatase activity and calcium
content in femorametaphyseal tissues of newborn rats, resulting in a beneficial effect on
bone densityMa and al., 2000 It also stimulates calcitonin receptor and stopsefiect of
parathyroid hormon@Moonga and al., 199%olloway and al., 1996 Zn adequate level
regulates osteoclasts maturation antivity, resulting in a reducing bone resorption.
Moreover, it enhances osteoblasts proliferation and differentiation (notably by theghean
zinc finger proteins) and bone extracellular matrix mineralizgt@wai and al., 200Beak
and al., 2007Hadley et al., 2010 In addition, it seems that endogenous Zn promotes the
protein synthesis involved in the bone grota and al., 20011l Ovesen and al., 200&ven
statethat zinc could have a similaositive effecion bone thathe one of growth hormone
(GH) or insuln-like growth factor 1 (IGFL).

On theother hand, zinc deficiency in growing rats induces a reduction of the bone mass and a
decrease of osteoclasts and osteoblasts nuiaeazin et al., 2000The effect on the bone

mass (length, BMC and BMD) iacreasedvhen rats are exercdéSeco et al., 1998

Children having ainc deficiency present a late growifigartin, 2000Q. It can also induce an
impaired skeletahumangrowth (Diplock, 1987.

5.7 Copper (Cu, AMU=63.6)

This chapter is based on books and works of the following autBoirsck, 1991 Sarazin et
al., 200Q Martin, 2000; Médart, 2009

Copperis usually found as bivalent cati¢Bu’*). This element is presentvarious foods and
its global RAR ranges from 20% t@%. Itis absorbed by active transporttive proximal
duodenum. The copper absorption decreases witrexiress and alcohol consumption
Molybdenum, cadmium and tin alseminishcopper bioavailability.

23



I. Introduction

Copper take part in the bone solidity and the cartilage integrity. Indeed, copper isaégsenti
several enzymes, among which some plagtal role in bone metabolism (e.g. lysyl oxidase
which is involved in the lysine oxidation that will create peptide bonds between elastin and
collagen).Besides, animals with copper deficiency show impairroésecondary bone and
cartilage tissues.

Copper has an ambivalent role in oxidative str8speroxide dismutasa,metalloenzyme
containing Cu, is implicated in free radicals eliminatiBg.contrast, free copper ions can
generate free radicals inducing lipid peroxidaijoombination of free radicals with electrons
from the membrane lipids resulting in damaged cealtg) DNA damages.

5.8 Manganese(Mn, AMU=54.9)

This chapter is based on boaksd works of the following authorsatsumoto and al., 1991
Sctrick, 1991 Sarazin et al., 20Q®/artin, 2000

Manganesés an essentiaraceelement principally found in nuts and ceredisa also

contains great amounts of Mhhe body ontent ranges from 12 to 28g. Intestinal

absorption igjuite low. about 5%. Absorbability could be reduced by phosphates, calcium,
iron polyphenols and fibres. Mn deficiencygsite rare for human. Nevertheless, baby infants
could suffer from a deficin manganese due to a low absorptiate This could be caused by
an excess iron, zinc, chrome locadmium.

Manganese has several possible valences (from 2 to 7). It is a cofactor of numerous enzymes
and it plays more than a few functions in ouganism. Most of them are attributablat®
reductionroxidation potentialAs well as copper, Mn is also involved in free radicals

elimination via superoxide dismutadeis important for bone metabsi because osteoclasts
produce superoxide&hich inhbit osteoblasts. Particularly, manganese is involved in
chondroitinsulphatesand proteoglycan synthesis which constitute the fundamental substance
of the cartilage. A deficit in manganese could induce ostarthritis with epiphyseal dysplasia
andadisruptel mineralization.

5.9 Selenium(Se, AMU=79)

This chapter is based on books and works of the following autDgnisick, 1987
Matsumoto etla 1991, Sctrick, 1991 Sarazin et al., 2000 artin, 2000 MorencReyes and
al., 2001 Tapiero and al., 200¥hwanLi and al., 2009

Seleniumhas a lot okimilitudeswith sulphur Although selenium isarerthansulphur it
sometimes takes the place of this last in proteins which are thus called selenoproteins.

The selenium body content is approximately equaBtto121 mg for adts. About 7346 is
incorporated into glutathione peroxidase through selenocystesorption and
bioavailability of selenium deperdf its formbut it is generally high (50 to 95%)
Selenomethionine (SEet) isthemast easily absorbed by the distal smatestine via the
Na'-dependent neutral amino acid transport sys@atuble salts such as selenate ($eQe.
S or selenites (Se®, i.e. S&) are less absorbed (respectively by actisegport and
passive diffusion)Phosphorusfibres ancheavy metals decrease the bioavailability of Se.
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Plants are one of the maourcef seleniumin which more than 3@ is under the form of
SeMet. The rest is under the form sélenocysteifSe Cys), methySeC y s-glutamylSe
methylCys, selenites ahselenates. Cereals, grains and vegetables are usually rich in
selenium but it largely depends on the soil concentration and composition,ramtak the
climate and the pH.

Higher animals are unable to synthesizeV&s, unlike selenocysteifse Cyst), but they can
catabolis&SeMet. Selenium homeostasis is renal regulated and selenium is principally
excreted by urines under the form of trimetBg (a small amount of dimeth$k is also
sending out by breath). It seems that a selenium deficianoyases its absorption and
decreases its excretion.

Selenium has an important reductioxidation role due to its numerous oxidation levels (
0, +2, +4 and +6) and due to its incorporation into several enzgsn®eCyst.More or less
half of these engmes are implicated into antioxidant functiokkin seleneenzyme are
glutathione peroxidasg GSHPx) There are four types of GSHPx. Theiain role is to
protect cells against free radical damag@ase of thenprincipally acts synergistically with
tocopherol (vitamin E) to prevent lipid peroxidation.

This action is important because chondrocytes product many oxygen radicals in pre
mineralized cartilage. Osteoclasts also genenagperxide (in order to degradthe bone
matrix). In normal condition, osteoblasts synthesize glutathione peroxidase to protect
themselvesThe apoptosis rates of osteoblasts and osteocytes increasexiddéve stress
conditions. The osteoblast differentiation also decreases widffessntiation and function
of osteoclasts increases.

It is clear that dong-termselenium deficiency induces growth retardation and impaired bone
metabolism. Rats fed with a selenium deficient diet for two generations show the several
features compare control rats:

- A strongly reduced glutathione peroxidase activity;

- A decrease in plasma selenium concentration;

- Areduction of growth hormone (GH) and insulike growth factor | (IGF1);

- Anincrease in urinary calcium excretion;

- A double plasmaarathyroid hormone (PTH) concentration as well as vitamin D;
- Areduction of weight, length, bone mineral density and bone mineral content.
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5.10 Nickel (Ni, AMU=58.7)

This chapter is based on books and works of the following autBatrsck, 1991 Martin,
2000

Our body contains about 10 mg of nickel, distrézliin every organ with predominance in
bones. More or less 10% of the ingested amounts are actively absorbed by the small intestine.

Nickel is a constituent of superoxide dismutase enzymes. Nickel plays an important role in the
carbohydrate metabolism.i#t also an essential element to stabilize DNA and RNA.
human deficiency has been observed.

Phytic acid forms with nickel an insoluble coordination complex inhibiting its absorgtion.
competition exists between Fe, Cu, Zn and Ni for absorption.

5.11 Molybdenum (Mo, AMU=95.9)

Depending on the literaturdhe absorption rate ranges from 25 to 8@s close to 90%The
urinary excretion varies from 17 to 80% of the body content. Overload iis Wy rare but
it could decrease the bioavailability afpper.(Sctrick, 1991 Martin, 2000

Molybdenum is a @-factor of many enzymes involved in reductioxidation reactions. The
metabolism of Mo seems to be linked to the one of coppeswptur (Sctrick, 1991
Martin, 2000

Too high doses of molybdenum have shown to inliifgtfoetal development arloe
processes of bones ossificatiorfoetusegNadeenko and al., 1978yskocil and al., 299.

5.12 Sulphur (S, AMU=32.1)

Sulphur daily needs are about 850mg. The body content is about 140g. Dietary sulphur is
principally supplied under the form of methioa@nd cysteir (from animal products and
Allium sp). Sulphur plays major role itonnective tissues such as cartilagg®(droitin
sulphates and keratan sulphatéSktrick, 199}

5.13 Arsenic (As, AMU=74.9)

No human deficiency has been observed. Organicohstitutes 80% of daily intake. It is less
toxic than mineral AgMartin, 2000. As steps in methionine metabolism and in
phosphorylatin (and consequently plays a role in bone metaboli3atptot and al., 1992
Arsenicis known above all for his toxicity.
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5.14 Strontium (Sr, AMU=87.6)

This chapter is based on books and works of the following autBalsera and al., 1999
Henrotin and al., 20 Baron and al., 200Brown, 2003 Takahashi and al., 200Bi and al.,
2004

Despitea lack ofdatas irthe literature, strontium seems to play a role in bone metabolism.
Strontium absorptin rate varies with age (from 90% in infants to 10% in the elderly).
Transportmechanisms remain unclear but a passive diffusion and a aagtiated way

have been suggested.

Strontium has an anabolic effect on bone, acting on both osteoblasts awthesédthough
molecular target are still unknown, it has been suggested that Sr could act via calcium
sensingreceptors. Sr could be able to inhibit bone resorption and stimulate bone formation.
Various strontium salts amevestigated or even alreadged in order to treat some bone
diseasege.g.strontium ranelate and S1292) It is also suggested that Sr could increase
cartilage matrix formation (by stimulatimgoteoglycarsynthesis).

5.15 Fluorine (F, AMU=19)

Fluorine does not have a particular metabolic function but it is essentietio andone

growth and maintaining. Fluorapatite is also incorporated in bones but is less soluble than
calcium hydroxylapatite. Thus, bone is more resistant to resorption by osteoltlalso
increases osteoblasts activiBy contrast, longerm high fluorine intake (notably in drinking
water) can lead to potentially severe bone problems (skeletal fluor(S&hzin et al., 2000
Martin, 2000

5.16 Cadmium (Cd, AMU=112.4)

Cadmium absorption rate is quite low (from 3 to 394) it isefficiently retained in the
kidney and liver in the human bodgesides its toxicity, especially to kidnesggdmiumhas
physical features similar to calcium. So it could haggativempact on bone metabolism.
Cdcan cause bone demineralisation trougbalibone damage ardirectly. For example,ti
stimulates bone resorption by inhibiting renal hydroxylation of vitamimnCkidney (it
inhibits the hydroxylation of calcidiol into calcitrioljSarazin et al., 200®ang and al.,
2003 Zhu and al., 2004Alfvén and al., P04
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6 Methods used for elements quantification

This chapter is based on books and works of the following autiaiz: and al., 1999%5koog
and al., 2008Thomas, P08

6.1 Atomic Absorption Spectrometry

6.1.1 Principles

Atomic absorption spectrometry (AAS) is an optical method for detection and quantification

of atomic elements. The theory of this method is based on the energy levels of outer electrons
(Figure8). According to the quantum mechanics, electrons are distributed over several atomic
orbitals differing by the energy level. When electrons are in their primary level of energy, it

is called the ground state. It is possible to promote an outer electron from its primary orbital to
another higher orbital (excited state) by supplying a set quantity of energy orrtheff

radiation (specific wavelength), this phenomenon is called excitation. If enough energy is
supplied, the electron leave orbitals and the atom beximmiged Each kind of transition

requires a specific amount of energy, allowing its identificafi@miowing this, every element

has a different atomic absorption spectrum depending on the specific transitions occurring
(Figure9). Thus, one can identify an elemdytthe mean of its unique atomic absorption
spectrum which is characterized by several narrow absorption lines corresponding to several
transitions. Normally, atomic |ines should b
But three natural phena@na are responsible of a basal enlargement:

- The Hesenberg uncertainty principle:¢ 30  p;

- The Doppl e@aeasesili ectpdmti cl e c¢comeammishasr t he
when particle move away from detector)

- The Lorentz effect (pressure effeatlwhigh temperatures)

This is a quantitative method according to the LamBegt e r 6(Bigule BD\wWThe quantity

of absorbed radiation is proportional to ttencentration of the element, in a certain
concentration range. Lambédte er 6 s r el ati on is also dependin
of the element and on the path length. The LamBeste r 6 s r el at i on:

"O Hw 88
. N © R
o] | 17 a&—,é) - 880

With:

- | =Iintensity of the beam of radiation leaving the sample

- lp=intensity of the incident beam of radiation

- € = concentration

- U = absorptivity of the substance (el emen

o

- U = mol ar absorptivity
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- | = path length
- T = transmittance
- A = absorbancdinearly related to the concentration of the analyte

If there are no interactions between species, the additivity principle is applied:
0 6 o E 0
The law presents some limitations:

- At high concentrapn (of analytes, or even of electrolytes), molecules are too close
and each one affects the charge distribution afetghboursThe absorptivity could
be modified and the wavelength of the radiation absorbed could be shifted. It results in
a deviationfrom the linear relationship.

- Deviations could also occur if dissociation or association equilibria are involved and
if one of the products has no similar abilities to absorb a given wavelength. A typical
example is the acid base indicators.

- Theabsorptivity (and the molar absorptivity) varies with the wavelength and normally
this law strictly applies with a monochromatic source radiation. However, around the
maximum absorption of an analytes, the molar absorptivity change little with
wavelength ad the divergences from Lamb@&8te er 6 s | aw are not sig

The quantification of an element required a calibration curve made with the desired element.

6.1.2 Sources of instrumental noise
Spectrophotometric methods are limited in accuracy due to instrumerge. Noise is due to
random errors and can be evaluated by the following expression:

i nh od&
D B E QY

Uncertainties (random errotis, ) are classified into three categories depending on how they
are affected by T:

- Type1:0 E, uncertinty is independent of T. This type of error comes from a
limited readout resolution, from the heat detector Johnson noise (thermal agitation of
electrons) and from a dark current and amplifier noise.

- Type220 EW 4, which comes from the photon detectbot noise
(encountered wherever electrons or charged particles cross a junction).

- Type 3:0 E &, errors coming from the cell positioning uncertainties and the
source flicker noisécauses are not yet known but it is recognizable by its frequency
dependence). This noise can be minimized with double beam spectrophotometers or
by using a constantoltage power supply.
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Figure 11 General diagram of an atomic absorption spectrometefWikipedia) .

Table 4 Properties of different types of flame(Skoog et al., 2008

Fuel Oxidant Temperature °C Maximum burning
velocity cm s

Natural gas Air 17001900 3943
Natural gas Oxygen 27002800 370390
Hydrogen Air 20002100 300440
Hydrogen Oxygen 25502700 9001400
Acetylene Air 21002400 158266
Acetylene Oxygen 30503150 11002480
Acetylene Nitrous oxide 26002800 285
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6.1.3 Instrumentation

Atomic absorption gectrophotometers could be with single beam design or dual beam design.
In a single beam design, the sample absorbance is measured by comparing light intensity
without sample in the flame with the intensity after passing through the atomized sample. This
method absolutely needs a blank (sample with all reagents and solvent but without analytes).
Dual beam spectrophotometers allow measuring the blank and the sathpleame time. It

is more expensive than the single beam apparaigste 11 representshe general diagram of

an atomic absorption spectrometer

The sample has to be representative of the material from which it was taken. For solid
samples, @re-treatmemnis necessary and consist in dissolution by mineralization. There are
two main way of mineralization, the wet process and the dry process. The dry process
consists in calcinations. The wet process is performed by combined acids such as aqua regia
(nitro-hydrochloric acid) or a mix between nitric acid and hydrogen peroxide. The wet
mineralization could be enhanced by the use of a microwave oven that reduces the
mineralization time. The mineralizati process could lead to losses egwbveries test is
thereforerecommended.

6.1.3.1 Atomizer

The first step for atomic absorption spectrometry analysis is the atomization. It is the most
critical step because of the complexity of the processes that occurs. There are two most
common methods of sample atomization: thenlaatomization and electrothermal
atomization. Other types of atomizer exist: inductively coupled argon plasma (ICP), Direct
current argon plasma (DCP), Microwaweluced argon plasma (MIP), gledischarge

plasma (GD), electric arc and electric spark.

6.1.3.1.1 Flame atomization

During flame atomization several processes occur. The liquid sample is introduced by a
nebulizer and undergoes a desolvation to produce a solid molecular aerosol. Then the aerosol
is volatilized into gaseous molecules. The next crititeg & to supply enough energy to

dissociate the gaseous molecules into atoms without ionization. Nevertheless, some molecules
will not dissociate and some atoms will be ionized. Moreover, a fraction of the molecules,
atoms and ions are excited by the gyesf the flame leading to emission spectra. Those
phenomenons limit the precision of thettmod. Different types of flam&re used according to

the temperature required to atomize an eler(iemble4).

The burning velocity is an important parameter for the flame stability. The best stability is
reached when the flow velocity and the burning velocity are squal
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The type of fuel and oxidant as well as the fisebxidant ratio has a great influence on the

flame structure. The appearance and the relative size of these regions could vary considerably.
Nevertheless, one can distinguish 3 regions in a fl&geie12). The maximum temperature

is located in the interzonal region, which is the most widely used part of the flame for
spectroscopy because of the prevalence of freesatim the primary combustion zone the

thermal equilibrium is not yet accomplished. A blue luminescent hydrocarbon flame burns

due to the band emission of,CH and other radicals. The secondary combustion zone is a
conversion zone of the inner productioi stable molecular oxides.

Each element has its own absorbance profile along the interzonal region. Profiles depend on
the facility of atomize an element, and its propensity to be oxidized. Thus the maximum of
absorbance of one element is located innterzonal region and depends on the absorbance
profile (figure 13.

Figurel4representan example of a typical laminflow burner used for AAS. Nebulizer is
madeby a simple concentric tube. The aerosol is formed by the flow of oxidant and is carried
along baffles by the fuel. Baffles remove all the droplets which are evacuated into a waste
container. The mix (aerosol, oxidant and fuel) is then going thpeitlame through the

slotted burner head. The flame presents a good compromise between stability and optical path
(as long as possihléhe LambeHBeer law is proportional to the optical path).

6.1.3.1.2 Electrothermal atomization

Electrothermal atomizers are composedb\electrically heated graphite tube or graphite
cup. A few microliters of sample is dropped off, evaporated at low temperature, ashed at
higher temperature and then atomized in a range of temperature from 2000°C {©. 30G0°
measuref the atomiozapouris made just above the heated surface.

The furnacgFigure15) is watercooled, and two gas flows are supplied in order to prevent
the outside air from entering aimtinerating the tube and to carry away generasguburs

The graphite furnace AAS shows several advantages compared to the flame AAS:

- Higher sensitivity due to a short time of atomization and a longer residence time of the
atoms in the optical path;

- Higher conversion efficiency of sample into free atoms;

- Low samples volumes (0,5 to 10 pl);

- Possibility to analyze directly solid samples.

But this method present also some disadvantages:

- Longer measurement time than flame (several minutes in frentesfseconds);

- Lower relative precision (5% to 10% compared with 1% for the flame);

- High matrix interference which can be decreased by the use of graphite tubes coated
by pyrolytic carbon;

- Arelatively narrow dynamic range (frequently < two orders of magnitude).
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6.1.3.1.3 Hydride generation

Hydride generation techniques enhance the detection limits for several elements (As, Sbh, Sn,
Se and Bi). These toxic elements are atomized as gases in a safe and efficient manner. The
typical reaction of volatile hydrides generation is:

000 wn o0 wnR TOO0W wnR° o000 wnR TOI0 Q 0L a

Volatile hydrides are carried by an inert gas into a heated silica tube leading to the
atomization of hydrides.

6.1.3.1.4 Cold-vapour generation
This method consists in a reduction ofHim Hgo. Hg vapours are carried with a flow of
argon to a longpass absorption tube (quartz). Measurement is made in this tube at 253.7 nm.

6.1.3.2 Radiation sources

The absorbance c o e f-Beercelaton varie$ vith theovavelengtle. Sdaa mb e r
polychromatic radiation induces deviation from Lamiize e r 6 s | a w. I n order
calibration curve in AAS, a line source is required. A line source, contrary to a continuum

source, emits radiations with bandwidths narrower than the absorlipgonitith. For a

particular element, one just has to choose a line source with an emission line corresponding to

an absorption line of the element and filter this wavelength with an inexpensive

monochromator. The main disadvantage is the need of a seg@uate lamp for each

element or group of element

The most common source used in AAS is the holtathode lamgFigure16). The anode is

madein tungsten. Thecathde i s coated with the el ement th
hermetically sealed in a glass tube filled with neon or argon at a low pressure (1 to 5 torr i.e.

133 to 666 Pa). A high difference of potential is applied causing the ionization of the gas.
Energetic gas cations hit the cathode and dislodge some of the metal atoms. This phenomenon

is calledsputtering A part of these atoms became excited and return to the ground state while
emitting a characteristic radiatiohhe higher the voltage, the hightee current and the

greater the intensityHowever, it leads to more unexcited sputtered atoms able to absorb the
radiation emitted by the excited ones.

Electrodeless discharge lamps (EDLS) can also provide atomic line emission with higher
intensities thn the hollowcathode lampéFigurel7). They are composed of a sealed quartz
tube containing a low pressure of inert gas (commonly argon) and a small quantity of the
metal (or one of its salt) of interest. Argon is ionized and accelerated by an intense
electromagnetic field (radivequency or microwave). Gaseous ions hit and excite the
metallic atoms which emit the desired radiation. EDLs have better detectionftinstame
elements such as Se, As, Cd and Sb. For the other elements, it seems thatdibtoe
lamps have higher performances.

32



Incident radiation

Glass
Metallic film

Dielectric material

Specific wavelength range

Figure 18 Schematic of an interference filter(University Of California ).
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6.1.3.3 Source modulation

In AAS, the flame emits radiations. A part of theadiations can cause interferences because

of its wavelength. In order to eliminate this interference, the output of the source is modulated
in alternating signal (by an alternating current or by a circular metal disk chopping the beam
between the sourcend the flame). So the detector receives two signals, an alternating one
from the source and a continuous one from the flame. Then a basigasgRC filter gets

rid of the unmodulated signal.

6.1.3.4 Wavelength selectors
There are two main types of wavelengtlestor: filters and monochromators.

Interference filtergFigure18) consists of a transparent dielectric layer between two
semitransparent metallic films. The whadesandwiched between two glass plates. Those

filters are based on the principle of constructive and destructive interferences. The desired
radiation runs into constructive interference while the others run into destructive interference.
Interference filtes are characterized by the selected wavelength, the percent transmittance and
their effective bandwidth (about 1.5% of the wavelength).

Absorption filters are cheaper. They absorb selected portions of a continuous spectrum. They
are made of colored glasggreat thermal stability) or of dye suspendedetatineand

sandwiched between glass plates. Effective Bandwidths range from 30 to 250 nm. Filters with
the narrowest bandwidth have a low percent transmittance (about@Q086ff filters have

great transnittances (about 100%) in a part of the spectrum and very low transmittance (about
0%) in the rest of the spectrum. Two or more filters can be coupled.

MonochromatorgFigure19) have a great advantage. They are able to scan the spectrum, i.e.
to continuously vary the selected wavelength. Main components of monochromators are slits,
lenses, mirrors and gratings or prisms.

The rotation of the grating enables to seleetwlavelength. An echellette grating (the most
common type) is made of a hard, optically flat, polished surface that has a large number of
parallel and closely spaced grooves. The wavelength is selected depending on the incident
angle, the reflected angladthe distance between two grooves.

The width of the slits has also an influence
the effective bandwidth.

6.1.3.5 Radiation transducers (detectors)
An ideal transducer should have several properties:

- High sensitivity and high signdb-noise ratio;

- High reliability and ease of use;

- Constant response over a broad range of wavelengths;

- Afast response time and a zero output signal in the absence of illumination;
- A proportional relation between the signal dhne radiant power.
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Nonetheless, most of real transducers present a small current in the absence of radiation called
dark current

There are two main types of detectors, the photon transducers (or photoelectric jetedtors

the thermal transducers. Photon transducers have an active surface that absorbs radiation. The
absorbed energy causes a photocurrent by emitting electrons or enhances conductivity by
promoting electrons into conduction bands. Those transducersrapailty used for

measurement of UV, visible and neafrared radiation. The thermal transducers, which are

used for infrared radiation, respond to the average power of the incident radiation. Their
sensitivity is lower than the sensitivity of photon sducers, but the latter has not a constant
response versus wavelength.

6.1.3.5.1 Most commonly used photon transducers in AAS

The barriedlayer photovoltaic cell§Figure20) are able to measure radiations in the visible
region with a maximum sensitivity at about 550nm.This transducer is made of a flat copper or
iron electrode on which is deposited a layer of semiconducting material (e.g. Se). The
semiconductor isoated by a thin transparent metallic electrode (Au or Ag). The whole is
protected by a glasdate and a plastic cagElectrons and holes are formed in the
semiconductor when a radiation of sufficient energy strikes it. Electrons can migrate through
theexternal circuit and an electric current is generated. This current is proportional to the
number of photons reaching the semiconductor. This kind of transducer is rugged and
inexpensive. It keeps a good ability of measurement at high levels of illuamratt has a

poor sensitivity at lowevels.

Vacuum phototube@igure21) are semicylindrical cathode, coated with a photoemissive
material, and a wire anode both sealed into a transparent envelope under vacuum. A voltage is
applied across the electrodes and whgmoton strikes the cathode, an emitted electron flows

to the anode generating a current. Again, the current is related to the power of the incident
light. The sensitivity is better than for photovoltaic cells but a dark cusetiserved

(thermal effet).

The photomultiplier tube is almost universally used as the detector type in AAS.
Photomultiplier tubes are appropriate for the measurement of low radiant power. They have
also a photoemissive cathode and a wire anode but theyliiavdesDynodes are

maintained at a voltage more positive than the cathode (90 V). When electrons coming from
the cathode arrived near a dynode they are accelerated. Each photoelectron striking dynodes
causes the emission of several additional electrons which amplify tleaiciroo much

intense light can cause irreversible damages and photomultiplier tubes have to be kept away
from daylight. Moreover, these transducers suffer from dark current too.

Silicon photodiodes transducéFsgure23) are made of a reverséiasedpn junction with a
central depletion layer formed on a silicon chip. When radiations arrived on the chip, they
caused holes and free electrons in the depletion layer. Because of the voltage applied, a
current proportional to radiant power is generated. @iljghotodiodes are more sensitive

than vacuum phototubes but less sensitive than photomultiplier tubes. They have a spectral
range from 190 to 1100 nm.
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Figure 23 Schematic of a silicorphotodiode transducer (Kuphaldt, 2002).

Figure 24 Schematic of an electrothermal atomic absorption instrumenthat provides a background
correction based o the Zeeman effect $koog et al., 2008






































































































